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Abstract: Parietaria judaica grows in highly calcareous environments, overcoming the low
bioavailability of Fe caused by elevated pH. The aim of this work was to investigate the temporal
dynamics of root exudation of P. judaica under Fe deficiency conditions. As high concentrations of
bicarbonate and Ca?" in calcareous soils interfere with the general plant mineral nutrition, two
different alkaline growing conditions were applied to distinguish the effects due to the high pH
from the responses induced by the presence of high calcium carbonate concentrations. Growth
parameters and physiological responses were analyzed during a 7 day time course —shoot and root
biomass, chlorophyll and flavonoid contents in leaves, root accumulation, and exudation of organic
acids and phenolics were determined. Different responses were found in plants grown in the
presence of bicarbonate and in the presence of an organic pH buffer, revealing a time- and condition-
dependent response of P. judaica and suggesting a stronger stress in the buffer treatment. The high
tolerance to alkaline conditions may be related to an earlier and greater exudation rate of phenolics,
as well as to the synergistic effect of phenolics and carboxylic acids in root exudates in the late
response. The identification of the main functional traits involved in tolerance to low Fe availability
in a wild species could offer crucial inputs for breeding programs for application to crop species.
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1. Introduction

In plants, iron (Fe) is required for a wide range of biological functions, such as respiration,
photosynthesis, and chlorophyll biosynthesis. Although Fe is the fourth most abundant element in
the Earth’s crust, it is not readily available for plant uptake due to its low solubility. Severe lack of Fe
affects chlorophyll synthesis, leading to chlorosis, and could cause acute decrease in biomass due to
photosynthesis impairment. Consequently, plants endeavor to ensure the availability of iron in order
to survive and compete successfully.

Dicot and monocot plants (except Poaceae) have developed metabolic adaptations to cope with
low Fe availability, known as strategy I responses, which are characterized by a sustained root
activity to uptake Fe from the soil. Overall, strategy I involves a ferric chelate reductase (FCR) located
at the root cell plasma membrane that converts Fe**-chelates to Fe?, which can be taken up by the cell
through the activity of the Fe-regulated transporter (IRT1) [1,2]. Moreover, in several species an H*
pumping activity carried out by the plasma membrane H*-ATPase is increased under Fe deficiency.
The extrusion of H* from the cell acidifies the apoplast and the rhizosphere, increasing Fe solubility
and generating an electrochemical gradient useful to drive cation uptake [3-6]. Furthermore, Fe-

Agronomy 2020, 10, 1037; doi:10.3390/agronomy10071037 www.mdpi.com/journal/agronomy



Agronomy 2020, 10, 1037 2 of 15

deficiency-induced activity involves the accumulation of other compounds in tissues, as well as in
the rhizosphere, such as organic acids (i.e., citric and malic acid) and phenolics [7-9]. Accumulation
of organic acids might trigger different roles in Fe-deficient roots, including: (i) Fe translocation
through the formation of different species of Fe(Ill)-citrate [10]; (ii) control of cytoplasmic pH by the
pH-stat mechanism; (iii) control of apoplastic pH [11-13]; (iv) by acting as an Fe-chelating agent in
the apoplast and the rhizosphere; (v) by acting as a Ca-chelating agent to solubilize P in the soil
[14,15]; and (vi) to capture excessive Ca?* inside the cell [16]. Phenolic compounds have also been
reported to be the main components in root exudates in Fe-deficient conditions, and their implication
in Fe uptake has been suggested, either by increasing Fe3* solubility or to support the reducing
capacity of Fe** on the root surface [17-19]. In particular, coumarins are involved in Fe mobilization,
as well as in recruiting microbes within the rhizosphere [20].

