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Abstract: Calcium (Ca) plays a vital role as a macronutrient in the growth and development of plants.
In order of decreasing solubility, Ca can be found in vegetal tissues as soluble Ca (Fraction I), bound
Ca (mainly pectates, Fraction II), inorganic insoluble Ca (mainly phosphates and carbonates, Fraction
III) and organic insoluble Ca or oxalate (Fraction IV). To explore the impact of Ca fertilizer application
on plant growth and its allocation among different fractions, young citrus trees were fed over a
complete vegetative cycle with a 44Ca labeled fertilizer (T1-Ca), while control plants (T2) received
no Ca fertilizer. The results showed that plants receiving Ca exhibited significantly greater biomass.
44Ca derived from the fertilizer was localized mainly in sink organs (new flush leaves–twigs and
fibrous roots). The primary fraction responsible for total Ca partitioning was Fraction II, followed by
Fraction III or IV. Citrus plants, commonly found in calcareous soils, demonstrated improved growth
with calcium treatments, indicating a positive link between calcium supplementation and enhanced
development. The calcium supplied through the fertilizer (44Ca) was predominantly concentrated in
sink organs (mainly in Ca-pectate fraction), including new flush leaves and twigs above ground, as
well as fibrous roots below ground.

Keywords: biomass; labeled Ca; fraction Ca; pectate; oxalate; phosphate

1. Introduction

Calcium (Ca) is an essential macronutrient in plants, which is involved in several
biochemical and physiological processes needed for growth and development as both a
structural component and an intracellular second messenger in a variety of processes [1–3].
The versatility of this macronutrient is derived from Ca being able to interact with mem-
branes, proteins and organic acids. The ability of Ca to form different coordination bonds,
from six to nine, results in high affinity for carboxylate oxygen, rapid binding kinetics and
complex geometries [4,5].

Ca uptake from soil and its translocation to different plant organs, including fruit, are
controlled by distinct factors along the soil–root–fruit pathway. Ca is taken up by plants
in the form of Ca2+ ions through channels in the membrane of fibrous roots on both the
symplastic (for root nutrition and cell signaling) and apoplastic (for transfer to shoots)
pathways [6]. As Ca is a practically immobile element in phloem, it does not move easily
from old to young tissues. Therefore, the majority of Ca uptake in plants is largely passive.
Accordingly, the transpiration and movement of water through plants are crucial for Ca
uptake [2,7].
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Once inside plants, Ca plays the above-mentioned intracellular messenger role. As
such, plant cells reprogram their cellular setup by triggering a network of signaling events,
which start with stress perception at the cell membrane level and end with a cellular
response [8,9]. Many extracellular and environmental cues (light, biotic or abiotic stress fac-
tors) elicit changes in cellular Ca levels, termed calcium signatures [10]. Initially, cytosolic-
free Ca, [Ca2+]cyt, is low as a toxic cellular compound because Ca triggers the aggregation
of proteins and nucleic acids, as well as the precipitation of phosphates (present in ATP),
and can affect lipid membrane integrity [5]. After stress perception, however, signaling is
triggered by this stimulus to generate various Ca2+-mobilizing signals, and this activates
the ON mechanisms, which feed Ca2+ into the cytoplasm [11]. In this regard, part of Ca
can be found in the free Ca2+ form (Fraction I) in plants (Figure 1). Despite the Ca flux
in the cytosol being provided by external medium and subcellular compartments, part
of Ca interacts with the middle lamella in the cell wall to synthesize Ca-pectate, a pectin
cross-linking polymer (Fraction II). Ca2+ plays a key role in the cross-linking acidic pectin
residues in the cell wall by acting as the bridge of antiparallel homogalacturonan chains
with negatively charged carboxyl groups to form structures called “eggboxes” [12]. This
helps facilitate extrusion among pectin polymers to form the cell wall network, enhance
mechanic strength and limit access for cell wall hydrolases [2]. Ca is also linked with the
carboxylic and phosphorylate groups, which are present as, respectively, Ca-carbonate and
Ca-phosphate (Fraction III), mainly in the cell membrane [13].
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Figure 1. Scheme of the main calcium stores and cellular compartments in a plant cell.

Then, [Ca2+]cyt functions as a messenger to stimulate numerous Ca2+-sensitive pro-
cesses. The OFF mechanisms (pumps and exchangers) remove Ca2+ from the cytoplasm to
restore the resting state [11]. Ca can be sequestered by the endoplasmic reticulum, mito-
chondria, plastids and vacuole, or it can be pumped out of the protoplast to keep [Ca2+]cyt
low [14,15]. Part of this Ca precipitates in Ca-oxalate crystals (Fraction IV). Although these
crystals can be found in cell walls [16,17], they are often formed in the vacuoles of remark-
ably specialized cells called crystal idioblasts [18,19]. It has been hypothesized that the
function of these crystals is Ca regulation and homeostasis, defense against herbivores and
Ca reserve [15,20,21]. In citrus crops, it has been reported that large Ca-oxalate-containing
palisade cells are produced in the upper epidermis of mature leaves [22].
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Ca deficiency in cell walls results in pectin solubilization, with the acceleration of senes-
cence and the development of some physiological disorders, such as albedo breakdown in
sweet oranges [23,24].

