Plant Soil (2006) 289:239-252
DOI 10.1007/s11104-006-9132-1

ORIGINAL PAPER

Foliar Iron Fertilization of Peach (Prunus persica (L.)
Batsch): Effects of Iron Compounds, Surfactants and Other

Adjuvants

Victoria Fernandez - Victor Del Rio -
Javier Abadia + Anunciacion Abadia

Received: 11 August 2006/ Accepted: 25 September 2006 / Published online: 19 October 2006

© Springer Science+Business Media B.V. 2006

Abstract Experiments to assess the capability of
different combinations of iron (Fe) compounds
and adjuvants to provide Fe via foliar application
to Fe-deficient plants have been carried out. A
total of 80 formulations containing (1) one of five
Fe-compounds [FeSO47H,O, Fe(Ill)-citrate,
Fe(I1I)-Ethylenediaminetetraacetic acid (EDTA),
Fe(III)-Diethylenetriamine  pentaacetic  acid
(DTPA), Fe(III)-Iminodisuccinic acid (IDHA)],
(2) a surfactant (Mistol, alkyl-polyglucosidel or
alkyl-polyglucoside2), and (3) an adjuvant (glyc-
erol, methanol or glycine-betaine) were studied
with respect to leaf wetting ability and surface
tension. From the initial formulations only 26
resulted in adequate leaf wetting, 20 with alkyl-
polyglucoside2 and 3 each with Mistol and
alkyl-polyglucosidel, and some of them (four with
alkyl-polyglucoside2, one with Mistol, and three
with alkyl-polyglucosidel) were found to have
inadequate surface tension values for use as foliar
fertilizers. In a second experiment, 20 formulations
containing alkyl-polyglucoside2 and one each of
the five Fe-compounds and adjuvants listed above,
were used for a foliar experiment with Fe-deficient
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peach trees [Prunus persica (L.) Batsch] grown
under field conditions. Iron-deficient shoots were
sprayed only once and leaf re-greening was
assessed over 6 weeks for leaf chlorophyll content
(via SPAD measurements) and percentage of
green leaf area (via image analysis). Foliar Fe
application always resulted in leaf Chl increases,
although different degrees of re-greening were
observed for the various Fe-compounds tested.
Best results were obtained after treatment with
formulations containing (in a decreasing order):
Fe(Il)-sulfate, Fe(IIl)-citrate, Fe(III)-EDTA,
Fe(III)-IDHA, and Fe(II)-DTPA. A positive
effect of adding glycerol, methanol or glycine—
betaine was often observed, although the effect
depended on each Fe-containing compound, indi-
cating the existence of significant interactions
between spray components. Results are of impor-
tance while trying to critically evaluate the
potential of Fe sprays as a viable strategy to
remedy plant Fe deficiency under field conditions.

Keywords Foliar fertilization - Foliar sprays -
Iron chelates - Iron chlorosis

Abbreviations

EDTA Ethylenediaminetetraacetic acid
DTPA Diethylenetriamine pentaacetic acid
IDHA Iminodisuccinic acid

Chl Chlorophyll

RH Relative humidity
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Introduction

Iron (Fe) deficiency chlorosis is a common
nutritional disorder affecting plants, and a limit-
ing factor for fruit agricultural production in
many areas of the world. Iron deficiency impairs
fruit quality and yield, and can ultimately lead to
tree death (Alvarez-Fernandez et al. 2003, 2006).
Fruit production under soil conditions leading to
Fe deficiency requires continuous (every year)
treatment with Fe-containing compounds. The
most efficient practice to control Fe deficiency in
fruit trees is currently the supply of synthetic
Fe(Ill)-chelates to the root system, although
these treatments are very costly. For instance, in
the northeast of Spain ~45,000 ha of fruit crops
with high-economic value (peach and pear)
require treatment with Fe(III)-chelates, increas-
ing growers’ costs by 25 million € every year
(Alvarez-Fernandez et al. 2004). The possibility
to deliver small amounts of Fe to fruit trees via
foliar sprays could be a target-oriented, cheaper
strategy to overcome Fe deficiency in fruit crops,
although variable responses to Fe sprays have
been often reported (see Abadia et al. 2002a;
Fernandez and Ebert 2005, and references there-
in). Development of suitable Fe spray formula-
tions is currently hindered by the limited
understanding of the mechanisms involved in
the penetration, translocation, and bioavailability
of the Fe-containing solutions applied to the
foliage (Fernandez et al. 2005).

The cuticle that covers all aerial plant parts is
the limiting barrier for the exchange of water
and ions between the plant and the surrounding
environment (Schonherr and Schreiber 2004).
The cuticle is mainly composed of cutin, cutic-
ular waxes (intra- and epi-cuticular) and poly-
saccharides, and therefore @ shows both
hydrophobic and hydrophilic properties (Popp
et al. 2005). Moreover, there is wide micro-
structural diversity among leaf surfaces and wax
regeneration processes in living leaf surfaces
also occur (Barthlott and Neinhuis 1997; Koch
et al. 2004). In the last four decades, research
concerning foliar uptake of agrochemicals has
chiefly focused on investigating penetration
trough the cuticle (Schonherr 2002). Non-
charged molecules are thought to cross cuticles
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by dissolving and diffusing in lipophilic domains
made of cutin and cuticular waxes (Schonherr
et al. 2005), whereas ionic species, which are
not lipid-soluble and would be subsequently
excluded from the lipophilic pathway, would be
capable of crossing lipid membranes only
through aqueous pores (Schonherr 2000). These
pores are still poorly known, although they are
thought to be very small in size, with a radius
of 0.45 nm found in Citrus aurantium L. poly-
mer matrix membranes (Schonherr 1976;
Schonherr and Schreiber 2004). Recently, it
has been observed that the size of molecular
Ca species was less limiting for ionic species
(entering through aqueous pores) than for
neutral species (entering through cutin and
waxes) (Schonherr and Schreiber 2004). The
process of cuticular water transport has been
recently investigated wusing an experimental
design based on the formation of AgCl precip-
itates in the cuticle polar pores (Schreiber et al.
2006). Cuticular water sorption has also been
attributed to a polysaccharide fraction with a
high-hydration capacity (Dominguez and Here-
dia 1999), which may consist of a reticulum of
microfibrils ramifying and stretching through the
cuticular membrane (Jeffree 1996). On the
other hand, the significance of the stomatal
pathway regarding the penetration of leaf-
applied chemicals remains unclear, although
there is evidence that it may constitute an
alternative route for the uptake of foliar
sprays (Currier and Dybing 1959; Eichert
et al. 2002).