It is well known that the presence of carbonates in soils causes a decrease in the solubility of Fe
and other micronutrients [21,22]. In fact, at a high soil pH there are several essential elements (notably
P, Fe, and Mn) that are barely present in soluble or easily available forms. Fe-deficiency-induced
chlorosis, otherwise known as lime chlorosis, is a major nutritional disorder in crops growing in
calcareous soils. Calcareous soils, representing 30% of the Earth’s land surface, are characterized by
high pH values and may contain high concentrations of HCOs™ ions in the soil solution. On the one
hand, alkaline pH dramatically reduces Fe solubility in soil, but on the other it has been suggested
that the presence of HCOs- interferes with the physiological processes of Fe uptake. Plant roots grown
under calcareous conditions exhibited a higher Fe content in comparison to those grown on neutral
and non-calcareous conditions, indicating that low Fe availability in soils is not necessarily a problem,
but rather a matter of Fe uptake from the apoplast [23]. In the soil solution, HCOs acts by buffering
the rhizosphere and the root apoplast, thus neutralizing the H* extruded by the H*ATPase.
Furthermore, some studies have shown that alkaline pH, and especially high HCOs~ concentrations,
strongly inhibit the activity of the FCR, which is the necessary step in Fe acquisition by strategy I
plants [24]. A study conducted on graminaceous species (sorghum, barley, and maize) grown in
different concentrations of HCOs suggested that the impaired Fe acquisition observed at high
concentrations of HCOs is attributable to root growth inhibition [25]. Studies conducted on wild
plants grown in calcareous soils have proposed that chlorosis is caused by the immobilization of Fe
in non-active forms rather than by a decrease of its total concentration in leaves or roots [26,27].
Lucena et al. [28], working with Arabidopsis and dicotyledonous crop species (pea, tomato, and
cucumber), suggested that high contents of HCOs in the medium could cause Fe deficiency
symptoms by inhibiting the expression of several genes related to Fe acquisition. The exact
mechanism by which HCOs~ acts has not been completely elucidated so far. However, many plant
species, despite the low concentration and availability of Fe in calcareous soils, can develop
successfully without showing any evident sign of chlorosis.

Parietaria judaica is a wild plant that grows successfully in extremely calcareous environments,
such as wall cracks, showing an elevated Fe efficiency. Therefore, it is considered a calcicole plant. P.
judaica exhibits the typical strategy I responses to Fe deficiency [29-31], including increased FCR
activity and a high capacity to acidify the rhizosphere through H* extrusion. Donnini et al. [29] found
an enhanced activity of enzymes directly involved in the biosynthesis of phenolic compounds, e.g.,
shikimate dehydrogenase (SDH) and phenylalanine ammonia lyase (PAL), and a significant increase
in malic and citric acids in both root tissues and in exudates when plants were grown in the presence
of bicarbonate.

Understanding the adaptation mechanism of wild plants such as P. judaica to calcareous
conditions represents a promising strategy to identify new insights involved in Fe-deficiency-
induced mechanisms. To address this issue, it is crucial to establish experimental growth conditions
able to mimic calcareous conditions, as well as to distinguish the effects of low Fe availability from
those caused by the presence of carbonate and alkaline conditions. Therefore, the aim of this work
was to investigate the effects of direct or indirect induced Fe deficiency conditions on root exudation
of P. judaica in a time course analysis. Direct induced Fe deficiency was applied by limiting the Fe
availability in the nutrient solution, while indirect Fe deficiency was established by applying two
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different alkaline growing conditions with and without the addition of bicarbonate in the nutrient
solution. Our results highlight a greater exudation of phenolics in the early responses to low Fe
availability compared with the calcareous or alkaline condition, while malic and citric acid exudation
occurred later.

2. Materials and Methods

2.1. Plant Material

Cuttings of P. judaica were taken from a mother plant and transplanted into an aerated half-
strength nutrient solution for 10 days. Rooted cuttings were then transferred to 10 L plastic tanks (40
plants per tank) for hydroponic culture under four different nutritional conditions: C (control, full
nutrient solution adjusted to pH 6.2); —Fe (direct deficiency: full nutrient solution in the total absence
of Fe, brought to pH 6.2 with NaOH,); Bic (induced deficiency: full nutrient solution with addition of
0.5 g L' CaCOs and 15 mM NaHCOs, which brought the pH to 8.3 ); and Tric (full nutrient solution,
buffered with Tricine and adjusted to pH 8.3). When required, pH was adjusted with NaOH. The
composition of the full nutrient solution was as follows: 2 mM Ca(NO)s, 0.75 mM K250, 0.65 mM
MgSOs, 0.5 mM KH2POs, 10 uM HsBOs, 1 uM MnSOs, 0.5 uM CuSOs, 0.5 pM ZnSOs, 0.05 uM
(NH4)Mo7Oz24, and 0.1 mM Fe-EDTA (when added). Treatments were carried out for 7 days in a
growth chamber under a 16/18 h light/dark regime with cool-white light at 200 pumol m-' s, 27/21 °C
temperature range, at 65-75% relative humidity. For the time course analysis, plant samples were
collected for the determination of the various parameters at the first (T1), third (T2), fifth (T3), and
seventh (T4) days of the overall treatment.

2.2. Biomass Parameters

Fresh weights (FW) of shoots and roots were determined as the means of 9 independent
measurements per given time and treatment (n = 9). Dry weight (DW) was determined by drying
shoot and root samples in an oven at 60 °C until a constant value was recorded. Biomass partitioning
patterns were calculated by comparing the root-to-shoot ratio (on a FW basis) over the time course
analysis.