Despite Ca being naturally present under Mediterranean conditions, and soil being
potentially able to cover the nutritional needs of citrus, it is necessary to treat plants
with Ca to prevent physio-pathologies because much of the Ca present in soil comes in
forms, which are unavailable to or cannot be assimilated by plants [25,26], and this may
not always synchronize with the plants’ demand for calcium. Moreover, Ca applications
can significantly increase the cell-wall Ca content in the peel. They can also inhibit the
degradation of pectin, cellulose and hemicellulose, reduce arabinose and galactose, and
increase water-soluble pectin in the peel cell wall [27]. Some studies have analyzed the effect
of Ca treatments on fruit quality and on the incidence of fruit physio-pathologies [28,29].
Nevertheless, no works have focused on Ca fertilization influence on Ca uptake from
fertilizers and its accumulation in different Ca fractions in plant organs—a dynamic, which
could be linked to the incidence of those fruit pathologies. This information would allow us
to not only establish the differences in plant parts but also the Ca requirements in different
organs, depending on the structuring function as a messenger, or those, which have to
accumulate more Ca content in storage compartments.

Stable isotope techniques with nitrogen (N), Ca and iron (Fe) (15N, 44Ca, 57Fe) have
been widely used to understand nutrient dynamics and cycling, also known as non-
traditional isotopes [30]. With these techniques, it is possible to analyze the fate of some
nutrients, which derive from mineral and organic fertilizer applications or are fixed in the
atmosphere. With N, 15N-tracing techniques are the methods of choice for quantifying N
transformation dynamics, including the processes of gaseous N emissions, nitrate lixivi-
ation and plant N uptake rates [31–33]. However, very few references are found, which
trace the movement of fertilizer Ca in plant–water–soil. We are able to ascertain this based
on the use of labeled fertilizers with 44Ca. In citrus fruit, the uptake and distribution of
Ca deriving from fertilizers in “Clemenules” and “Fukumoto” mandarin trees have been
studied using the isotope labeling technique with radioactive isotope 45Ca [34,35]. This
approach opens new possibilities for gathering insights into calcium nutrition in crops,
offering a valuable alternative to radioactive isotopes. Therefore, in the present work, the
quantification of Ca uptake from fertilizers labeled with stable isotopes (44Ca) was carried
out in young citrus plants grown in soil throughout a vegetative cycle. In addition, the
partitioning of Ca uptake was studied by means of Ca fraction quantification in different
plant organs and both labeled and unlabeled fractions. The “non-application” of Ca and its
effect on plant growth and partitioning in plants was also analyzed.

2. Materials and Methods
2.1. Experimental Conditions and Plant Material

The study was carried out at the experimental station of the Valencian Institute of
Agricultural Research (IVIA) in Moncada (Valencia), Spain (39◦33′ N; 24◦24′ W). In March,
fifteen 2-year-old “Salustiana” sweet orange plants (Citrus sinensis L. Osbeck) grown in
a greenhouse were transplanted into 4 kg pots containing loam soil to be left in a green-
house for a complete vegetative cycle. Soil typical of a Mediterranean citrus cultivation
area—characterized by 45.6% sand, 37.3% silt, 17.1% clay, pH 8.5 (slightly alkaline), total
carbonates 23.1 (calcareous), 5.0% active limestone (low chlorophyll), low organic matter
content (0.69%), slightly low Olsen phosphorus (P) (19.2%), low potassium (K; 0.30 meq
100 g soil−1), normal magnesium (Mg) and Ca (1.7 and 8.5 meq 100 g soil−1, respectively)
and electrical conductivity of 290 µS cm−1—was used as substrate. In agricultural soil,
the extractable Ca values ranging between 5 and 10 meq/100 g of soil are considered
optimal. Soil determinations were made following the Official Methods of the Spanish
Ministry of Agriculture, Food and Fisheries [36], with minor modifications (using reac-
tive Panreac Co., Ltd., Barcelona, Spain): granulometry (25 mm, 5 mm and 2 mm), pH
(1:25 water extract), electrical conductivity ((EC), 1:5 water extract), oxidizable organic
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carbon (OOC), oxidization with K2Cr2O7, organic N (Kjeldahl method), ammonium and
nitrate N (2 N KCl extract), macronutrients (HCl digestion), micronutrients and heavy
metals (aqua regia digestion). The pH was measured with a pH meter (Basic 20, Crison,
Barcelona, Spain), EC with a conductometer (Sensor+ EC7, Hach, Barcelona, Spain), WSOC
content using a Total Organic Carbon Analyzer (TOC-VCSN, Shimadzu, Kyoto, Japan),
organic and mineral N using a 8200 Kjeltec (Foss, Tecator AB, Hoeganaes, Sweden), and
the total concentrations of phosphorous (P), potassium (K), Ca and magnesium (Mg) were
measured with simultaneous inductively coupled plasma atomic emission spectrometry
(iCAP-AES 6000, Thermo Scientific, Cambridge, UK).