The pathways for Fe uptake in leaves are still
poorly known (Fernandez and Ebert 2005). Using
different Fe-compounds and Populus x canescens
cuticular membranes, Schonherr et al. (2005)
observed that there was no correlation between
molecular mass and penetration rates, and also
that temperature (from 15 to 35°C) did not affect
the penetration process. Furthermore, the per-
meability of cuticular membranes decreased with
increasing concentrations of Fe-chelates, leading
to the suggestion that Fe-chelates themselves may
somehow reduce the size of aqueous pores. A
reduction of the water conductance through fruit
cuticles after Fe-treatments was also reported by
Beyer et al. (2002) and Weichert et al. (2004). It
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has been suggested that 100% relative humidity
(RH) would be required for a significant cuticular
penetration of Fe-chelates, and that addition of
hygroscopic humectants would favor foliar uptake
(Schonherr et al. 2005). Evidence for the leaf
penetration of several Fe-containing compounds
was also obtained in attached leaves of Vicia faba
L., Citrus madurensis Lour., and Nicotiana taba-
cum L. (Fernandez 2004; Fernandez et al. 2005).
Working with field grown pear trees (Pyrus
communis L.), Alvarez-Fernandez et al. (2004)
tested the re-greening effect of various foliar
treatments including Fe(II)-sulfate, Fe(III)-
Diethylenetriamine pentaacetic acid (DTPA),
ascorbic, and citric acid. Whilst substantial chlo-
rophyll (Chl) increments were always associated
with Fe supply, the authors concluded that with
the current state of knowledge, treatment with Fe
sprays is still not an efficient alternative to the use
of soil applied Fe chelates.

Many factors involved in the processes of Fe
uptake by leaves, transport, and its distribution
within the plant remain unclear, and in particular
the significance of the leaf apoplast is not fully
understood (Kosegarten et al. 2001; Larbi et al.
2001; Nikolic and Romheld 2003). Iron is thought
to be taken up from the apoplast by leaf cells
through a plasma membrane-bound Fe(IIT)
reductase (Briiggemann et al. 1993), which is
light dependent and does not increase with
Fe-deficiency (Larbi et al. 2001), and may be
regulated by changes in leaf apoplastic pH
(Kosegarten et al. 2001; Loépez-Millan et al.
2001). It has been hypothesized that apoplastic
pH increases may depress the activity of the leaf
plasma membrane-bound reductase, thereby hin-
dering symplastic Fe uptake (Kosegarten et al.
2001; see Abadia et al. 2002b, for a review).

Given the complex scene determining the
efficiency of Fe sprays and aware of the existing
constraints and opportunities, the aim of this
investigation was to assess the re-greening effect
of optimized Fe-containing solutions applied to
Fe chlorotic peach leaves under field conditions
as a means to understand the mechanisms
involved on the penetration and uptake of
leaf-applied Fe, taking into account different
Fe compounds, surfactants, and other adjuvants.

Materials and methods

Iron containing formulations for foliar sprays:
iron sources, surface-active agents and adjuvants

All treatment solutions contained Fe at concen-
trations of 2 mM, supplied as five different Fe-
compounds: Fe(II)SO47H,0 (Panreac, Barce-
lona, Spain), Fe(III)-Ethylenediaminetetraacetic
acid (EDTA), Fe(IlI)-DTPA, Fe(III)-Imi-
nodisuccinic acid (IDHA) or Fe(III)-citrate, all
of them dissolved in water type II analytical
grade (obtained with an Elix-apparatus, Milli-
pore, Bedford, MA, USA). The latter four
Fe(IlI)-compounds were synthesized in the lab-
oratory by complexing Fe(Ill) (FeCls, acidic
AAS standard, Merck, Darmstadt, Germany)
with the corresponding ligand at 1:1 (Fe:ligand)
ratios, excepting for Fe(IIl)-citrate, where the
ratio was 1:20. The chelating agents employed
were: KbEDTA-2H,0 (Panreac), DTPA free
acid (Merck), IDHA Na salt (Baypure CX 100
Solid, supplied by Lanxess, Leverkusen,
Germany), and Nags-citrate-2H,O (Sigma, St.
Louis, MO, USA). All solutions were adjusted
to pH 5.0 to avoid altering the ion exchange
properties of the cuticle (Fernandez et al. 2005).
excepting FeSO,4-7H,0 formulations, which were
kept at pH 4.0 to keep Fe soluble and retarding
the process of atmospheric oxidation (Fernandez
and Ebert 2005).