2.3. Optical Measurements of Leaf Chlorophyll and Flavonoids

Measurements of chlorophyll and flavonoids were taken from the youngest fully developed
leaves using Dualex (FORCE-A, Paris, France) over the time course analysis. Measurements were
made on both the adaxial and abaxial sides of 5 randomly chosen leaves at each given time and for
each treatment. For chlorophyll calculations, Dualex units were converted into mg g units,
determining the chlorophyll content of leaf disks at the end of the treatment according to
Lichtenthaler [32] and constructing calibration curves for each treatment. Flavonoid content was
considered as the sum of the adaxial and abaxial Dualex readings and was expressed in Dualex units.
Means and standard errors for each sample (1 =5) at a given time were calculated.

2.4. Determination of Apoplastic Fe

Apoplastic Fe was determined during the time course. Roots from 5 plants per treatment were
transferred to a beaker with 0.5 mM CaSOs under vigorous aeration. After 10-15 min, roots were
transferred to 40 mL tubes with 21 mL of 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), 0.5
mM Ca(NOs)z, 1.5 mM 2,2’ bipyridyl (pH 5.5) at 25 °C. Tubes were covered with a cotton plug and
N2 was bubbled through the solution. After 5 min, 1 mL of 250 mM Na25:04 was added. The A520 of
the solution (A520 of 1mM Fe[bipyridyl]3 = 8.650) was determined on 2 mL aliquots, as reported by
Bienfait et al. [33]. The aliquots employed for the determinations were returned to the tube and left
for 1 h in the dark. The determination was carried out every 1 h 30 min until a constant value was
obtained. Five independent replicates were performed for each treatment at each given time (n = 5).
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Roots were then collected and oven-dried at 60 °C until a constant weight (dry weight, DW) was
reached.

2.5. Collection of Root Exudates

In total, 15 seven-day-old plants for each treatment were transferred to 250 mL distilled water
with 10% (v/v) Micropur (Katadyn, Minneapolis, MN, USA) to prevent microbial activity. Root
exudates were collected for a period of 24 h under continuous aeration. The exudate solution collected
for the determination of total phenolic compounds was acidified to pH 3.5-4.0 with HCI (1 N) and
then filtered through 0.45 um Millex HN filters (Merck Millipore, Milano, Italy) before being freeze-
dried. For all the other measurements, the exudate solutions were filtered and freeze-dried without
adjusting the pH, and thereafter resuspended in 3 mL distilled water.

2.6. Determination of Organic Acids

Root samples were collected, carefully rinsed in distilled water, and homogenized in 10% (v/v)
perchloric acid following a 1:1 ratio (w/v) and centrifuged at 10,000 g for 15 min. The pH was brought
to 7.5 with 0.5 M K2COs to neutralize the acidity and to precipitate the perchlorate. Extracts were then
centrifuged at 15,000 g for 15 min and the supernatant was recovered. Malic and citric acid
concentrations in both root extracts and exudates were determined, as reported previously [34 and
references therein] —five independent assays were performed for each treatment at each given time
(n=>5).

2.7. Determination of Total Phenolic Content

Phenolic content in fresh root tissues was determined in two different extraction media—100%
distilled water and 100% methanol. Root samples from the different treatments were homogenized
with mortar and pestle in the extraction medium with a 1:1 volume ratio (w/v). Homogenates were
centrifuged at 10,000 g for 15 min and the supernatants were collected. The concentrations of
phenolics in root extracts and exudates were determined spectrophotometrically at 750 nm with the
Folin—Ciocalteau reagent (Sigma-Aldrich, Milano, Italy) using gallic acid as a standard [29]. Five
independent experiments were performed for each treatment at each given collection time (1 = 5).

2.8. Enzyme Activity Assays

Roots sampled from different treatments were cut, rinsed in distilled water and homogenized at
24 °C in a buffer (1:1, w/v) in the presence of 20% (w/w) Poly(vinylpolypyrrolidone) (PVPP). The
homogenization buffer contained: 50 mM Tris-HCl pH 7.5, 10 mM MgClz, 10% glycerol, 1 mM EDTA,
14 mM [ mercaptoethanol, ImM PMSF, and 10 mg mL leupeptin. The homogenates were filtered
through 4 layers of gauze and centrifuged at 13,000 g at 4 °C for 15 min. Supernatants were
centrifuged at 100,000 g at 4 °C for 30 min. The final supernatants were collected and dialyzed for 3
h at 4 °C against 2 L of (leupeptine-free) homogenization solution. The dialyzed extracts were used
for enzymatic assays of phosphoenolpyruvate carboxylase (PEPCase). PEPCase (EC.4.1.1.31) activity
was determined according to De Nisi and Zocchi [34]. Citrate synthase (CS) activity was assessed on
mitochondrial enriched fractions from roots according to Vigani et al. [35]. PAL activity was
performed according to Donnini et al. [29].

