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Abstract: Iron (Fe) deficiency causes great disturbances to plant growth, productivity and metabolism.
This study investigated the effect of bicarbonate-induced Fe deficiency on Foeniculum vulgare (Mill)
growth, nutrient uptake, the accumulation of secondary metabolites and the impact on bioactivities.
When grown under indirect Fe deficiency conditions (+Fe +Bic), the plants decreased their total mass,
an effect that was clearly evident in shoots (−28%). Instead, roots were the main organ affected
regarding variations in the phenolic profile and their respective functionalities. Hydromethanolic
extracts from bicarbonate-treated roots had a remarkable increase in the levels of phenolic compounds,
both of flavonoids (isoquercetin and isorhamnetin) and phenolic acids (gallic acid, chlorogenic acid,
syringic acid, ferulic acid, caffeic acid and trans-cinnamic acid), when compared to equivalent extracts
from control plants. In addition, they exhibited higher scavenging abilities of DPPH•, NO•, RO2•, as
well as inhibitory capacities towards the activity of lipoxygenase (LOX), xanthine oxidase (XO) and
acetylcholinesterase (AChE). The overall results suggest that fennel species may modulate secondary
metabolites metabolism to fight damages caused by iron deficiency.

Keywords: acetylcholinesterase; antioxidant; bicarbonate-Fe deficiency; Foeniculum vulgare Mill;
phenolics

1. Introduction

Iron (Fe) assumes a fundamental role in agriculture worldwide, since it is extremely
necessary for the growth and development of plants [1,2]. Fe acts in several regulating life-
sustaining processes, such as electron or oxygen transfer, photosynthesis and respiration
functions [3]. On the other hand, plants frequently face difficulties in preserving Fe
homeostasis, owing to the limited fraction of soluble Fe, particularly in calcareous soils.
As an example, in Tunisia, the physico-chemical analysis of soil properties in the north
revealed high concentrations of bicarbonate ions (HCO3

−), which lead to the precipitation
of Fe and a consequent severe limitation in plant development [4]. Fe deficiency causes
chlorosis, which results from the proteolytic loss of photosynthetic components, such as
PSI/PSII and the cyt b6/f complex [5].

Depending on their responses to Fe deficiency, higher plants are grouped as: (I) strat-
egy I plants, characterized by (i) stimulation of rhizosphere acidification, (ii) accumulation
of organic acids and/or (iii) secretion of chelating and reducing substances, mainly phe-
nolic compounds; (II) strategy II plants (typically gramineous species), characterized by
the extrusion of phytosiderophores, responsible for the mobilization of Fe from the rhizo-
sphere [6]. Furthermore, in strategy I plants, exudation and/or accumulation of organic
compounds such as flavins, organic acids and phenolic compounds play a crucial role in the
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mobilization of Fe2+ [7]. In fact, these compounds are considered as effective Fe chelators in
the soil, by inducing the dissolution of ferric hydroxide, which is inaccessible to plants [8].
In this regard, polyphenols are particularly relevant, since, beside chelating properties,
they simultaneously exhibit important antioxidant properties [9]. As anticipated by Naczk
and Shahidi [10], these bioactive metabolites are synthesized in different parts of the plant,
where they contribute to maintain reactive oxygen species (ROS) below toxic levels during
abiotic/biotic stresses. Depending on the stress intensity and the plant efficiency to activate
several mechanisms, the production of such metabolites can increase or decrease under Fe
deficiency conditions [11].

Aromatic plants are claimed to have high polyphenol contents. Among them, fennel is
widely cultivated in different countries of the Mediterranean (Tunisia, Italy and Spain) and
especially used for food production. In fact, fennel condiment is extremely fragrant with
a characteristic aniseed flavor [12] and it is used as an ingredient of foods, such as soups,
salads and herbal infusions [13]. Its consumption has also been related to health benefits,
a fact that is consistent with the usage of distinct parts of this plant (bulbs, young shoots,
leaves, flowering stems, inflorescences and seeds) in household remedies for the treatment
of digestive system complications, bronchitis, chronic cough and kidney stones [14,15].
The bioactive properties of fennel have been closely associated with polyphenols, which
are particularly abundant in its shoots [14].

Possibly, the levels of such compounds can be raised, or de novo produced, when
plants are subjected to different biotic and abiotic stresses, such as Fe deficiency [16]. En-
vironmental constraints have, in general, an opposing effect on the yields of phenolic
compounds, i.e., their increment is generally followed by the reduction of biomass pro-
duction [17] and optimal polyphenol yields are expected to be obtained in stress-tolerant
species [18,19].