Four different surface-active agents (surfac-
tants) were tested at a concentration of 1 g 17"
Mistol (a mixture of ionic and non-ionic surfac-
tants, Henkel, Barcelona, Spain), Silwet L-7607
(an organo-silicon surfactant, Witco Corporation,
Tarrytown, NY, USA) and two non-ionic alkyl-
polyglucoside surfactants, capryl-glucoside and
alkyl (8-16) glucoside, herein referred to as
alkyl-glucosidel and alkyl-glucoside2, respec-
tively (supplied by Cognis, Diisseldorf,
Germany).

Three different adjuvants were also tested: 1%
glycerol (Sigma), 5% methanol (Panreac), and
5 g 1" glycine-betaine (Fluka, Madrid, Spain).
Such compounds may act as synergists or humec-
tants and facilitate the process of leaf penetration
(Hazen 2000; Schonherr et al. 2005).
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Methodologies to assess the physico-chemical
characteristics of potential spray formulations:
wetting ability and surface tension

We tested under laboratory conditions two phys-
ico-chemical characteristics, wetting ability and
surface tension, in 80 different formulations
containing Fe. These formulations contained:
(1) 2 mM Fe solutions, obtained with five different
Fe-compounds, (2) 1 g 1™ surfactant (alkyl-glu-
cosidel, alkyl-glucoside2, Mistol or no surfac-
tant), and (3) an adjuvant (glycerol, methanol,
glycine-betaine or no adjuvant). All 80 possible
combinations, including the Fe-compounds alone,
were freshly prepared prior to measurement.

Estimates of the rate of wetting (integrating
wetting, spreading, and retention) were obtained
by dipping in the solutions fully expanded leaves,
with a similar maturity stage, of the shrub
Evonymus japonicus L. Leaves were harvested in
the garden of the Aula Dei Experimental Station,
CSIC (Zaragoza, Spain). These leaves are coria-
ceous and non-wettable, constituting therefore a
good model for a worst-case scenario. Peach leaves
are more wettable, but leaves of other fruit tree
species affected by Fe deficiency such as citrus and
pear would perform similarly to leaves of E. japoni-
cus. Once the leaf was dipped in the solution, the
average degree of wetting was recorded according to
a visual rating scale. The wetting performance of
formulations was classified in four grades as follows:
(0) leaf completely dry, (1) ~two-thirds of the leaf
surface wet, (2) leaf wet, but with some dry areas,
and (3) leaf completely wet. Six homogeneous
E. japonicus leaves were used per treatment.

Also, the surface tension of the formulations
was determined with a torsion balance apparatus
for surface and interfacial tension measurement
(Model OS, Worcs, UK). Formulations tested
included the 80 previously screened in the wetting
experiment, plus 20 more prepared with the
surfactant Silwet L-7607, used as a low-surface
tension check. Four surface tension measure-
ments were taken per formulation.

Field plant material

Twenty-year-old peach trees [Prunus persica (L.)
Batsch, cv. Babygold 10, grafted on seedling]
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grown on a flood-irrigated calcareous soil (Typical
xerofluvent, clay-loamy texture, with 31% total
CaCO3, 9.9% active CaCOs3, 7 mg kg™ DTPA-
extractable Fe, 2.86% organic matter, and pH 8.0
in water) were used. The orchard was located in
the Aula Dei Experimental Station, CSIC, had a
frame of 3 x 4 m?, and was appropriately main-
tained in terms of nutrition, pruning, and pest and
disease control. However, trees did not receive
any exogenous Fe input for 2 years prior to the
beginning of the foliar fertilization trial, and
therefore developed Fe deficiency symptoms in
springtime. The experiment was designed as a
completely randomized block. Six trees with a
similar leaf chlorosis level (average SPAD value
of 14, corresponding to ~100 pmol Chl m~?) were
selected at the beginning of the trial.

Spray treatments with Fe formulations
in peach trees growing in the field

From the analysis of the physico-chemical prop-
erties it was decided to use in field foliar spray
trials only formulations containing alkyl-gluco-
side2, since they had a good wetting ability, low-
surface tension values, and minimal interactions
with Fe-compounds. All these selected formula-
tions had wetting rates of three and relatively
low-surface tension values.

The re-greening effects of different Fe-com-
pounds and adjuvants, using always alkyl-gluco-
side2 as a surfactant, were evaluated for a 6-week
period after a single foliar spray of 20 different
formulations containing 1 g 17! alkyl-glucoside2.
Iron was supplied at 2 mM concentrations as
Fe(Il)-sulfate, Fe(III)-citrate, Fe(II)-EDTA,
Fe(III)-DTPA or Fe(II)-IDHA. Also, three
adjuvants (1% glycerol, 5% methanol, and 5 g1
glycine-betaine) were evaluated, as compared to
pure Fe-compound sprays. Solutions containing
only adjuvants and alkyl-glucoside2 as well as
pure water were also applied as controls.

Leaf sprays were applied with a commercial
hand sprayer, both on the adaxial and abaxial leaf
surface, until full wetting (i.e., until solution run-
off). Peach leaves are known to have stomata only
in the abaxial surface, and this was confirmed by
our own microscopic observations. However,
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both sides were treated to mimic usual field
spraying techniques. Treatments were applied
from 6:00 to 8:00 solar time on June 20th, 2005
(a sunny day, with 70% RH and 20°C at the time
of treatment). Each of the five Fe-compounds was
applied to one specific tree, which was separated
from other Fe-treatments by at least one non-
treated tree to avoid cross-contamination
between Fe-compounds. In each tree, four differ-
ent southwest oriented, sun exposed vegetative
shoots (not bearing fruits) were treated, each with
a different adjuvant (glycerol, methanol, glycine-
betaine or no adjuvant). A separate tree was used
to perform adjuvant-only (no Fe) treatments in
different branches as controls.