2.9. Statistical Analysis

The statistical analyses were carried out with SPSS v.15.0.1 (SPSS Inc., IBM Corporation, License
provided by University of Turin). Levene’s test was carried out to assess the equality of variances
and a general linear model was used to test any statistical differences among the data. Differences at
p < 0.05 were considered to be significant. Statistical differences among values are expressed by
different letters.
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3. Results

3.1. Direct and Induced Fe Deficiency Affect Plant Growth during Time

Direct and induced Fe deficiency treatments differentially affected plant growth. Shoot and root
FW and DW showed that Fe and Bic strongly affected plant growth in comparison to C and Tric
treatments (Figure 1, S1). Figure 1 shows that shoot and root FW were significantly impaired mainly
under —Fe and Bic treatments at the T3 and T4 in comparison with C plants, while plants grown in
alkaline conditions (Tric) did not display any differences in shoot and root biomass. The root-to-shoot
(R:S) ratio showed higher values only under Bic treatment 5 (T3) and 7 (T4) days after the imposition
of stress conditions (Figure 1).
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Figure 1. Determination of fresh weight (FW) of shoots and roots and root-to-shoot (R/S) ratio of
plants grown in control condition (C), direct Fe deficiency conditions (—Fe), and under induced Fe
deficiency in the presence of bicarbonate (Bic) or alkaline organic buffer (Tric). T1, T2, T3, and T4
correspond to sampling at 1, 3, 5, and 7 days. The R/S ratio was calculated on a FW basis. Bars indicate
the means + SE (standard error) (n =9). Different letters indicate statistical differences (p <0.05) within
each treatment.

According to the observations at the biomass level, treatments differentially affected chlorophyll
and total flavonoid contents in leaves (Figure 2). The chlorophyll contents in leaves grown under C
and Tric conditions exhibited increases of approximately 1-fold along the time course analysis,
reaching similar values at the final sampling time (Figure 2, left panel). In Bic-treated leaves, the
chlorophyll content increased by about 35% at T3 compared to T1, reaching chlorophyll contents
comparable to those found under C and Tric treatments. However, at the end of the experimental
time, Bic-treated leaves showed a chlorophyll content that was lower by nearly 30% than the C and
Tric treatments. Under direct Fe deficiency (-Fe), the leaf chlorophyll content slightly increased up to
T2 and then decreased thereafter, reaching the lowest value at the end of the treatment (2.5-fold
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decrease with respect to the control). The flavonoid contents under C and Tric conditions showed a
trend similar to that of chlorophyll (Figure 2, right panel). Under Bic conditions, the flavonoid content
showed an increased by about 45% at the end of the treatment, while with Fe leaf conditions the
flavonoid content remained quite constant over the course of the experiment.
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Figure 2. Leaf chlorophyll contents (mg g FW) (left panel) and total flavonoid contents (expressed
in Dualex units) (right panel) in leaves of plants grown in control conditions (C), direct iron deficiency
(-Fe), and under induced Fe deficiency in the presence of bicarbonate (Bic) or alkaline organic buffer
(Tric). T1, T2, T3, and T4 correspond to sampling at 1, 3, 5, and 7 days. Error bars represent the means
+ SE (standard error) (n = 5). Different letters indicate statistical differences (p < 0.05) within each
treatment.

3.2. Malic and Citric Acid Contents in Root Tissues and Exudates

Malic acid contents gradually diminished during the treatment in C, Bic, and Tric conditions
(Figure 3). The malic acid accumulated early in Bic-treated plants (T1) compared with the C plants.
Despite an initial decrease, the malic acid content increased in —Fe plants at T4. Tric-treated plants
displayed an increase in malic acid content at T4. In the root exudate fraction, the malic acid increased
early in —Fe plants (T2), while it increased in Bic at 5 (T3) and 7 (T4) days after treatment. However,
root exudates from —Fe plants showed the highest malic acid content at T2, T3, and T4 compared with
other treatments. According to the observations in root tissues, the malic acid content in the root
exudates from Tric-treated plants did not change compared with C plants (Figure 3).

The citric acid content showed different trends (Figure 3). Bic and Tric conditions exhibited the
highest accumulation of citric acid (2- and 1.5-fold, respectively) at the end of the treatment compared
with their contents at T1. Despite an initial decrease, citric acid also accumulated in the roots of —Fe
plants. In the root exudates, citric acid was detected mainly in —Fe, Bic, and Tric plants at T2, T3, and
T4 time points. However, citric acid content strongly increased in root exudates from Bic plants at the
end (T4) of the experiment.
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Figure 3. Time course of the concentrations of malic and citric acids in root tissues and exudates of
plants grown in control conditions (C), direct iron deficiency conditions (-Fe), and under induced Fe
deficiency in presence of bicarbonate (Bic) or alkaline organic buffer (Tric). Malic acid contents are
reported in the left panels; citric acid contents are reported in the right panels. T1, T2, T3, and T4
correspond to sampling at 1, 3, 5, and 7 days. Data are the means + SE (standard error) (1 =5). Different
letters indicate statistical differences (p < 0.05) within each treatment.