Regarding the initial state, at the beginning of April, three plants were removed to
ascertain their biomass and nutrient content. Old leaves and branches, the trunk, coarse and
fibrous roots were separated. The biomass of all these fractions was freshly weighed, and
a sample of each one was washed with deionized water and frozen with liquid nitrogen;
humidity was removed by lyophilization, and dry weight (DW) was noted.

2.2. Ca Uptake Assay

During the complete vegetative cycle, two treatments were performed to study the
effect of applying Ca with the isotope dilution technique. Citrus trees were fertilized from
March to October with the doses of nutrients indicated in Table 1 depending on plant
size and soil fertility. Two treatments were carried out: one with (T1-Ca) and one without
calcium (T2) applications. In the T1-Ca treatment, six plants were fertilized using fertilizers
labeled with stable 44Ca isotopes during a vegetative period (March to October) to evaluate
annual Ca uptake by young citrus plants. N was provided by the sources indicated at the
bottom of Table 1: Ca nitrate, ammonium nitrate and potassium nitrate. Two sources were
used—the 44Ca form in Ca(NO3)2 (Cambridge Isotope Laboratories, Inc., Andover, MA,
USA) and YaraLiva™ Calcinit (Yara Ca nitrate)—to provide 156 mg 44Ca per tree with
10.35% 44Ca in excess. P was supplied as phosphoric acid, K as potassium nitrate and Mg
as magnesium sulphate. Fe, Zinc (Zn) and manganese (Mn) were supplied in multiple
chelate forms (4.5% Fe, 0.5% Zn and 1.0% Mn).

Table 1. Annual dose and monthly distribution of fertilizers in standard nutrient solution.

Tree Dose March April May June July August September October Total

% monthly dose distribution 5 10 15 20 20 15 10 5 100

mg N 100 200 300 400 400 300 200 100 2000
mg 15N Z 11.6 23.2 34.8 46.4 46.4 34.8 23.2 11.6 231.4

mg P2O5 35 70 105 140 140 105 70 35 700
mL Phosphoric acid Y 0.03 0.06 0.09 0.13 0.13 0.09 0.06 0.03 0.64

mg K2O 50 100 150 200 200 150 100 50 1000
g Potassium nitrate X 108.7 217.4 361.1 434.8 434.8 361.1 217.4 108.7 2173.9

mg CaO 105.5 211.0 316.5 422.0 422.0 316.5 211.0 105.5 2110.0
mg 44Ca W 7.8 15.6 23.4 31.2 31.2 23.4 15.6 7.8 156.0

mg MgO 75 150 225 300 300 225 150 75 1500
mg Magnesium sulphate V 470 940 1410 1880 1880 1410 940 470 9400

mg Fe 1.5 3.0 4.5 6.0 6.0 4.5 3.0 1.5 30.0
mg chelate U 33 66 99 132 132 99 66 33 660

Z Treatment 1: N provided as calcium nitrate (labeled and normal), ammonium nitrate and potassium nitrate.
Treatment 2: N provided as ammonium nitrate and potassium nitrate. Y 1000 mL phosphoric acid = 1.113 g P2O5.
X Potassium nitrate (N = 13.5% and K2O = 46.0%). W Treatment 1: Ca provided as labeled and normal calcium
nitrate (YaraLiva ™ Calcinit). Treatment 2: Without Ca. V Magnesium sulphate (MgO = 16%). U Multiple chelates
(4.5% Fe, 0.5% Zn and 1.0% Mn).

For T2, in the absence of Ca, the fertilizers indicated in Table 1 were applied (potassium
nitrate and ammonium nitrate) to provide the N doses. The remaining macros (K, P and
Mg) and micros (Fe, Zn and Mn) were supplied with the same fertilizers described in T1.
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2.3. Collection and Extraction of Plants

Throughout the growth cycle, petals, ovaries and fruit at different growth stages,
along with leaves from the previous flush (old leaves), were naturally abscised from the
plants. These organs—petals, ovaries, developing fruit and old leaves—were collected
weekly through a mesh system to quantify the amounts of 44Ca uptake by the litter organs
(abscised organs) in both treatments during the greatest physiological drop period (from
beginning of May to end of July). During lethargy (January of the subsequent growing
season), plants were extracted from soil, and young organs (ripe fruit, leaves and branches
of the different sprouts (spring, summer and autumn), old organs (leaves, old branches
and trunk) and the root system (coarse and fibrous roots) were separated. Then, they were
weighed, and a sample was taken from each one of these fractions. Samples were washed
with deionized water, lyophilized to constant DW, and DW was recorded. Plant samples
were ground with a water-refrigerated mill, sieved through a 0.3 mm mesh sieve and stored
at −20 ◦C for further analyses.

2.4. Calcium Analysis

The Ca concentration was measured with simultaneous inductively coupled plasma
atomic emission spectrometry (ICAP-AES 6000, Thermo Scientific, Cambridge, UK) after
nitric-perchloric digestion [37]. The dried plant material (0.5 g) was predigested overnight
with 10 mL HNO3 on a digestion block at 120 ◦C. Samples were cooled down to room
temperature, and 2.0 mL of 70% ultratrace-metal grade HClO4 was added and redigested
at 220 ◦C until white fumes appeared. The digested product was diluted to 25 mL with
ultrapure water, and Ca concentrations were subsequently measured [38].