Methodologies to estimate leaf re-greening:
SPAD and image analysis

Leaf re-greening after treatment was assessed by
two different methods: (1) measuring the degree
of intensity of leaf re-greening (using a SPAD
apparatus) and (2) estimating the percentage of
green area having experienced significant
re-greening (using a photo scanner and image
analysis software). Each methodology gives a
different assessment of the re-greening process.

In the first methodology, leaf Chl was moni-
tored non-destructively with a SPAD apparatus
(Minolta 502, Osaka, Japan), 1 day before spray
application and then on a weekly basis during
6 weeks. This technique estimates the Chl con-
centration from red light absorbance measure-
ments in a column-shaped cross-section of the
leaf, with a 6 mm? base surface. To account for
leaf heterogeneity, averaged SPAD measure-
ments from four different locations were taken
per leaf. Seven different leaves across the same
shoot (excluding non-fully developed leaves) were
monitored per treatment. The SPAD method was
calibrated by extracting pigments from leaf disks
(previously measured with the SPAD apparatus)
with pure acetone and then measuring Chl spec-
trophotometrically in the extracts (Abadia and
Abadia 1993). The calibration curve correlating
Chl concentration in peach leaves with
SPAD values was: Y =-0.0002X> + 0.1942X-
4.865 (R* = 0.992; Y and X were in SPAD units
and Chl in pmol m™, respectively).

A second methodology to assess leaf re-green-
ing was based on the measurement of green areas
as a percentage of the total leaf surface at the end
of the experiment, by scanning (with an Epson
Perfection 4870 Photo Scanner), once detached,
the same leaves used for SPAD readings in each
treatment, and analyzing the digital images
obtained. The color distribution of the obtained
images was analyzed with the image analysis
application Carnoy Version 2.1 for Mac OS X
(Schols et al. 2002). In each scanned leaf photo-
graph, total surface was determined by calibrating
the image size by standard image measurement
techniques. Then, green areas were measured in
each leaf following a similar procedure, by
selecting an appropriate gray-scale threshold
value. The resulting image was compared with
the initial color image to ensure that the discrim-
ination of colors was carried out appropriately.
The green and total leaf area of seven leaves per
shoot was measured, and the image analysis was
performed twice per leaf image.

Statistical analysis

Data were statistically evaluated by two-way
analysis of variance (ANOVA) with the program
SPSS 11.0 to assess the significance of the main
factors and the significance of interactions. Means
were also compared using Duncan’s test at
P < 0.05 in order to find significant differences
between treatments.

Results

Iron formulations differ in leaf wetting ability
and surface tension

A total of 80 Fe-containing formulations were
prepared, based on all potential combinations,
including: (1) different Fe-compounds at an Fe
concentration of 2 mM (FeSO47H,0, Fe(IlI)-
citrate, Fe(III)-EDTA, Fe(IlI)-DTPA, and
Fe(IIl)-IDHA); (2) different surfactants (alkyl-
glucosidel, alkyl-glucoside2, Mistol, and no sur-
factant), and (3) different adjuvants (glycerol,
methanol, glycine-betaine, and no adjuvant). The
degree of wetting was visually assessed as four
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Table 1 Number of Fe-containing formulations leading to
various degrees of leaf wetting (ranging from 0 to 3) with
regard to the surfactant added

Surfactant No of formulations
Wetting Wetting Wetting Wetting
rate 3 rate 2 rate 1 rate 0
None 0 0 0 20
Mistol 3 8 6 3
alkyl-glucosidel 3 8 6 3
alkyl-glucoside2 20 0 0 0

A total of 80 formulations were tested. The experiment was
carried out with six replications and results were always
consistent

different grades: full wetting (3), some dry areas
(2), one-third of the leaf dry (1), and no wetting at
all (0). Optimal leaf wetting was observed with all
20 alkyl-glucoside2-solutions, whereas only three
alkyl-glucosidel- and three Mistol-containing for-
mulations led to full leaf surface wetting
(Table 1). The three formulations giving optimal
wetting with Mistol were Fe sulfate/betaine,
Fe(III)-EDTA/methanol, and Fe(III)-DTPA/
methanol. The three formulations giving optimal
wetting with alkyl-glucosidel were Fe(III)-
DTPA/methanol, Fe(III)-DTPA/mo adjuvant,
and Fe(IIT)-IDHA/glycerol. In all cases, solutions
containing no surface-active agents had a wetting
rate of zero.

Surface tension measurements were carried out
immediately after solution preparation (Fig. 1).

Formulations tested were the 80 used in the
wetting experiment plus 20 more built with the
surfactant Silwet L-7607, used as a low-surface
tension check. In the absence of surface-active
agents, Fe-containing solutions had surface ten-
sion values similar to that of distilled water (i.e.,
above 60 mN m™), significantly higher than those
measured for all surfactant-containing formula-
tions. According to the hypothesis of Schonherr
and Bukovac (1972), a threshold value of
30 mN m™ should be considered limiting for
wetting purposes. Addition of both Mistol and
alkyl-glucosidel at rates of 1 g I"' caused signif-
icant decreases in surface tension, which were
markedly affected by the nature of the Fe-
compound. When using Mistol, Fe(III)-EDTA,
and Fe(IIT)-IDHA solutions still had a surface
tension higher than 34 mN m™', indicating the
occurrence of interactions between the ionic
surfactant and the negatively-charged Fe(I1I)-
chelate molecules, whereas solutions including
the other three Fe-compounds led to surface
tension values of ~30 mN m™'. The non-ionic
surface active agent alkyl-glucosidel also pro-
vided low-surface tension values (~30 mN m™)
with three Fe compounds, whereas tensions of
~36 mN m™' were measured for Fe(IIT)-IDHA,
and Fe(III)-DTPA formulations, indicating the
occurrence of interactions with the two latter
Fe-compounds. Alkyl-glucoside2 gave low-sur-
face tensions with most Fe-containing formula-
tions (~30 mN m™), excepting for Fe(III)-DTPA
solutions, which had a tension of 34 mN m™.