Distinct works demonstrated the occurrence of variable responses of plant to Fe
deficiency, depending on genotypes, particularly in pasture species, but little interest has
been devoted to species with multi-variant proprieties subjected to metal deficiency [20].

Perception of the adaptation mechanism of plants with economic, medicinal and
therapeutic virtues, such as Foeniculum vulgare, to calcareous conditions may provide a
basis for their rational planting in alkali soil with an original program in the screening of
new Fe-efficient genotypes. To deal with this issue, it is critical to evaluate the effect of
low Fe availability on growth, mineral composition and photosynthetic activity of fennel
and, secondly, to elucidate the secondary metabolism response, along with the impact on
antioxidant efficiency.

2. Materials and Methods
2.1. Plant Material, Fe Scarcity Regime and Mineral Analysis

Fennel seeds were provided by “Baddar seeds Agency, Tunis, Tunisia”. Seeds were
germinated in Petri dishes (15 seeds/box) with water-soaked filters. Ten-day-old seedlings
were then hydroponically grown in Hoagland and Arnon nutrient solution for 20 days. The
composition of the nutrient solution was 1.25 mM Ca(NO3)2, 1.25 mM KNO3, 0.5 mM MgSO4,
0.25 mM KH2PO4, 10 µM H3BO3, 1 µM MnSO4, 0.5 µM ZnSO4, 0.05 µM (NH4)6Mo7O24 and
0.4 µM CuSO4.

Plants were then divided in two lots, control (+Fe), with the addition of iron at 40 µM
Fe (group 1), and (+Fe +Bic), in the presence of 40 µM Fe+, 20 mM NaHCO3

+ and 0.5 gL−1

of CaCO3 (indirect iron deficiency, group 2). Iron was supplied in the form of Fe(III)-EDTA.
Fennel plants were maintained under controlled climatic condition upheld in the growth
chamber with a day/night photoperiod of 16/8 h, temperature (day/night) of 24/18 ◦C,
photosynthetic photon flux density (PPFD) of 200 µmolm−2 s−1 and a relative humidity of
70%. The pH of the culture medium was adjusted to 6.0 for +Fe treatment and reached 8.2
in the +Fe +Bic treatment. CaCO3 was added to the nutrient solution to mimic the same
conditions in calcareous soils. At harvest, shoots and roots were separated, rinsed three
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times with cold distilled water and blotted between two layers of filter paper. The dry
weight (DW) was determined after 48 h of desiccation in a thermoventilated oven at 60 ◦C.

For mineral analysis, roots were cautiously washed once with 1% (v/v) HCl to facilitate
extracellular Fe removing ensued by forcibly washing with distilled water [21]. The dried
fennel organs (leaves and roots) were digested with a HNO3/HCIO4 solution (2.5:1, v/v)
following the protocol of Houmani et al. [21]. Samples were analyzed for macro and
micronutrient (Potassium (K), Iron (Fe), Zinc (Zn) and Copper Cu) by means of a Perkin-
Elmer Analyst 100 Atomic Absorption Spectrophotometer (VARIAN 220 FS).

2.2. Photosynthetic Pigments

Chlorophyll was obtained from fresh leaves. For that, small leaf discs (200 mg) were
grinded using a mortar and pestle, immersed in 5 mL of 80% acetone and left in the dark at
4 ◦C, for 72 h. Levels of chlorophyll a and b were determined following the methodology
established by Lichtenthaler [22], through the measure of the optical density at 663 and
646 nm (UV-1800, Shimadzu, Kyoto, Japan).

2.3. Phenolic Compounds

The total phenolic content (TPC) of leaves and roots extracts (obtained with 1 g dry
powder in 10 mL of 80% methanol, for 30 min) were estimated by the Folin–Ciocalteu
reagent, as previously described by Saada et al. [23], and expressed as gallic acid equivalent
(mg GAE)/dried weight of plant material (g DW). The total flavonoid content (TFC) in
extracts from both plant organs were determined as previously reported by Wasli et al. [24]
and expressed as milligram of catechin equivalent per gram of dried weight of plant
material.

The individual phenolic compounds were identified by reversed-phase high perfor-
mance liquid chromatography, using a HPLC system (consisting of a vacuum degasser, an
autosampler and a binary pump with a maximum pressure of 400 bar; Agilent 1260, Agilent
technologies, Waldbronn, Germany). The column was a reversed phase C18 analytical
column of 4.6 mm × 100 mm and 3.5 µm particle size (Zorbax Eclipse XDB C18). The DAD
detector was set to a scanning range of 200–400 nm and the chromatographic profile was
recorded at 280 nm.