3.3. Phenolic Compounds in Root Extracts and Exudates

The water-soluble content of phenolics in C plants exhibited equivalent concentrations at T4 as
at the beginning of the time course, while in —Fe and Tric conditions it decreased with respect to their
initial concentrations by 34% and 38%, respectively (Figure 4). The three low-iron treatments showed
higher accumulation of water-soluble phenolics in comparison with C at the end of the time course
(T4). Bicarbonate (Bic)-treated plants displayed an increased accumulation of phenolics by about 76%,
while —Fe- and Tric-treated plants displayed phenolic content increases of about 40% compared with
the C treatment. The methanol-soluble phenolics content showed a variable trend between treatments
(Table S1). The Tric condition demonstrated no significant differences between T1 and T4. Bic-treated
plants showed a 1-fold increase with respect increase their initial values. However, phenolic
compounds determined in methanol extracts showed consistent increases in all stressed conditions
at the final sampling (T4) date when compared to the C conditions. Bicarbonate treatment resulting
in an almost 3-fold increase in accumulation of phenolics compared with C, while -Fe and Tric
increased by about 80% and 82%, respectively. Similarly, to what was registered for water extracts, —
Fe- and Tric-treated roots exhibited similar phenolic contents at the end of the time course.

The phenolic contents in root exudates collected from C, —Fe, Bic, and Tric plants are shown in
Figure 4 (lower panel). The results obtained were one order of magnitude higher in comparison to a
previous work [35]. In fact, the method used to collect exudates was modified in the present study.
Phenolics are more stable at low pH and precipitate at high pH. Thus, to avoid loss of material and
to maintain the structure of the compounds, the collected solutions were acidified to pH 3.5 before
being freeze-dried.
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Figure 4. Contents of phenolic compounds in root tissues and exudates of plants grown in control
conditions (C), direct iron deficiency conditions (—Fe), and under induced Fe deficiency in the
presence of bicarbonate (Bic) or alkaline organic buffer (Tric). T1, T2, T3, and T4 correspond to
sampling at 1, 3, 5, and 7 days. Values are expressed as the means + SE (standard error) (n = 5).
Different letters indicate statistical differences (p < 0.05) within each treatment.

Phenolic compounds were detected in exudates at the first sampling date (T1) in all treatments.
At T1, higher concentrations of phenolics were found in all treatments in comparison to the control;
in particular, —Fe- and Tric-treated plants showed approximately 4-fold and 6-fold increases,
respectively, compared with the control. Exudates from —Fe and Bic showed a gradual increase in
phenolic content over the time course, reaching maximum levels at the end of the treatment, which
were 1.8- and 1.4-fold higher, respectively, than their initial values. In C conditions, the
concentrations remained constant throughout the treatment. Plants grown under —Fe, Bic, and Tric
conditions exhibited high contents of phenolics in exudates with respect to C. The highest content of
phenolics was found in —Fe exudates that exhibited an 11-fold increase with respect to the control at
the end of the treatment, while Bic and Tric treatments resulted in 4.3-fold and 4-fold increases,
respectively.

3.4. Root Apoplastic Fe

The results of the apoplastic root Fe contents obtained along the time course for C, -Fe, Bic, and
Tric treatments are shown in Figure 5. The initial concentrations of apoplastic Fe in plants were
determined (T0) before imposing the treatments (1.41-0.17 pmol g' DW). In —Fe conditions, the
content of apoplastic Fe decreased, reaching a very low value at T3. Under Bic conditions, apoplastic
Fe exhibited a strong accumulation of Fe, reaching a 2.7-fold increase at T3 with respect to TO and
remaining almost constant until the end of the treatment. Furthermore, a 3.5-fold increase in
accumulation of apoplastic Fe was observed with respect to C results at the end of the treatment. In
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Tric conditions, no statistical variation was recorded throughout the experiment or at T4 in
comparison with C.
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Figure 5. Apoplastic Fe concentration (umol g? DW) in roots of plants grown in control conditions
(C), direct iron deficiency conditions (-Fe), and under induced Fe deficiency in the presence of
bicarbonate (Bic) or alkaline organic buffer (Tric). T1, T2, T3, and T4 correspond to sampling at 1, 3,
5, and 7 days. Data are the means + SE (standard error) (n = 5). Different letters indicate statistical
differences (p < 0.05) within each treatment.