Fig. 1 Surface tension of
Fe-containing solutions
(Fe(II)-sulfate, Fe(IIT)- 60 1
citrate, Fe(III)-EDTA,
Fe(III)-DTPA, and
Fe(III)-IDHA) plus 1 g I'!
surfactant (Mistol, alkyl-
glucosidel, alkyl-
glucoside2, Silwet L-7607
or no surfactant,
respectively). Solutions
were freshly prepared and
surface tension was
measured immediately.
Results are means + SD 0 4
(n=4)

30 4

Surface Tension (mN m™)

none
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Finally, significantly lower surface tension values
(<24 mN m™) were measured for all Fe-com-
pounds when using the organo-silicon surfactant
Silwet L-7607. These surface tension values are
similar to those reported by Knoche et al. (1991)
and Neumann and Prinz (1975). Addition of
glycerol, methanol or glycine-betaine did not alter
significantly surface tension of solutions including
Fe-compounds and surfactants (data not shown).

In conclusion, alkyl-glucoside2 was selected
as the most suitable surface-active agent for
foliar spray formulations among those tested,
since in most cases it provided both optimal
wetting and low-surface tension. Silwet L-7607
was not chosen since it has been reported to
degrade at pH values below five (Knoche et al.
1991) and is also known to markedly interact
with Fe compounds such as Fe(IIl)-citrate
(Neumann and Prinz 1975), in both cases
leading to a rapid increase in surface tension
over time after solution preparation.

The effect of different concentrations of alkyl-
glucoside? on surface tension was also assessed
(Fig. 2). Surface tension decreased linearly from
concentrations of 0.001 to ~0.02% alkyl-gluco-
side2. Concentrations higher than 0.02% and up
to 5% led to a surface tension of ~30 mN m™.
Therefore, an alkyl-glucoside2 concentration of
0.1% (1 g1I™") was used in further experiments;
this concentration is in agreement with the values
suggested elsewhere for other surfactants (Jansen
et al. 1961; Schonherr 2001).

Peach leaf re-greening effects of a single spray
application with different Fe-compounds and
adjuvants

The re-greening effects of a single foliar spray
with different Fe-compounds and adjuvants, using
always alkyl-glucoside?2 as a surfactant, are shown
in Tables2 and 3. The two-way ANOVA
(Table 2) showed that the effects of Fe com-
pounds on three parameters used to assess leaf
re-greening, i.e., final leaf Chl concentration and
Chl increase (both measured with a SPAD meter)
and final percentage of green leaf area (estimated
via image analysis) were highly significant
(P £0.001). The best Fe compound used was
Fe(II)-sulfate, with other compounds being less
effective, whereas no significant re-greening was
obtained in the absence of Fe in the spray
formulations (Table 3). The highest Chl increases
6 weeks after treatment were found with
Fe(Il)-sulfate, followed by Fe(Ill)-citrate,
Fe(IIl)-IDHA, Fe(III)-EDTA, Fe(11I)-DTPA,
and alkyl-glucoside2-only (Table 3). When com-
paring the extent of the re-greened surface the
ranking was quite similar, with the highest values
being found with Fe(II)-sulfate, followed by
Fe(IIl)-citrate, Fe(III)-EDTA, Fe(III)-DTPA,
Fe(III)-IDHA, and alkyl-glucoside2-only
(Table 3). In leaves treated with surfactant and
adjuvants but without Fe, a significant part of the
surface could be still considered as green (21% of
the total surface, corresponding to the major leaf

Fig. 2 Effect of alkyl-
glucoside2 concentration
(w/v) on equilibrium
surface tension (measured
2 h after solution
preparation; solution pH
5.0). Results are

means = SD (n = 4)

60
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Table 2 Two-way = ANOVA  analysis of data
corresponding to final Chl concentration and Chl
increase (both estimated from SPAD measurements) and

green area per leaf (estimated from image analysis),
6 weeks after the spray treatments with several Fe-
compounds and different adjuvants

Significance Final Chl Chl increase Green area
concentration (week 6-week 0; pmol m™2) per leaf (%)
(nmol m™)

Fe-treatment ok ok wxk

Adjuvant-type NS * *

Fe-treatment x adjuvant-type sk ok sk

NS not significant

* Significant at P < 0.05

** Significant at P < 0.01
**% Significant at P < 0.001

veins), a percentage similar to that found in Fe-
deficient, untreated leaves (not shown).

The effect of the different adjuvants, on the
other hand, was only significant at P < 0.05 when
considering the final Chl increase and the
percentage of green leaf area (Table 3). A
strong interaction (P < 0.001) between the Fe-
compounds and adjuvants was also found (see
below for a detailed description) (Table 2).

The time-course of re-greening after the
foliar treatment with different Fe-containing
compounds, expressed as a percentage increase

in relation to the initial Chl values, is shown in
Fig. 3. With all Fe-containing compounds, leaf
Chl concentrations increased gradually in the
first 2 weeks after the treatment, and in the case
of Fe(II)-sulfate the increase continued for two
more weeks (Fig. 3). In contrast, in leaves
sprayed with Fe-free solutions Chl increased
only slightly (less than 10%) in the first week
and showed a decrease from week three on,
to show at the end of the experimental period
a 5% increase as compared to the initial
values.