The injected volume was 2µL and the flow rate of mobile phase was 0.4 mL/min.
The mobile phase consisted of a solvent A, corresponding to methanol, and a solvent B,
composed of 0.1% formic acid. The gradient program was as follows: 0–5 min, 10–20% of
A; 5–10 min, 20–30% of A; 10–15 min, 30–50% of A; 15–20 min, 50–70% of A; 20–25 min,
70–90% of A; 25–30 min, 90–50 % of A; 30–35 min, return to the initial conditions.

Identification of phenolic compounds was achieved by comparison of the retention
time and the UV spectra with those of pure standards, injected under the same conditions.
For that, five different concentrations (range of 1–100 µg/mL) of the standard compounds,
caffeic acid, chlorogenic acid, ferulic acid, gallic acid, kaempferol, isoquercetin, quercetin,
isorhamnetin, rutin, syringic acid and trans-cinnamic acid, were prepared in methanol.
The calibration curve was constructed for each compound by plotting peak areas versus
the concentrations. The summary of retention time, linear equations, squared correlation,
limit of detection (LOD) and limit of quantification (LOQ) is presented in Supplementary
Materials Table S1.

2.4. Antioxidant Activities
2.4.1. 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Radical Scavenging Activity Assay

The ability to scavenge the DPPH radical was assessed following the general procedure
of Catarino et al. [25] and the activity is expressed as IC50 (mg/mL), i.e., the extract dose
required to reduce the absorbance at 517 nm by 50%.
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2.4.2. Chemical Nitric Oxide (NO•) Quenching Assay

The NO• scavenging ability was measured as described by Catarino et al. [25], using
100 µL of sodium nitroprusside (3.33 mM) in PBS 100 mM (pH 7.4) and 100 µL of fennel
extract solution (0.5–3 mg/mL). The reaction was started by adding 100 µl of the Griess
reagent (0.5% sulphanilamide and 0.05% naphthyletylenediamine dihydrochloride in 2.5%
H3PO4) to the mixture, following another 10 min, and subsequently measured using a
microplate reader (Bio-Tek Instruments, nc; Winooski, VT, USA) at 562 nm [25]. The
antiradical activity is expressed as IC50 (mg/mL).

2.4.3. Oxygen Radical Capacity (ORAC) Test

This assay was carried out following the procedures of Ou et al. [26], with slight
modifications. The extract (15 µL) was added to 96-well microplates (black round bottom)
and loaded with 75 µL of fluorescein solution to start the reaction. The reaction was
initiated by the addition of 15 µL of 2,2′-azobis 2 methylpropionamidine (AAPH) to each
well after incubation for 10 min at 37 ± 1 ◦C. The fluorescence (k ex.: 485 nm/em.: 530 nm)
of fluorescein was recorded every minute after the addition of 375 mM of AAPH, for a total
of 35 min. The results were determined by comparing the net areas under the fluorescein
decay curves between the blank. Results are expressed in micromoles of Trolox equivalents
(TE) per gram (µmol TE/g).

2.4.4. Ferric Reducing Power Assay (FRAP)

The analysis of FRAP followed the procedure of Wasli et al. [24]. A volume of 1 ml of
fennel extracts was homogenized with 2.5 mL of phosphate buffer (0.2 mol L−1, pH 6.6)
and 2.5 mL of potassium ferricyanide K3Fe(CN)6. After incubation at 50 ◦C for 25 min,
2.5 mL of TCA (10%) was mixed and the solution was centrifuged at 3000× g rpm for
10 min. Thereafter, 2.5 mL of upper layer was blended with 2.5 mL of deionized water,
0.5 mL of 0.1% of iron chloride (FeCl3) was added and absorbance was monitored at 700 nm.
Results are expressed as EC50 value (mg/mL), i.e., the extract dose required to obtain an
absorbance of 0.5.

2.4.5. Lipid Peroxidation Inhibition in the Presence of Thiobarbituric Acid Reactive
Substances (TBARS)

The assay was carried out as previously described by Majdoub et al. [27]. A 250 µL
aliquot of egg yolk homogenates (100 mg/mL) was mixed with 750 µL of acetic acid and
750 µL of TBA solution, dissolved in sodium dodecyl sulfate (11 mg/mL). The reaction
mixture was then heated for 60 min in a water bath at 95 ◦C. After cooling, 250 µL of
butanol was added to each tube, followed by vigorous vortexing and centrifugation for
10 min at 3000× g rpm. The upper organic layer absorbance was read at 532 nm against a
blank (all reagents excluding the sample). Results are expressed as IC50 (concentration of
extract that inhibits 50% of lipid peroxidation).