3.5. PEPCase, CS, and PAL Activities

In order to investigate the metabolic modulation occurring in P.judaica under direct and induced
Fe deficiency, the activity of three different enzymes was determined: phosphoenol pyruvate
carboxylase (PEPCase), citrate synthase (CS), and phenylalanine ammonia lyase (PAL). PEPCase is
considered a key enzyme under Fe deficiency conditions, both in terms of pH stat regulation and as
a driving force for glycolysis [34]. PEPCase activity showed a general and gradual decrease in all
treatments during the time course—the decrease was sharper in Tric conditions (83%), leading to
lower enzymatic activity at the end of the treatment. In —Fe conditions, the PEPCase activity
decreased at the beginning of the treatment, then reached a constant value. However, comparing
PEPCase activities at T4 with respect to C, increases were registered for —Fe and Bic (45% and 34%,
respectively), while Tric showed a strong decrease of 60%. The CS activity had already increased in
-Fe, Bic, and Tric conditions after 24 h of treatment compared with the control. However, CS activity
was higher in both Bic and Tric plants compared with —Fe and C plants during the experimental time
considered. By contrast, PAL activity was activated early in —Fe plants, displaying higher values than
the other treatments. However, PAL activity increased later in Bic and Tric plants (Figure 6).
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Figure 6. Enzymatic activity (phosphoenol pyruvate carboxylase - PEPCase, citrate synthase -CS, and
phenylalanine ammonia lyase -PAL).) in the roots of plants grown in control conditions (C), direct
iron deficiency conditions (-Fe), and under induced Fe deficiency in the presence of bicarbonate (Bic)
or alkaline organic buffer (Tric). T1, T2, T3, and T4 correspond to sampling at 1, 3, 5, and 7 days. Data
are expressed as the means + SE (n = 5). Enzyme activity is expressed as nmol min'mg'prot.
Significant differences are labelled with different letters (p < 0.05) within each treatment.

4. Discussion

Iron deficiency in plants is particularly evident in calcareous soils, where the presence of
carbonate along with the alkaline pH reduces the solubility of Fe and consequently reduces its
availability for plants. Furthermore, in calcareous media the availability of P is also affected, as it
reacts with Ca*? forming Cas(POa):2 precipitates, thus limiting its bioavailability. Therefore, under such
conditions plants face shortages of both Fe and P. In order to discriminate between the different
contributors to low Fe availability, we assessed the adaptation strategies of P. judaica in different
growing conditions, namely under direct (-Fe) and induced Fe deficiency (Bic and Tric). Indeed,
treatments differentially affected plant growth, as revealed by shoot and root biomass results (Figure
1). While alkaline (Tric) conditions did not affect shoot or root biomass, —Fe- and Bic-treated plants
displayed growth reductions. This might be attributable to the low availability of Fe. The presence of
high concentrations of bicarbonate in the growing medium leads to an immobilization of Fe within
the plant [36,37]. Despite the lower chlorophyll concentration (about 30% lower than the control,
(Figure 2), Bic plants did not present any symptoms of chlorosis, indicating that the consistent
decrease in the growth rate observed in P. judaica under Bic conditions probably contributed to the
maintenance of a physiologically compatible chlorophyll concentration in tissues. Moreover, Zohlen
and Tyler [27] found that many wild calcicole grass species are able to maintain a much higher
metabolically active Fe fraction in leaves, avoiding Fe chlorosis. In Tric conditions, where Fe
deficiency is due only to a high pH, the FW and DW results for shoots and roots, as well as for biomass
partition ratios, reached similar values to the control (Figure 1). Taken together, these results provide
evidence that P. judaica displayed a high degree of tolerance to alkaline conditions, as well as to the
presence of HCOs.