2.5. Separation and Analysis of Ca Fractions

In order to determine the distribution of the different Ca fractions in plants, the
biomass (DW) of each fraction, the total Ca concentration of these organs and the Ca
concentration in each separate fraction were measured.

In the plant samples, different Ca fractions were separated according to the Ca fraction-
ation analytical procedure described by Ohta et al. [39], with slight modifications to update
and adapt it to our format (Figure 2). Four fractions were determined as opposed to five,
given that the fraction extracted with water was negligible and was incorporated into the
first fraction extracted. Therefore, the determination of the different Ca forms consisted of a
sequential extraction process, which separated four Ca fractions in order of increasing insol-
ubility: soluble Ca (Fraction I); linked Ca, mainly forming pectates (Fraction II); inorganic
insoluble Ca, primarily forming phosphates and carbonates (Fraction III); insoluble organic
Ca in the form of oxalate (Fraction IV) [40]. To treat the samples, a lyophilizer (TELSTAR,
LyoAlfa 6, Terrassa, Spain), an Eppendorf 5810R centrifuge (Eppendorf Iberica, Madrid,
Spain), a homogenizer (vortex) and an orbital shaker (Orbital Shape, Shaker, Thermo) were
employed. The solvents used, LC-MS quality water and absolute ethanol were purchased
from Sharlab S. L (Spain). The reagents (sodium chloride, acetic acid and hydrochloric acid)
were supplied by Panreac Química (Barcelona, Spain).

To obtain Fraction I, 0.5–1.0 g of lyophilized and pulverized sample of each organ
was weighed. Then, 10 mL of absolute ethanol was added and homogenized for 5 min
before being stirred in an orbital shaker for 18 h at 30 ◦C. Subsequently, the samples were
centrifuged at 10,000 rpm for 30 min, which resulted in supernatant-I and precipitate-I.
The extraction was repeated with 5 mL of absolute ethanol (added to precipitate-I) and
stirred in an orbital shaker for 2 h at 30 ◦C under the same conditions by subsequently
combining the two supernatants, which were diluted with water to 20 mL. This produced
Fraction I, water-soluble Ca, associated with water-soluble components, such as organic
acids, chlorides and nitrates.
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To determine Fraction II, the resulting precipitate-I was washed, and 10 mL of
1 mol·L−1 NaCl aqueous solution was added. This was homogenized for 5 min and
stirred in an orbital shaker for 18 h at 30 ◦C. Subsequently, the samples were centrifuged at
10,000 rpm for 30 min, which produced supernatant-II and precipitate-II. The extraction
was repeated with 5 mL of 1 mol·L−1 NaCl aqueous solution (added to precipitate-II) by
combining the two supernatants, which were diluted with water to 20 mL. This produced
Fraction II, in which Ca pectates were subsequently determined.

To quantify Fraction III, the resulting precipitate-II was washed, and 10 mL of 2% aque-
ous acetic acid solution was added, homogenized for 5 min and stirred in an orbital shaker
for 18 h at 30 ◦C. Then, the samples were centrifuged at 10,000 rpm for 30 min to produce
supernatant-III and precipitate-III. The extraction was repeated with 5 mL of 2% acetic
acid aqueous solution (added to precipitate-II) by combining the two supernatants, which
were diluted with water to 20 mL. This produced Fraction III, in which the phosphates and
carbonates of Ca were subsequently determined.

Finally, to analyze Fraction IV, the resulting precipitate-III was washed, and 10 mL
of 0.6% aqueous solution of hydrochloric acid was added, homogenized for 5 min and
stirred in an orbital shaker for 18 h at 30 ◦C. Subsequently, the samples were centrifuged at
10,000 rpm for 30 min to produce supernatant-IV and precipitate-IV. The extraction was
repeated with 5 mL of 0.6% aqueous hydrochloric acid solution (added to precipitate-III)
by bringing together the two supernatants, which were diluted with water to 20 mL, thus
producing Fraction IV, in which Ca oxalates were finally determined.

2.6. Calcium-Labeled Analysis

The total 44Ca concentration in each fraction was determined using a mass spec-
trometer with a multiple collector and inductive coupling plasma source (MC-ICP MS,
Thermo Finnigan Neptune, California, USA). The natural abundance of this isotope
(2.086 atoms % of 44Ca) was subtracted from the 44Ca results from different plant parts.
The results presented in the tables and text refer to the excess or enrichment of this isotope.
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Based on the DW (mg) and the total Ca concentration ([Ca] data and the %, w/w) for
each plant compartment, the Ca content was calculated as

Ca (mg) = [Ca] × DW/100

The 44Ca content or Ca uptake from the fertilizer (Cauff) per plant compartment was
determined as follows:

44Cauff plant compartment (mg) = DW × [Ca] × atom 44Ca excess/10

where atom 44Ca excess was calculated by subtracting the natural 44Ca abundance from
the atom % 44Ca in each sample. Natural 44Ca abundance was taken as 2.086% [41].

Ca use efficiency or Ca uptake from the applied Ca [CaUE (%)] was calculated as

CaUE (%) organ = 44Cauff (mg) × 100/44Ca (mg) solution (156 mg of 44Ca).