2.5. Enzymatic Inhibitory Ability
2.5.1. Lipoxygenase (LOX)

LOX activity was performed relying on the method recently of Majdoub et al. [27].
The reaction medium (total volume of 1 mL) contained 10 µL of fennel extract, plus 5 µL of
enzyme solution (0.054 g/mL) and 50 µL of linoleic acid (0.001 M), in borate buffer (0.1 M,
pH 9). The absorbance was read at 234 nm and the activity was estimated based on the
following formula:

[(Ac − Ae/Ac) × 100] (3) (1)

where Ac represents the absorbance of the control reaction and Ae is the absorbance of the
sample extract. Results are expressed as IC50 values.
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2.5.2. Xanthine Oxidase (XO)

This assay was conducted as reported by Pereira et al. [28]. The reaction medium was
composed of 40 µL of fennel extract at distinct concentrations, 45 µL of sodium dihydrogen
phosphate buffer (100 mM, pH 7.5) and 40 µL of enzyme solution. The reaction was started
by the addition of xanthine (0.1 mM dissolved in buffer), after pre-incubation (5 min, 25 ◦C).
Monitoring of absorbance was performed at 295 nm (10 min, 25 ◦C) and the percentage of
inhibition was estimated through the equation

% inhibition = mc −me mc × 100, (4) (2)

where mc and me represent the slope for control (no inhibitor) and the extract, respectively.
The results are expressed as IC50 values (mg/mL).

2.5.3. Acetylcholinesterase (AChE)

This assay was performed following the method of El-Guendouz et al. [29], with
minor modification. The reaction medium contained extract (60 µL of six different extract
concentrations, 1–5 mg/mL), plus 425 µL of Tris-HCl buffer (0.1 M, pH 8) and 25 µL of
enzyme (0.28 U/mL). After pre-incubation (15 min at room temperature), the reaction was
started by the addition of substrate (75 µL of substrate). The reaction was stopped by the
addition of 475 µL of 5,5′-dithiobis (2-nitrobenzoic acid) (0.059 g in 50 mL of buffer) and
absorbance was read at 405 nm. The percentage of inhibition was calculated using the
equation [(A0 − A1/A0) × 100]; the results are expressed as IC50 values.

2.6. Data Analysis

Data were analyzed by two-tailed unpaired t-test, for plant growth and levels of
photosynthetic pigments, and one-way ANOVA, followed by Tukey’s post-hoc test for
the remaining assays. The statistical tests were applied using GraphPad Prism, version 6,
and the significance level was p < 0.05. Multivariate data analysis was carried out using
principal component analysis (PCA). The Pearson correlation was performed using the
XLSTAT program.

3. Results and Discussion
3.1. Effect of HCO3-Induced Fe Deficiency on Plant Growth and Levels of Photosynthetic Pigments
and Nutrients

Fe is involved in crucial physiological and metabolic processes including growth,
DNA synthesis, respiration and photosynthesis [1,2]. Fennel plants grown under bicarbon-
ate treatment (i.e, indirect iron deficiency conditions) showed classical symptoms of Fe
deficiency after 14 days of treatment. Indeed, the top leaves exhibited visible intercostal
chlorosis (Figure 1) that indicates a survival strategy of the plant to such constraint. This is
consistent with previous bibliographic data that describe interveinal chlorosis of young
leaves as the most obvious visible symptom of Fe deficiency [30].
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Figure 1. Morphogenic changes in fennel plants cultivated (A) under Fe sufficiency (+Fe) or (B)
under Fe deficiency (+Fe +Bic), after a period of cultivation of 14 days. Arrows indicate intercostal
chlorosis.

Moreover, a decrease in the total content of chlorophylls in leaves of plants grown
under Fe deficiency conditions was registered, when compared to the control. This resulted
from a decrease in the levels of Chl a (−29%) and of Chl b (−39%), as presented in Figure 2.
This reduction suggests a major role of Fe2+ in the biogenesis of chlorophyll precursors
such as 5-aminolevulinic acid and protochlorophyllide [7].

Figure 2. Plant yields (A) and levels of photosynthetic pigment in leaves (B) of fennel plants grown
under Fe sufficiency (+Fe) or under Fe deficiency conditions (+Fe + Bic). DW, dry weight; FW, fresh
weight. Data represent the mean ± standard deviation of three independent assays. *represents
significant differences at p < 0.05; NS represents no significant differences at p < 0.05.
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The mean whole plant and shoot dry weights of Fe-deficient fennel plants were also
reduced in relation to the control plants, contrary to root organs, which were able to uphold
their growth (Figure 2). As previously described in Parietaria, in plants grown in calcareous
media, the decrease in shoot growth represents an adaptive strategy of the plant to keep
suitable levels of Fe and chlorophyll, as well as to preserve the photosynthetic activity in
leaf tissues [31]. In turn, Dell’Orto et al. [32] noted that bicarbonate supply provoked the
appearance of proteoid roots that are developed from secondary and tertiary lateral roots,
to allow increasing the surface of contact between plant and soil (for the release of nutrient
solubilizing compounds and for the uptake of nutrients from the rhizosphere). The authors
commented that such cluster roots in plants grown in the presence of bicarbonate is not a
specific response to Fe deficiency, but a reaction to the general condition of low nutrient
availability [32]. In Sulla plants, when grown in a calcareous soil, a reduced shoot growth
was found (but not that of roots), which confirms its strategy of increasing root uptake
efficiency for nutrients that are not easily available under these conditions [33].