Countless works have pointed out the important roles that organic acids play under Fe
deficiency conditions [13], both inside the plant and as root exudates. It has been well documented
that roots exude a variety of organic compounds that play multiple functions in plant nutrient
acquisition. Indeed, organic acid exudation might be considered a critical checkpoint in plant
nutrition, since such molecules can (i) protect the roots from the entry of toxic ions (i.e., Al**) and (ii)
enhance nutrient uptake by modifying root development, and in turn soil exploration [38]. An
increase in organic acid root exudation has been reported in several dicotyledonous species under Fe
deficiency conditions, and the involvement of exudates in the mobilization of Fe has been
documented as well [39]. Some studies have pointed out the enhanced rate of exudation of citric and
malic acids in calcicole species compared with calcifuges as a strategy characterizing their efficient
acquisition of P and Fe [40].
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P. judaica greatly increased the malic and citric acid exudation when subjected to direct and
induced Fe deficiency (Figure 3). Both malic and citric acids may undergo complexation with target
metals such as Fe(IlI) once exuded, improving their solubility, particularly in calcareous soils [12,41].
However, citric acid demonstrates a better metal extraction capability than malic acid in alkaline
conditions [42]. Citric acid release was higher than that of malic acid, particularly in induced Fe-
deficient conditions (Bic and Tric treatments). On the other hand, under direct Fe deficiency (-Fe),
malic acid release was higher than citric acid (Figure 3). Interestingly, both organic acids displayed a
time- and condition-dependent exudation pattern. Indeed, the release of organic compounds is
closely linked to the physiological status of the plants and the physical, chemical, and biological
characteristics of the growing medium, thus leading to great temporal variability [43]. Indeed, in the
present study, citric acid was already detected in root exudates of P. judaica after 24 h (T1), while
malic acid started to be released only at T2 and only if plants were subjected to direct Fe deficiency
(Figure 3). Furthermore, the release of citric acid over time also differs depending on the imposed
conditions, with the highest release in direct Fe-deficient conditions occurring at T3 and the highest
release in induced Fe-deficient conditions occurring at T4. This differential behavior suggests that (i)
citric acid plays a predominant role as the primary response to Fe deficiency and (ii) that citric acid
exudation is both time- and substrate-dependent, as previously observed in other plant species, such
as white lupin and rapeseed [43]. Citric acid can also chelate Ca?*, enhancing Ca-P mineral dissolution
[40-42], thus increasing P availability. Hence, the high content of citric acid in Bic exudates at the end
of the treatment could represent a dual response to both low Fe and P availability in a treatment at
high Ca?* concentrations.

Calcareous conditions also affected the content of both malic and citric acids in root tissues
(Figure 3). The highest root accumulation was observed in the induced Fe-deficient conditions (Bic
and Tric). Such observations are in line with the variation of the Fe content in the root apoplast—Bic-
treated plants displayed a strong accumulation of Fe in the root apoplast with respect to the other
treatments (Figure 5). Recent evidence suggested that malic acid accumulation in the apoplast is
involved in the chelation and accumulation of Fe in the apoplast, driving root developmental changes
under P starvation [38]. However, such an effect was strictly related to the presence of carbonate in
the growing solution, while the alkaline condition alone did not affect malic acid or apoplast Fe
contents in the roots. In —Fe conditions, the predominance of malic acid exudation could be
attributable to a specific metabolic state. Plants grown in Fe deficiency conditions activate the strategy
I mechanisms, increasing ATP and reducing power requirements that cannot be fulfilled through the
respiratory chain, which is impaired by the lack of Fe. In fact, the impaired mitochondrial electron
chain leads to a low turnover of NADH/NAD*; accordingly Fe-starved plants have to face the
problem of refilling NAD*. The high activity of PEPCase in —Fe roots converts PEP to oxaloacetate
(OAA), which can be reduced to malate, since a high NADH/NAD* ratio would favor the reaction
and could be a way to regenerate NAD*. Furthermore, the malic acid might be synthesized from the
tricarboxylic acid (TCA) cycle [35]. Here, we observed that under both direct (-Fe) and Bic-induced
Fe deficiency conditions, the PEPCase activity was significantly higher than under normal Fe supply
conditions. Furthermore, CS activity was induced under both direct and induced Fe deficiency
conditions, with higher induction under calcareous or alkaline conditions. Such findings are in
agreement with findings for citric acid accumulation in roots as well as in root exudates, indicating
that the induction of citric acid is driven mainly by higher pH conditions. Moreover, the accumulation
of citric acid in roots constitutes an advantage, as it performs multiple functions in cells (pH-stat,
signaling, xylem transport of Fe, carbon skeleton precursor functions) [44,45].

The high Fe accumulation in the apoplast (Figure 5) could also be related to enhanced production
and release of pectates, i.e., the main components of the root apoplast. A triggered release of these
high molecular weight organic compounds has been observed in aluminum-tolerant plants,
enhancing the extracellular absorption of the element and preventing its plant uptake [46]. An
increase in negative binding sites might, thus, lead to the higher Fe accumulation and act as an Fe
reservoir for the plants. This phenomenon was particularly triggered in the induced Fe-deficient
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conditions (Bic, Figure 5), suggesting that a pronounced release of pectates or the modification of
their chemical properties might represent an additional adaptation strategy of calcicole plants.