Table 3 Final Chl concentration and Chl increase (both estimated from SPAD measurements) and green area per leaf
(estimated from image analysis), 6 weeks after the spray treatments with several Fe-compounds and different adjuvants

Final Chl concentration Chl increase Green area

(umol m2) (week 6-week 0; per leaf (%)
pmol m2)

(a) Iron treatment

No Fe 81.6 + 4.3° 76+31° 20.8 + 3.0°
Fe-sulfate 181.1 = 9.0¢ 68.0 + 7.0¢ 81.7 £ 1.9°
Fe-citrate 139.5 + 4.3° 30.9 + 3.5¢ 65.9 +2.99
Fe-EDTA 126.4 + 4.9° 22 0 + 3.0% 54.8 + 3.4°
Fe-DTPA 102.5 + 5.2%° 15.7 + 2.0 44.7 £ 2.9°
Fe-IDHA 127.7 + 3.5° 13.6 + 1.5° 44.4 £ 30°
(b) Adjuvant-type

No adjuvant glycerol 1274 + 417 16.9 + 2.0% 52.0 £2.1%
Glycerol 127.1 + 45° 352 + 4.0° 63.6 +2.3°
Methanol 134.6 + 4.5 316 + 3.8° 51.7 £ 2.3°
Glycine-betaine 121.8 + 4.5% 293 +2.5° 59.6 + 2.3°

All treatment solutions contained the surfactant alkyl-glucoside2 at a concentration of 0.1%. The upper part of the table
(a) corresponds to the average of the four adjuvant treatments for a given Fe-carrier + SE (seven replications, four
treatments, n = 28). Data on the lower part of the table (b) are the means of five Fe-compound treatments for a given
adjuvant + SE (n = 28). Different letters within each column indicate different levels of significance according to Duncan’s
t-test (P < 0.05)
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(2]
o

Fig. 3 Evolution of the
leaf Chl increases in Fe-
deficient peach leaves
after treatment with Fe
sprays (Fe(II)-sulfate,
Fe(IT)-citrate, Fe(I11)-
EDTA, Fe(III)-DTPA,
and Fe(IIT)-IDHA) plus
0.1% alkyl-glucoside?2.
Data represent mean Chl
increases (%) in relation
to the initial Chl
concentration for each Fe
treatment. Results are the
average of the four
adjuvant treatments for a e
given Fe-carrier = SD 0 .

—e— water
----Fe-EDTA
——Fe-DTPA
—&— Fe-sulfate
—4— Fe-citrate
-*--Fe-IDHA

w
o

Chl increment over the initial value (%)

(I’l = 28) 0 1

Interactions between Fe compounds and
adjuvants in the re-greening of peach leaves

The interactions between the different Fe-com-
pounds (all of the applied with alkyl-glucoside2)
and adjuvants (glycerol, methanol, glycine-beta-
ine or none) on both the leaf Chl level and the
percentage of green leaf area are shown in detail
in Fig. 4. Data indicate that the interactions
between Fe-compounds and adjuvants were very
marked.

The best re-greening results were obtained
with Fe(II)-sulfate. When using this compound,
the best re-greening effect (a 95 pmol m™
increase in Chl with 78% of the leaf green at
the end of the experiment) was obtained using the
adjuvant methanol. However, glycerol and
glycine-betaine also led to green leaf surface
values of ~80%, a value higher than that obtained
without adjuvants (56%), although the intensity
of the re-greening obtained did not reach that
obtained with methanol. Even when using no
adjuvants, Fe sulfate led to major increases in
both Chl content and percentage of green area
over the values found in the Fe-untreated
controls. It should be kept in mind that in Fe-
deficient, untreated leaves the percentage of
green area was ~21%.

Iron(III)-citrate was quite effective in increas-
ing the percentage of green surface, with all
formulations leading to values in the range 62-74%.
However, this Fe-source did not always lead to

Time after treatment (weeks)

large Chl concentration increases. When consid-
ering the Chl increase the best formulation was
that containing glycerol, followed by the formu-
lation not containing adjuvants. Both methanol
and glycine-betaine led to smaller Chl increases.

Iron(I1I) synthetic chelates were generally less
effective than Fe(II)-sulfate. Using Fe(III)-
EDTA led to the best results, either without
adjuvants or with glycerol and glycine-betaine,
when considering the percentage of green leaf
area (56-68%), whereas methanol had a detri-
mental effect when compared to the treatment
not including adjuvants. However, using glycerol
and glycine-betaine led to higher increases in Chl
content as compared to the no-adjuvant control.
The fact that the treatment with no adjuvants
produced an increase in the green area with
almost no increase in total Chl content suggests
that the re-greening was only superficial. In this
case, methanol did slightly increase the Chl
content.

The chelates Fe(III)-DTPA and Fe(111)-IDHA
were even less effective than Fe(III)-EDTA.
Using Fe(III)-DTPA, all formulations led to
similar percentages of green area (41-40%).
However, only the addition of methanol
increased significantly the leaf Chl content as
compared to the rest of treatments. With regard
to Fe(III)-IDHA, the application of glycerol led
to the highest green area rates (57%), followed by
glycine-betaine and methanol (48 and 43%,
respectively). Glycerol also induced the highest
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Fig. 4 Final Chl increase 100 100
(measured via SPAD 90 1 i 5 al o0
measurements) and green 80 80
area per leaf (estimated i ®
via image analysis), :g I :g
6 weeks after treatment 40 40
with several Fe- 30 30
compounds (from top to 20 1 20
bottom, Fe(IT)-sulfate, L) 10
Fe(III)-citrate, Fe(III)- ’ ’
EDTA, Fe(III)-DTPA, 5 iéo
and Fe(IIT)-IDHA) and 90 90
different adjuvants (none, 80 i 80
glycerol, methanol or - ;g ] a a ;g
glycine-betaine). All 2 o] i
treatment solutions E 40 40
contained the surfactant g 30 30
alkyl-glucoside2 at a 5 2 20
concentration of 0.1%. It S }g {;0 =2
should be kept in mind o Q
that in Fe-deficient, g 100 100 B
untreated leaves the . 90 90 3
percentage of green area © g é@' b 8o &
was ~21%. Values are 2 ;g ] 5 b ;g i
means + SD (n = 28) 2 504 & ; s0 3
! 40 4 c 1 a 40 =
5 2 i ] 0 B
E 10 a I‘-l H 1 10 =
5 V- 0
c
= 100
O a0 J
80 & Fe-DTPA
70 4
60