Fe starvation has been demonstrated to affect mineral element homeostasis [34]. As
shown in Figure 3, Fe content was notably diminished under Fe deficiency conditions, in
both treated organs (ca. −57% and −29%, for shoots and roots, respectively), as compared
to control plants. At the same line, potassium content was considerably reduced in deficient
shoots (−51%) and roots (−22%). In turn, zinc and copper exhibited an opposing tendency,
with levels increases of about 19, 27, 24 and 36%, respectively, in bicarbonate-treated shoots
and roots.

Figure 3. Iron (Fe; A), potassium (K; B), zinc (Zn; C) and copper (Cu; D) contents in shoots and roots of fennel plants grown
under Fe sufficiency (+Fe) or under Fe deficiency conditions (+Fe +Bic). DW, dry weight; FW, fresh weight. Data represent
the mean ± standard deviation of three independent assays. Values in the same line with different superscripts (a, b) are
significantly different at p < 0.05.

The reduced Fe content is explained as a primary reaction to the low amount of Fe to
which the plants were exposed [34]. This is due to the very low solubility of iron oxides
under alkaline pH conditions (buffered by the occurrence of HCO3

- in these soils) [33,35].
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In addition, Fe shortage is often associated with K+ starvation, although some au-
thors claim that chlorotic leaves recurrently reduce K+ concentration [35]. In this context,
Houmani et al. [21] reported a decreasing K+ acquisition by Sueda fruticosa plants subjected
to Fe deficiency. Ionic antagonism and synergistic effect play a part in mineral element
absorption. For example, insufficient Fe in cultured medium was shown to induce Cu
uptake and its consequent accumulation in Commelina communis [36]. However, Marschner
et al. [30] hypothesized that a decrease in K+ uptake, concomitant with an increase in Zn,
could be attributed to the transporter sharing both elements. Ben Abdalah et al. [37] related
the resistance of Hedysarum carnosum (Thelja isolate) to the increase in Zn contents.

3.2. Effect of HCO3-Induced Fe Deficiency on Phenolic Compounds

The antioxidant and chelating properties of phenolic compounds are crucial in the
adaptive response to Fe deficiency [16]. For this reason, monitoring of total phenolic
content (TPC) and total flavonoid content (TFC) was conducted in hydromethanolic extracts
obtained from control and treated fennel plants. As shown in Figure 4, the levels of
phenolic compounds were higher in leaves than in roots. Curiously, when submitted to
Fe deficiency conditions, values of TPC and TFC decreased in leaves, compared to the
control plants (from 3.93 ± 0.27 to 2.92 ± 0.21 mg GAE/g DWplant and from 2.14 ± 0.31
to 1.82 ± 0.04 mg CE/g DWplant, respectively), while the opposite trend was observed in
roots (from 0.49 ± 0.02 to 1.07 ± 0.14 mg GAE g/DWplant and from 0.37 ± 0.08 to 0.88 ±
0.02 mg CE/g DWplant, respectively).

Figure 4. Levels of total phenolic compounds (A) and of flavonoids (B) in leaves and roots of fennel
plants grown under Fe sufficiency (+Fe) or under Fe deficiency conditions (+Fe +Bic). Data represent
the mean ± standard deviation of three independent assays. Values with different superscripts are
significantly different at p < 0.05.



Appl. Sci. 2021, 11, 7072 9 of 17

RP-HPLC analysis was herein used to further understand the impact of iron deficiency
on the levels of individual phenolic components for both organs. Eight phenolic com-
pounds, already reported for this plant species [12], were identified by RP-HPLC analysis
of the hydromethanolic extracts from leaves, namely, the gallic acid, chlorogenic acid,
ferulic acid and trans-cinnamic acid, and the flavonoids isorhamnetin, rutin, kaempferol
and quercetin. Fe starvation did not cause an appreciable qualitative modification on the
chromatograms, but it changed the levels of the individual phenolic compounds (Supple-
mentary Materials Figure S1). In particular, the amounts of gallic acid and kaempferol
(i.e., the main identified hydroxybenzoic acid and flavonoid, respectively) were decreased
by about 26% and 35%, respectively, whereas major hydroxycinnamic acids showed an
opposite trend (increasing from 0.075 to 0.160 mg/g DW for chlorogenic acid and from
0.070 to 0.135 mg/g DW for trans-cinnamic acid) (Figure 5). Overall, it is of note that the
phenolic acids pool (hydroxybenzoic plus hydroxycinnamic acids) was maintained, unlike
that of flavonoids, that was significantly decreased, causing a total decrement in phenolic
compounds (in agreement with the TPC and TFC results, in Figure 4).