2.7. Statistical Analysis

Data were subjected to an analysis of variance (ANOVA) to test for significant differ-
ences between treatments (with and without Ca) and to compare the means using Fisher’s
LSD test at the 95% confidence level. Both tests were performed using version 5.1 of the
Statgraphics Plus statistical program (Statgraphics Technologies, The plains, Virginia, USA).
Before carrying out any statistical analysis, the normality of all data was studied using the
Kolmogorov–Smirnov test. Otherwise, data analyses were carried out with the variables
measured on their natural scales.

3. Results and Discussion

Knowledge of nutrient partitioning in trees is important for better fertilizer manage-
ment practices in citrus production. In the case of Ca nutrient, the presence of Ca in the
soil and water is not typically small because it is present in water irrigation, or it can also
be found in the form of Ca carbonate in lime soils. However, the availability for plants
could be low because Ca in soil comes in the form of a solid compound, it is poorly soluble.
When it comes in ionic forms contained in the cation exchange complex, Ca dominates this
complex because it is a divalent cation, which limits its mobility in soil [27].

As previously mentioned, Ca is taken up by plants in the form of Ca2+ ions. Therefore,
the entry of Ca2+ into the cell is carried out exclusively through channels in the membrane,
and its movement is produced by the xylem flow from roots to organs, such as leaves
and fruit, via the transpiration stream [2]. Therefore, Ca distribution may depend on the
amount of Ca2+ absorbed by the roots and may vary during fruit development [6].

3.1. Effect of Ca Fertilization on Ca Content Distribution in Citrus Trees

In addition to K, Ca, P and N are the dominant nutrients in citrus tree biomass,
although their proportions may vary among different cultivars and with tree age and
horticultural practices in the orchards [42]. In the present study, the plants extracted at the
beginning of the assay for investigation of the initial nutrient content showed a mean total
biomass (old leaves, branches, trunk, coarse and fibrous roots) of almost 50 g DW (Table 2).
The trunk and coarse roots displayed the highest biomass values, with 32% and 23% of the
total biomass, respectively, and fibrous roots had the lowest value, with 9%.

The Ca content in trees at the beginning was 637 mg Ca, with an average concentration
in the total plant of 1.39%. Old leaves exhibited the highest Ca concentration and the
highest Ca content despite having a lower biomass than the trunk or coarse roots. These
values will serve as a loading state for the uptake of nutrients from the complete cycle.

Table 3 shows the dry biomass (g DW) distribution of the main organs of the “Salus-
tiana” orange trees harvested in January, 10 months after fertilization with and without
Ca began. The plants fertilized with Ca (T1-Ca) grew into significantly larger trees (total
plant 128 g DW) and were nearly 10% higher than the Ca-unfertilized plants (T2). It was
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noteworthy, in both treatments, that the DW of the newly developed leaves surpassed the
old leaves’ weight. However, in T1 plants, the increase was 7-fold, while in T2 plants, it
was 4.5-fold. The effect of Ca contribution on the biomass of plants has been reported
previously after observing a positive impact on growth, root development, leaf mineral
concentration and fruit quality [3,43]. The biomass values obtained in this study also agree
with these results.

Table 2. Biomass and Ca concentration of the main organs of the “Salustiana” orange trees harvested
at the beginning of the trial Z.

Tree Compartment Biomass (g DW) Ca (% DW) Ca Content (mg)

Old leaves 9.54 2.44 239.68
Old branches 6.84 1.27 86.86

Trunk 14.71 1.26 180.89
Coarse roots 10.56 0.82 86.59
Fibrous roots 4.07 1.06 43.27

TOTAL PLANT 45.71 1.39 637.29
Z Each value is an average of three plants.

Table 3. Distribution of dry biomass (g DW), Ca concentration (% DW) and Ca content (mg) of the
main organs of the “Salustiana” orange trees harvested in January at dormancy and fertilized with
Ca (T1-Ca) or without Ca (T2) Z.

Tree Compartment
Dry Biomass

(g DW)
Ca Concentration

(% DW)
Ca Content

(mg)
T1-Ca T2 SD Y T1-Ca T2 SD T1-Ca T2 SD

Mature fruit 9.02 7.91 NS 0.54 0.27 NS 48.5 21.0 NS
Young leaves 31.63 29.49 NS 2.25 2.57 NS 712.8 757.0 NS

Twigs 10.09 9.54 NS 1.25 1.42 NS 125.9 135.2 NS
Above-ground
young tissues X 50.75 46.93 * 1.75 1.94 NS 887.2 913.2 NS

Abscised organs 5.37 4.41 NS 4.15 2.20 * 222.8 96.9 *
Old leaves 4.50 6.46 NS 4.26 3.97 NS 191.5 256.6 NS

Branches + Trunk 29.38 25.65 NS 1.24 1.26 NS 363.0 322.3 NS
Above-ground
old tissues W 39.25 36.51 NS 1.98 1.85 NS 777.2 675.8 NS

Coarse roots 25.30 23.29 * 1.19 1.00 NS 301.3 234.1 *
Fibrous roots 12.88 11.09 * 3.26 3.03 NS 420.3 336.2 *

TOTAL PLANT 128.18 117.83 * 1.86 1.83 NS 2386.0 2159.3 *
Z Each value is an average of three plants. Y SD: Significant effect of Ca application is given at p ≤ 0.05 (*) and not
significant at p > 0.05 (NS). X Young tissues (fruit +young leaves (spring, summer and autumn flush leaves) + twigs
(spring, summer and autumn flush twigs)). W Old tissues (abscised organs + old leaves + branches + trunk). SD:
Significant difference is given at p ≤ 0.05 (*) and not significant at p > 0.05 (NS).