Other than organic acids, environmental stresses induce the accumulation in roots and
exudation out of the roots of phenolic compounds in plants. Phenolics have been reported to have
multiple biological effects, including antioxidant and chelating activities [47]. The antioxidant activity
of phenolics is mainly due to their redox properties, which allow them to act as reducing agents,
hydrogen donors, and singlet oxygen and free radical scavengers. Furthermore, their metal chelation
activity [47] facilitates Fe acquisition by plants [18-20,48]. P. judaica growing under —Fe mainly
showed a high accumulation of phenolic compounds in root tissues at the early stages, while plants
grown in the presence of Bic accumulated water-soluble phenols later. This is likely because highly
calcareous conditions lead plants to face cumulative stress, due to the low availability of Fe and P.
Decreased Fe and P in plants induces high levels of reactive oxygen species (ROS), promoting
oxidative stress [49,50]. The lower concentration of phenolics in Tric-treated roots with respect to Bic
could be due to an overall lower stress condition, as explained above. The root apoplastic Fe has been
suggested to be an important Fe source for plants, as 75% of total Fe in the roots is located in the
apoplast [19]. The decrease of the Fe content in the apoplast of —Fe plants is in agreement with Zhang
et al. [51]. In fact, under —Fe conditions, the Fe immobilized in the apoplast is the sole available source
of Fe for the plant. In Bic conditions, the concentration of apoplastic Fe increased due to the alkaline
pH, which dramatically decreases Fe solubility. In addition, it has been pointed out that high
apoplastic pH depresses FCR activity, consequently decreasing the reduction and uptake of Fe [25].
Jin et al. [18] found that removal of phenolics from the growing medium in red clover decreased the
Fe content in the shoots, resulted in leaf chlorosis, and increased FCR activity and proton extrusion,
suggesting the direct involvement of phenolics in apoplastic Fe reutilization.

In the root exudate fraction, —Fe treated plants displayed higher accumulation of phenolics
compared with the other treatments, indicating that exudation of such compounds is mainly
dependent on the Fe availability in the external medium. Phenolic concentrations in root exudates of
P. judaica subjected to direct (-Fe) and induced Fe deficiency increased in almost all treatments along
the time course and reached higher concentrations than the control at the end of the time course
(Figure 4). In Bic conditions, the initial concentration of exuded phenolics was lower with respect to
Tric, but it strongly increased along the time course; conversely, in Tric conditions a slight decrease
in phenolic exudates was registered. The highest concentration of phenolics was found in —Fe
conditions at T4. The immediate and massive release of phenolics might be linked to the triggered Fe
accumulation in the apoplast, constituting a kind of reservoir of the essential nutrient for the plant.
The fast depletion of apoplastic Fe in —Fe roots could be then supported by the high levels of phenolics
found in the root exudates. In Tric conditions, the exudation of phenolics most probably resulted in
the acquisition of Fe, as it was present in the solution and also in the apoplast, meaning the plant
could retrieve Fe, making further secretion of exudates unnecessary.

Notably, the concentration of released phenolic compounds (Figure 4) was one order of
magnitude higher than for citric and malic acids (Figure 3). This is in agreement with several works
reporting that phenolic compounds are the main components in root exudates in response to Fe
deficiency [18,52]. In addition, phenolic compounds were detected earlier than organic acids in the
exudates. These data clearly highlight different time-dependent release patterns for the two classes
of compounds, with differences between the two organic acids. Indeed, phenolics and organic acids
have different functions in the rhizosphere. Citric acid is involved in ligand exchange reactions
favoring the mobilization of P, also acting as a complexing agent for Fe and Ca. Comparing the
stability constants of the two organic acids released by P. judaica, citric acid exhibits a higher affinity
towards Fe and Ca ions than does malic acid [43]. Thus, the release of this multifunctional citric acid
in the early stage (T1) could represent a further advantage of the adaptation strategy.

5. Conclusions

In conclusion, the results presented in this work show the great flexibility in P. judaica responses
to Fe deficiency. Overall, temporal analysis of plant responses revealed that the root exudate pattern
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is time-dependent, and that direct and induced —Fe deficiency conditions differentially affect root
exudation of malic acid, citric acid, and phenolics. Indeed, direct Fe deficiency induced a higher
exudation of malic acid and phenolics, while calcareous conditions led to a strong accumulation of
citric acid. Alkaline conditions resulted in intermediate behaviors, suggesting that conditions
inducing a decreased Fe availability (i.e., absence in the media and immobilization by carbonate)
might differentially affect temporal responses of root exudation. On one hand, this work revealed
that plant responses to induced Fe deficiency are more complex than those to direct Fe deficiency,
while on the other hand revealing that the high degree of tolerance to alkaline conditions of P. judaica
may be linked to earlier and greater phenolics exudation rates, as well as to the combination of
phenolics and carboxylic acids in root exudates in the late responses. Investigating the adaptation
mechanisms of wild plant species such as P. judaica is challenging, and at this stage we cannot rule
out the presence of other specific strategies explaining the calcicole behavior of this plant. Further
efforts should be addressed in this direction in order to identify new mechanisms underlying the
tolerance traits to Fe deficiency in plants.
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