Figure 5. Contents of individual phenolic acids (A) and flavonoids (B) (mg/g DW) in leaves (L) and
roots (R) of fennel plants grown in the presence of Fe (+Fe) or in the presence of Fe plus bicarbonate
(+Fe +Bic). GA, gallic acid; Chl A, chlorogenic acid; CA, caffeic acid; SA, syringic acid; FA, ferulic acid;
t-Cin A, trans-hydroxycinnamic acid; Iso, isorhamnetin; R: rutin, IsoQ: isoquercetin; K, kaempferol;
Q, quercetin; ND, non-detected. Data represent the mean ± standard deviation of three independent
assays. Values with different superscripts are significantly different at p < 0.05.
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In turn, in comparison to the control, the hydromethanolic extracts obtained from
bicarbonate-treated root organs, showed a remarkable increase in the levels of phenolic
compounds, including flavonoids (isoquercetin and isorhamnetin) and phenolic acids
(gallic acid, chlorogenic acid, syringic acid, ferulic acid, caffeic acid and trans-cinnamic
acid), compared to control plants. Notably, some of these compounds (e.g., isoquercetin
and ferulic acid) were not detected in the extracts from the control plants, suggesting that,
under Fe stress, roots may be able to synthesize new phenolic compounds (Figure S1 and
Figure 5).

Phenolics represent the main classes of organic ligands exuded by strategy I plants
under Fe-deficiency [38], due to their ability in the mobilizing of Fe in the rhizosphere by
interfering two based mechanisms, including reduction and complexation [38,39]. Accord-
ing to Boyer et al. [40], caffeic acid, chlorogenic acid and ferulic acid uphold the reduction
of Fe from ferrihydrite. Instead, Wasli et al. [24] hypothesized that the distribution of new
biomass to root organ by reducing lignin synthesis via hydroxycinnamic acids is implicated
in nutrient Fe acquisition, which could assure the exploration of soil and consequently im-
proving Fe uptake. In turn, the accumulation of flavonoids in roots helps to regulate plant
cell growth and differentiation, the activity of distinct protein kinases and the adjustment
of peroxidation kinetics by the alteration of the lipid packing order, thus decreasing the
fluidity of the membrane, which decrease free radicals diffusion and make peroxidative
reactions difficult [20]. In this respect, Mira et al. [41] attested that quercetin and myricetin
chelate Fe (II), after its reduction to Fe (III). Besides, Ismail et al. [42] demonstrated that
rutin is able to extract large amounts of Fe, mainly through a reductive mechanism.

3.3. Effect of HCO3-Induced Fe Deficiency on Antioxidant Abilities

Plants need a balanced uptake, consumption and storage of mineral elements for
proper ion homeostasis, this being distressed by nutritional imbalances in soils. Under
Fe deficiency conditions, both leaf and root organs are subjected to ROS attack, partially
due to the reduction of photosynthetic activity, which shows an over-reduction of the
photosynthetic electron transport chain in leaves [33,43]. After the reduction of Fe (III) to
Fe (II) by ferric chelate reductase, Fe(II) is re-oxidized in Fe-deprived root cells, generating
a complex with citrate, Fe(III)-dicitrate. The occurrence of these two stable and inter-
convertible forms of Fe accelerates potential electron transfer (or captured) to (or from)
other species, to form free radicals. Accordingly, plant resistance to various stresses is
associated with their antioxidant capacity and increased levels of antioxidants [24,43].

On the other hand, considering the multiple aspects of antioxidants and their reactivity,
the application of a single method is, in general, considered to be a very limited approach
to estimate the antioxidant properties of plant extracts, while the use of simultaneous tests
is more appropriate for a real perspective [44]. In our study, the hydromethanolic extracts,
obtained from leaves and from roots, were evaluated regarding their ability to trap free
radicals, namely, 2,2-diphenyl-1-picrylhydrazyl (DPPH•), nitric oxide (NO•) and peroxyl
(RO2•), along with the capacity to reduce ferric Fe to ferrous form (FRAP assay) and to
inhibit the malondialdehyde formation resulting from lipids oxidative damage, through
TBARS assay.