In tissues, the effect of Ca application induced significant differences in the dry biomass
(g DW) both in the coarse and fibrous roots systems and also in young tissues despite
the optimum calcium concentration of the soil. The greater development of coarse and
fibrous roots’ organs in T1-Ca compared to T2 can be attributed to the importance of Ca
for healthy root development. When Ca is deficient, root growth is severely inhibited [44].
In severe Ca scarcity cases, root tip growth may even cease, which results in a poor root
system [45]. Tadayon [46] also observed that soil supplemental application of Ca-nitrate
and Mg-nitrate significantly increased the fibrous root density of “Valencia” orange trees.
In the present study, the same effect was noted in aerial young tissues, including mature
fruit, young leaves and twigs. The “Salustiana” trees fertilized with Ca (T1-Ca) obtained a
larger biomass in these organs compared to trees without Ca. This could possibly be due to
the greater root development observed, which would contribute to higher aerial growth.

For the Ca concentration, the lowest values in both treatments were obtained for
mature fruit. Given that Ca absorption is closely related to transpiration, the highest Ca
contents were found in the organs of plants with high transpiration rates (young organs,
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mainly leaves), while the concentration was lower in organs with a low transpiration
rate, such as fruit [45]. In young above-ground organs, a higher Ca concentration was also
previously observed in young leaves relative to mature fruit in “W. Murcott” mandarin [47].

Significant differences were observed among both treatments, but only in abscised
organs. In these organs, the higher Ca concentration in T1-Ca resulted in significant
variations in Ca content compared to T2 trees, with no differences in biomass among
treatments. According to Bonomelli et al. [35], during fruit set, more Ca transport to the
fruit pulp occurs (up to 39% of applied 45Ca). However, as the fruit grows, more Ca is
retained in the calyx zone, which decreases the rise in Ca in fruit (between 17 and 19% of
applied 45Ca).

In the total plant and in both root system fractions, despite there being no significant
differences in the average total Ca concentration between the trees treated with or without
Ca (Table 3), Ca application using fertilizers had a significant effect on Ca content. Ca-
fertilized plants (T1-Ca) exhibited a significantly higher content in the coarse and fibrous
roots and in the total plant but with no higher Ca concentration compared to T2. This
was primarily due to their higher DW values. Thus, while Ca content in the total plant
increased in both treatments (T1-Ca and T2) compared to the initially described values, it
increased by 3.8-fold in T1-Ca and by 3.4-fold in T2.

3.2. Labeled Ca Distribution

Table 4 presents the labeled Ca uptake results for T1-Ca plants. The average excess
44Ca concentration in the entire plant was 0.466%, where 11.12 mg of labeled Ca (44Ca) was
recovered from 156 mg of applied 44Ca. Similar to the total Ca, labeled Ca distribution was
not homogeneous across all plant organs.

Table 4. Distribution of labeled Ca concentration (44Ca % in excess) and content (44Ca mg) between
the main organs and store organs of the “Salustiana” orange trees harvested in January at dormancy Z.

Tree Compartment Biomass
(DW)

Ca
(% DW)

44Ca
(% in Excess) Y

44Ca
(mg)

CaUE
(%) X

Mature fruit 9.02 0.54 0.245 0.12 0.08
Autumn flush leaves 10.08 a U 1.38 a 1.013 b 1.41 b 0.90 b
Summer flush leaves 14.58 b 2.44 ab 0.551 a 1.96 c 1.26 c
Spring flush leaves 6.98 a 3.13 b 0.342 a 0.75 a 0.48 a

Young leaves 31.64 2.25 0.577 4.11 2.70
Autumn flush twigs 2.87 a 0.82 a 1.253 b 0.30 a 0.19 a
Summer flush twigs 3.72 a 1.36 a 0.886 ab 0.45 a 0.29 a
Spring flush twigs 3.51 a 1.48 a 0.643 a 0.33 a 0.21 a

Twigs 10.10 1.25 0.855 1.08 0.69
Above-ground young organs W 50.76 B 1.75 A 0.598 B 5.42 B 3.47 B

Abscised organs 5.37 4.15 0.094 0.21 0.13
Old leaves 4.50 4.26 0.247 0.47 0.30
Branches 5.57 1.37 0.653 0.50 0.32

Trunk 23.81 1.20 0.489 1.40 0.90
Above-ground old organs V 39.25 A 1.98 A 0.332 A 2.58 A 1.66 A

Coarse roots 25.30 B 1.19 A 0.383 A 1.15 A 0.74 A

Fibrous roots 12.88 A 3.26 B 0.494 A 2.07 B 1.33 B

TOTAL PLANT 128.19 1.86 0.466 11.22 7.13
Z Each value is an average of three plants. Y Atom 44Ca excess (%) = atom 44Ca in each organ (%). 44Ca air
natural abundance (2.086%). X Calcium use efficiency from fertilizer. 44Ca mg uptake × 100/156 mg 44Ca applied.
W Young organs: fruits, autumn, summer and spring flushes. V Old organs: abscised, old leaves, branches
and trunk. U Lowercase letters show significant differences among young leaves; lowercase letters in italics
show significant differences among twigs; uppercase letters in normal size show significant differences among
above-ground young and old organs; and small capital letters show significant differences between coarse and
fibrous roots.