50

a a
40
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fg a a ' a‘
ol i

100
&% WFe-IDHA sb
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b
L ab
50 : apb 50
40 b : a 40
30 ab | 30
10 s 10
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none glycerol methanol betaine none glycerol methanol betaine
Adjuvant type Adjuvant type

Chl increases with Fe(IIT)-IDHA, followed by the Discussion
formulation containing glycine-betaine. In con-

trast, application of Fe(III)-IDHA alone or in Clear evidence for the re-greening of Fe-deficient
combination with methanol led to very small Chl peach leaves was gained after a single treatment
increases. with different foliar Fe treatments. Despite the
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variable plant responses to foliar Fe fertilization
reported in the literature (see review by
Fernandez and Ebert 2005), several investigations
have described the beneficial effects of foliar Fe
sprays application to Fe-deficient fruit crops such
as citrus, pear, peach, apple, mango, plum, and
almond, in terms of increasing leaf Chl concen-
tration and improving fruit yield and quality
(Kadman and Gazit 1984; Sanz et al. 1992;
Abadia et al. 2002a; Alvarez-Ferndndez et al.
2004, 2006). Results obtained in the present study
support the idea that maximizing the chances for
leaf penetration via optimizing spray formulations
and application practices may improve signifi-
cantly the efficiency of foliar Fe fertilization.

One of the conclusions of this investigation is
that the physico-chemical characteristics must be
taken into account when carrying out foliar spray
studies. Out of the initial 80 possible Fe-com-
pound/surfactant/adjuvant combinations, only 26
can be considered appropriate for foliar sprays
with respect to optimal leaf wetting, and eight of
them (four with alkylglucoside2, three with
alkylglucosidel, and one more with Mistol) had
values higher than 30 mN m™' (Fig. 1). A low-
surface tension will enable an intimate contact
between the leaf surface and the solution, as well
as facilitate the spontaneous infiltration of sto-
matal cavities (Schonherr and Bukovac 1972) and
other possible hydrophilic domains of the cutic-
ular layer. To our knowledge, this is the first study
in which of the physico-chemical properties of Fe
sprays have been considered a priori as key
factors determining the success of foliar Fe
fertilization.

Among the surfactants tested, alkyl-glucoside?2,
a non-ionic, alkyl (8-16) glucoside, was found to
provide the best physico-chemical properties for
use in foliar Fe fertilizer formulations, with
optimal characteristics for leaf wetting and good
surface tension values (excepting for formulations
including Fe(IIT1)-DTPA), as well as providing a
relatively low degree of deleterious interactions
with Fe-compounds. This non-phytotoxic, biode-
gradable surfactant has not been used before, to
our knowledge, in Fe foliar fertilization studies.
Results indicate that this surfactant and other
similar compounds could improve markedly the
effectiveness of Fe foliar fertilization.

With regard to the Fe-containing compounds
applied in this study, the best results were recorded
for Fe(II)-sulfate supplemented with alkyl-gluco-
side2 and methanol, with other Fe(II)-sulfate
formulations giving also good results. The mech-
anism of leaf Fe(II) penetration is still unknown,
although the Fe(II)-ion has been recently shown to
penetrate V. faba leaves at a higher rate than most
of the Fe-compounds tested (Fernandez et al.
2005). Iron sulfate was also the best Fe-compound
in field foliar fertilization experiments carried out
with pear trees (Alvarez-Fernandez et al. 2004).
The low-molecular mass of the Fe(Il) ion
(56 g mol™) may facilitate foliar penetration via
stomata or hydrophilic cuticular pathways,
although in theory it may readily precipitate and/
or interact with the negative charges of cuticular
and apoplastic components. Iron(IT) may be oxi-
dized and then chelated in the apoplast by endog-
enous ligands such as citrate or other organic acids
and nicotianamine. Subsequently, it may follow
reduction by the plasma membrane Fe(III)-che-
late reductase, or may directly enter the cell via a
Fe(Il)-transporters as suggested by Alvarez-
Fernandez et al. (2004).