As shown in Figure 6, the antioxidant potencies varied significantly among the plant
organs. Indeed, in control plants, excepting for ORAC, the extracts obtained from leaves
were more active than those from roots (as reflected by lower IC50 and EC50 values),
possibly because of their richness in phenolic compounds. In general, bicarbonate supply
did not affect the antioxidant potential of leaf extracts toward DPPH•, NO• and RO2

•

radicals. The only exception was observed in TBARS, for which the ability to hamper
lipid peroxidation was even decreased in bicarbonate-treated plants, compared to those
of the control condition. In turn, root extracts of fennel grown under iron deficiency
conditions exerted higher scavenging ability towards the radicals DPPH and NO, as well
as a higher potency to reduce ferric Fe and to inhibit lipid peroxidation. The application of
linear regression analysis to establish relationships between the phenolic amounts with
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the antioxidant activities resulted in a high significant negative correlation between the
IC50 values of DPPH (r = −0.95; r = −0.98) and the EC50 values of FRAP (r = −0.88;
r = −0.93) with TPC/TFC, while lower or no correlation were observed in the case of NO•
quenching activity (r = −0.54 for TPC; r = −0.64 for TFC) and TBARS (r values < 0.5),
respectively ( Supplementary Materials Table S2). In general, these results suggest that
both phenolic compounds and flavonoids are key contributors in DPPH and FRAP assays,
while non-phenolic compounds may also have an important contribution on the remaining
tests.

Figure 6. Capacity of hydromethanolic extracts of fennel leaves (L) and roots (R) of fennel plants
cultivated under Fe sufficiency (+Fe) or under Fe deficiency conditions (+Fe + Bic) to scavenge the
radicals 2,2-diphenyl-1-picrylhydrazyl (DPPH, A), nitric oxide (NO, B) and peroxyl (ORAC, C),
to reduce ferric Fe to ferrous form (FRAP, D) and to inhibit lipids oxidative damage (TBARS, E).
Data represent the mean ± standard deviation of three independent assays. Values with different
superscripts are significantly different at p < 0.05.

Changes in the antioxidant activities of plants subjected to Fe-deficiency have been
investigated [24,43], with variable results being reported. Recently, Wasli et al. [24] high-
lighted that, when grown under Fe deficiency, Anethum graveolens was able to increase
the antioxidant capacity of the overall plant. In another study, Kabir et al. [45] described
that Abelmoschus esculentus root extracts from the Fe-deficiency tolerant variety had higher
DPPH scavenging ability than the control plants, which was significantly correlated with
the levels of phenolic compounds. Moreover, the loss of the antioxidant potency of a
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sensitive variety of lettuce (Romaine), caused by an Fe deficiency treatment, was shown to
be associated with the decrease in the amounts of flavonoids [46].

3.4. Effect of Bicarbonate-Induced Fe Deficiency on the Inhibitory Enzymatic Capacity

The effects of Fe deficiency growth on the capacity of extracts to decrease the activity
of lipoxygenase (LOX), xanthine oxidase (XO) and acetylcholinesterase (AChE) was also
evaluated to estimate their bioactive potential towards these enzymes. Note that LOXs
isoforms are non-heme, non-sulfur iron containing dioxygenases that catalyze oxidation
of polyunsaturated fatty acids (linoleic, linolenic and arachidonic acid) to generate hy-
droperoxides [47], which are widely distributed in plants, where they play several roles.
On one hand, LOXs are used as a storage protein through the vegetative growth period. In
addition, they are implicated in the mobilization of storage lipids during germination [48]
and display a pivotal role in the generation of shielding components, such as jasmonates,
divinyl ethers and leaf aldehydes, which helps shelter plants from insects and pathogens
or during abiotic stress [49,50]. In turn, LOX reactions with unsaturated fatty acids (UFA)
can produce off-flavors/off-odors and cause food spoilage.

The inhibitory potential towards LOX activity was distinct among the plant organs,
being higher in bicarbonate-treated roots, as reflected by the lower IC50 values (Figure 7).
The change in LOX activity in stressed-treated plants has been scarcely investigated. Yet,
according to Majdoub et al. [27] and Rahman et al. [51], the propagation of lipid peroxida-
tion in plants under biotic and abiotic stress, induced by higher lipolytic activity on the
membrane, was associated with an increase in LOX activity. In addition, Bae et al. [52]
reported a stimulation of the expression of LOX genes (LOX3 isoform) in ginseng seedlings
submitted to water shortage, a fact that authors postulated to be an adaptative response of
the plant to water deficit.