Unlike the enrichment observed in Ca concentration, the greatest 44Ca enrichments
(% in excess) were found in the later developed flush of the aerial part, with 1.013% and
1.253% in the autumn flush leaves and twigs, respectively. However, the 44Ca content



Agronomy 2023, 13, 2971 10 of 17

depended on the dry biomass. As can be observed in the results, the significantly higher
dry biomass value of the summer leaves in these trees was reflected in the higher 44Ca
content from the fertilizer compared to the autumn leaves, which had the highest 44Ca
concentration but a lower dry biomass value. This higher accumulation pattern was
repeated both in the aerial and root parts of plants, with significantly and consistently
higher 44Ca content values in young organs (above ground and roots system) than their
corresponding older organs. However, the total Ca present in young leaves and twigs,
mainly from reserves (% DW), was significantly lower the younger the organs were. Ca
is considered, as mentioned previously, to be an element with poor mobility within the
plant, and its ability to translocate from older tissues to younger organs is limited. This
translocation primarily occurs throughout the transpiration process and results in an age-
dependent increase in Ca levels in leaves. Despite relying on the transpiration stream, Ca
tends to be preferentially routed to meristematic zones and younger tissue [48].

Regarding Ca use efficiency (CaUE), similar to 44Ca content, young leaves exhibited
the highest CaUE along with fibrous roots (Table 4). For leaves, however, summer leaves
showed the highest CaUE. This can be attributed to the convergence of two conditions.
First, these leaves sprouted later than spring leaves, allowing the plants to accumulate a
higher 44Ca content as the labeled Ca supply continued. Second, this delayed sprouting
also provided the plants with an extended period of assimilation from the beginning of
fertilizer application. Additionally, summer leaves exhibit a larger biomass compared to
autumn leaves, which emerge later and contribute less to the overall sprouting biomass in
citrus trees.

The lowest labeled concentration, content and recovery from fertilizer were found in
abscised and mature fruit. These results are consistent with those of Bonomelli et al. [34],
who observed the smallest amount of 45Ca from fertilizer applied to soil in “Clemenules”
mandarin fruit. This can possibly be attributed to the low transpiration rate in fruit because
citrus peel has a lower stomatal density compared to leaves and a higher proportion of
cuticle per unit area.

In this study, the young tissues from above-ground organs exhibited the highest
percentages of Ca amount absorbed from fertilizer by plants (CaUE 47%) (Figure 3). In root
systems, 19% of the Ca applied with the fertilizer was found in fibrous roots despite having
a lower biomass (only 10% of the total) than coarse roots. This behavior demonstrates that
the Ca derived from the fertilizer (44Ca) was localized mainly in sink organs.
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3.3. Effect of Ca Fertilization on Ca Partitioning in Different Forms in Citrus Trees

Ca exists in plants in a number of forms, including Ca(NO3)2, Ca pectate, Ca phos-
phate, Ca oxalate, Ca carbonate (CaCO3) and undissolved Ca compounds, such as Ca
silicate [49]. Given the importance of the relation between free Ca and bound Ca, a se-
quential extraction process was employed to isolate four Ca fractions separated in order of
increasing insolubility: soluble Ca, bound Ca (mainly in the form of pectates and carbon-
ates), inorganic insoluble Ca (predominantly phosphates), and finally, organic insoluble
Ca or oxalate. This fraction is particularly pertinent due to the considerable presence of
calcium in plants as precipitated calcium oxalate.

To determine the effect of Ca fertilization on Ca partitioning, the Ca content in the
fractions in “Salustiana” orange trees was evaluated at the beginning of the trial (Table 5),
prior to Ca treatment and also during vegetative lethargy, after applying the fertilization
with Ca (Table 6). During lethargy, total 44Ca partitioning was also analyzed (Table 7).

Table 5. Total Ca partitioning (percentage) in different forms of “Salustiana” orange trees harvested
at the beginning of the trial Z.

Tree
Compartment

Fraction I
NO3/Cl

Fraction II
Pectate

Fraction III
PO4/CO3

Fraction IV
Oxalate

Old leaves 0.29 66.36 15.61 13.94
Old branches 0.34 42.07 14.17 35.05

Trunk 0.69 41.94 14.45 40.04
Coarse roots 0.58 40.07 19.28 35.17
Fibrous roots 0.38 32.94 34.72 20.58

Z Each value is an average of three plants.

Table 6. Total calcium partitioning (percentage) in different forms of the main organs of “Salustiana”
orange trees harvested in January at dormancy (uptake trial with and without Ca) Z.