The second best re-greening Fe-compound was
Fe(IIl)-citrate (245 g mol™' molecular mass)
alone or in combination with glycerol, followed
by Fe(III)-EDTA (428 g mol™) also in the pres-
ence of glycerol. Both Fe-compounds have been
reported to penetrate bean leaves, but at a lower
rate than Fe(II)-sulfate (Fernandez et al. 2005).
Iron(III)-citrate foliar application has been found
to induce positive effects in pear (Alvarez-Fern—
andez et al. 2004) and bean (Fernandez et al.
2005). Iron(III)-DTPA and Fe(III)-IDHA, with
molecular masses of 449 and 392 g mol ™, respec-
tively, also induced leaf re-greening but to a lower
extent than the rest of Fe-compounds tested. The
poor effect of Fe(III)-DTPA formulations is
likely associated with their relatively high-surface
tension values. The lack of correlation found
between the molecular mass of leaf-applied Fe-
chelates and the re-greening efficiency is in
agreement with recent findings (Fernandez 2004;
Schonherr et al. 2005), and would be in line with
some mechanisms proposed for foliar uptake,
including leaf penetration via stomata or through
cuticular hydrophilic pathways. Molecular mass
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has also been shown to be less limiting for
Ca-containing compounds when diffusion takes
place through hydrophilic than through lipophilic
domains (Schonherr and Schreiber 2004).
Interactions between Fe-compounds, surfac-
tants, and adjuvants are extremely important, and
in many cases they could inactivate the possible
effect of foliar fertilizer preparations. First, sig-
nificant interactions were seen when measuring
surface tensions. For instance, formulations
including Fe(III)-IDHA/Mistol, Fe(III)-IDHA/
alkyl-glucosidel, Fe(III)-DTPA/alkyl-glucosidel,
and DTPA/alkyl-glucosidel had surface tension
values higher than 33 mN m'. A loss in surface
tension and leaf wetting in the presence of Fe-
containing compounds has also been described
for the surfactant Silwet L-77 (Neumann and
Prinz 1975; Horesh and Levy 1981; Knoche et al.
1991). Whereas interactions between the ionic
Mistol molecules and the negatively charged Fe-
chelates or Fe-salts can be expected, the nature of
the interactions between the non-ionic akyl-
polyglucoside surfactants and some of the Fe-
compounds used remains unclear and deserves
further study. Second, major interactions between
the various Fe-compounds and adjuvants in the
presence of alkyl-glucoside2 on peach leaf re-
greening have also been observed, as summarized
in Table 4. Using all three adjuvants in addition
to alkyl-glucoside? induced significant beneficial
effects, depending on every particular Fe-carrier,
whereas treatment with Fe-free adjuvant solu-
tions did neither increase the percentage of leaf
green area nor induce Chl content increases. In
association with Fe(II)-sulfate, methanol pro-
moted a more intense Chl increase than that
found with glycerol and glycine-betaine, without
causing any supplementary effect on the extent of
leaf surface undergoing re-greening, suggesting
that the addition of methanol facilitates Fe
availability to cells located deep inside the leaf.
A beneficial effect of applying diluted methanol
solutions in combination with foliar Fe sprays has
been described by Nonomura et al. (1995).
Mechanisms acting during the process of plant
cuticular penetration of Fe-compounds include
interactions of a variable nature (e.g., electro-
chemical or osmotic), which may induce the
clogging of hydrophilic pathways (Beyer et al.
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Table 4 Summary of the interactions between Fe-contain-
ing compounds (Fe(II)-sulfate, Fe(III)-citrate, Fe(III)-
EDTA, Fe(Il)-DTPA, and Fe(III)-IDHA), and adjuvants
(glycerol, methanol, and glycine-betaine as compared to
adjuvant-free Fe sprays

Fe-carrier Adjuvant

Glycerol Methanol  Glycine-betaine
Fe(II)-sulfate =2 ++° +b
Fe(Ill)-citrate ~ ++ - -
Fe(III)-EDTA  ++ n +
Fe(II)-DTPA - ++ -
Fe(III)-IDHA  ++ - +

Improvements were assessed with respect to both Chl
increases and extent of leaf area re-greening. All solutions
contained 0.1% alkyl-glucoside2

# —No significant improvement

® +There was a posilive effect

c

++There was a highly positive effect

2002; Weichert et al. 2004), as supported by the
relatively lower penetration rate of more concen-
trated versus more diluted Fe-containing solu-
tions (Fernandez 2004; Schonherr et al. 2005).
Consequently, all Fe-compounds were applied in
this study at a relatively low concentration (i.e.,
2 mM Fe), in contrast to most published Fe spray
trials (Fernandez and Ebert 2005). Also, and
whereas it has been concluded that 100% RH
would be required for the penetration of Fe-
chelates (Schonherr et al. 2005), a physiological
response has been observed in this study for all
Fe-chelates applied to chlorotic peach leaves
under field conditions, confirming previous
reports with other crops (Rombola et al. 2000;
Abadia et al. 2002 a, b; Alvarez-Fernandez et al.
2004). These results may imply that a successful
leaf penetration of Fe could have taken place
during droplet drying. The adjuvants tested in this
trial caused significant improvements on the
performance of Fe-containing solutions, probably
by facilitating the leaf penetration process in
terms of “plasticizing” (solubilizing) the cuticle
(methanol) or maintaining Fe sprays in a liquid
form for a longer period due to their hydroscop-
icity (glycerol and glycine-betaine).

Some treatments, such as Fe(III)-EDTA with
alkylglucoside2 and without adjuvants, induced
increases in the percentage of green leaf area
without leading to significant increases in the leaf
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Chl content. This would suggest that re-greening
in these treatments was only superficial, in good
agreement with the general belief of growers that
in many cases only a “painting” effect is achieved
after foliar Fe treatments. This finding also
indicates that SPAD and image analysis are
complementary methods to assess re-greening.

In conclusion, re-greening of Fe-deficient
peach leaves was achieved in this study after
foliar treatment with some optimized Fe-sprays,
and addition of adjuvants to Fe sprays signif-
icantly improved leaf re-greening as compared to
Fe-carrier solutions alone. Since the process of
leaf penetration and subsequent Fe delivery to
the cell is very complex, further trials to investi-
gate the mechanisms involved in foliar Fe pene-
tration and leaf cell uptake should be carried out
in the future. These experiments should consider
the possibility of stomatal and cuticular Fe
penetration using Fe-deficient leaves, as well as
introduce new techniques to investigate the spa-
tial characteristics of the uptake of Fe-substances,
including microanalysis of Fe-compounds and
others. These studies will help optimizing Fe
spray formulations to make foliar fertilization a
reliable strategy in the future to control fruit tree
Fe deficiency.
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