The hindering of XO activity under stress conditions could hamper the catalyzing
of the oxidation of hypoxanthine to xanthine and the conversion of the latter to uric
acid, producing O2

•– and contributing to the increment of oxidative stress events [28,53].
Bicarbonate-treated roots exhibited an improved ability to inhibit the xanthine oxidase
activity, in comparison with the roots of the control plants (+Fe). In turn, no significant
variations were observed in leaves.

Presently, exploring for novel AChE inhibitors issued from natural sources with few
side effects is required [54]. As far as we know, no works have been accounted concerning
the impact of Fe scarcity on the ability of F. vulgare extracts to inhibit the activity of AChE,
which prompted us to ponder over the efficiency of our samples for AChE inhibition. The
gathered results show that fennel plants exerted inhibitory effect towards AChE, which, in
roots, was increased in plants grown under Fe deficiency.

Trait biplot analysis of both treatments (+Fe and +Fe +Bic) correlating phenolic pools
with the IC50 values of inhibitory enzyme activities (LOX, XO and AChE) revealed that
the first two components (PCs) contributed by 99.02% to cumulative variance, with F1
axis and F2 axis explaining 93.3◦ and 5.71% of the total variance, respectively (Figure 8).
Interestingly, the biplot and correlation matrix analysis (Figure 8; Table 1) proved strong
correlation coefficients between TPC/TFC and the IC50 values of XO (−0.84; −0.79) and
of AChE (−0.93; −0.98), which suggests a major role of phenolic pools in inhibiting these
two enzymes in F. vulgare grown under Fe deficiency conditions. This, in part, supports
the results of Majdoub et al. [27], who suggested that the AChE inhibitory effect observed
in Zn-treated Pimpinella anisum leaves might be attributed to their increased amounts of
non-enzymatic antioxidants.
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Figure 7. Inhibitory activities of hydromethanolic extracts from leaves (L) and roots (R) of fennel
plants cultivated under Fe sufficiency (+Fe) or under Fe deficiency (+Fe +Bic) conditions, towards
lipoxygenase (LOX, A), xanthine oxidase (XOS, B) and acetylcholinesterase (AChE, C). Data represent
the mean ± standard deviation of three independent assays. Values with different superscripts are
significantly different (p < 0.05).
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Figure 8. Biplot for fennel plants grown in the presence of Fe (+Fe) or in the presence of Fe plus
bicarbonate (+Fe +Bic) between inhibitory enzymes and total pool phenolics.

Table 1. Correlation coefficients between total phenolic content (TPC)/total flavonoid content (TFC)
and the IC50 values for LOX, XO and AchE activities.

Variables TPC TFC LOX XO AChE

TPC 1 0.98 −0.55 −0.84 −0.93
TFC 0.98 1 −0.47 −0.79 −0.98
LOX −0.55 −0.47 1 0.91 0.39
XO −0.84 −0.79 0.91 1 0.71

AChE −0.93 −0.98 0.39 0.71 1

Values in bold represent significant values (p < 0.05).

4. Conclusions

In conclusion, this study reveals new insights regarding the mechanisms and processes
involved in fennel Fe deficiency adaptation. When cultivated under Fe limiting conditions,
F. vulgare shoot and whole plant biomass production significantly declined, whereas that of
roots was not affected by such constraint. Moreover, lime-induced Fe deficiency resulted
in a significant reduction of chlorophyll linked with an alteration in mineral homeostasis
depending on plant organs, probably to support its nutrient use efficiency associated
with the preservation of an adequate level of chlorophyll in leaves. On the other hand,
a marked influence on the content of phenolic compounds in roots of plants subjected
to iron deficiency was observed, a fact that seems to be associated with an improved
antioxidant activity and capacity to inhibit the activity of lipoxygenase, xanthine oxidase
and acetylcholinesterase. Further applications of molecular and proteomic techniques
based on untargeted analysis of multiple genes or proteins could be useful to support the
physiological and biochemical traits.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11157072/s1, Table S1: Retention time (RT), linear equations, squared correlation, limit of
detection (LOD) and limit of quantification (LOQ) of standard compounds, Table S2: Correlation
coefficients between Total Phenolic Content (TPC)/Total Flavonoid Content (TFC) and the IC50 val-
ues, in antioxidant activities, Figure S1: RP-HPLC chromatograms at 280 nm, from hydromethanolic
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extracts of leaves (A,B) and roots (C,D) of fennel plants grown under Fe sufficiency (A,C) or under Fe
deficiency conditions (B,D). The peak numbers correspond to 1, gallic acid, 2, chlorogenic acid, 3,
caffeic acid, 4, syringic acid, 5, ferulic acid, 6, trans-hydroxycinnamic acid, 7, isorhamnetin, 8, rutin, 9,
isoquercetin, 10, kaempferol and 11, quercetin.
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