Calcium Form
Tree Compartment

Fraction I
NO3/Cl

Fraction II
Pectate

Fraction III
PO4/CO3

Fraction IV
Oxalate

T1-Ca T2 SD T1-Ca T2 SD T1-Ca T2 SD T1-Ca T2 SD

Mature fruit 4.20 2.23 NS Y 41.95 56.05 * 18.38 21.3 NS 27.55 14.75 *
Autumn flush leaves 2.72 0.57 NS 48.51 54.30 * 20.01 15.51 NS 21.55 23.96 NS
Summer flush leaves 2.92 0.28 * 52.19 63.40 * 19.75 13.02 * 16.95 17.63 NS
Spring flush leaves 1.24 0.34 NS 55.53 63.47 * 18.22 13.69 * 16.76 16.83 NS

Autumn flush twigs 2.05 0.57 * 50.78 53.28 NS 18.67 13.12 NS 21.47 27.36 NS
Summer flush twigs 2.39 0.73 * 52.67 49.22 NS 17.79 16.55 NS 19.25 27.85 NS
Spring flush twigs 1.55 0.39 NS 53.54 48.27 NS 16.36 15.01 NS 22.20 30.67 *

Abscised organs 1.46 0.31 NS 39.47 54.99 * 28.60 23.32 NS 23.10 15.72 NS
Old leaves 0.99 0.49 NS 59.29 62.71 NS 16.63 17.64 NS 14.99 13.50 NS

Old branches 2.48 0.59 NS 50.36 46.91 NS 17.84 14.30 NS 22.35 32.53 *
Trunk 2.66 0.42 * 45.58 39.21 NS 18.34 15.83 NS 25.45 38.88 *

Coarse roots 2.07 0.47 NS 42.28 41.79 NS 20.90 20.77 NS 28.04 31.32 NS
Fibrous roots 0.63 0.61 NS 29.87 36.88 * 40.38 41.30 NS 22.36 15.37 NS

Z Each value is an average of three plants. Ca percentage in each fraction in relation to the total Ca content. Y SD:
Significant effect of Ca application is given at p ≤ 0.05 (*) and not significant at p > 0.05 (NS).

Throughout both periods analyzed and the total and labeled Ca partitioning, regard-
less of Ca application, Fraction II was the largest fraction in most “Salustiana” orange tree
organs, while Fraction I was the smallest. These findings agree with previously reported
data [50,51].

The application of Ca fertilization affected partitioning in different organs. Fraction IV
(insoluble Ca) was larger in the spring flush twigs and in the old branches and trunks of
plants without Ca (T2) (Table 6). Such detriment was reflected as a slight increase in the other
fractions, with significant differences only observed in Fraction I for the trunk. In Ca-treated
plants, this indicates that there was a higher Ca content in more soluble forms in laminar
tissue, which was then translocated to sink organs, such as new sprouting leaves and fruit.
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Table 7. Total labeled Ca partitioning (% 44Ca) in different forms of the main organs of “Salustiana”
orange trees harvested in January at dormancy (uptake trial with Ca) Z.

Calcium Form
Tree Compartment

Fraction I
NO3/Cl

Fraction II
Pectate

Fraction III
PO4/CO3

Fraction IV
Oxalate B: Fractions X

Mature fruits 1.99 A A Y 48.63 C ab 20.37 B a 25.73 B c 0.0000 *
Autumn flush leaves 1.05 A a 55.89 C cd 21.41 B ab 18.27 B bc 0.0000 *
Summer flush leaves 1.88 A a 55.78 C cd 23.80 B ab 14.94 B ab 0.0000 *
Spring flush leaves 0.90 A a 58.24 C cd 19.54 B a 18.01 B bc 0.0000 *

Autumn flush twigs 0.74 A a 59.94 D cd 22.27 C ab 13.53 B ab 0.0000 *
Summer flush twigs 1.56 A a 62.04 D d 21.18 C a 11.84 B ab 0.0000 *
Spring flush twigs 1.55 A a 62.61 D d 19.42 C a 13.93 B ab 0.0000 *
Abscised organs 1.03Y A a 43.81 C a 28.15 B cd 23.97 B c 0.0000 *

Old leaves 0.81 A a 58.69 C cd 18.76 B a 18.55 B abc 0.0000 *
Old branches 1.95 A a 62.79 D d 22.30 C ab 9.71 B a 0.0000 *

Trunk 1.48 A a 61.97 D d 22.21 C ab 11.25 B ab 0.0000 *
Coarse roots 0.88 A a 57.46 C cd 25.80 B bc 13.16 A ab 0.0000 *
Fibrous roots 0.50 A a 40.53 D a 32.40 C d 23.28 B c 0.0000 *

A: organs X 0.6438 NS 0.0001 * 0.0001 * 0.0082 *

Z Each value is an average of three plants. Total labeled Ca partitioning (percentage) in each fraction in relation to
the total 44Ca content. Y Capital letters show significant differences among fractions in each organ, and lowercase
letters show significant differences among organs in each fraction. X SD: Significant effect of Ca application is
given at p ≤ 0.05 (*) and not significant at p > 0.05 (NS).

The results also showed that annually developed organs (abscised organs, mature
fruits, spring, summer and autumn flush leaves, and fibrous roots) from the trees fertilized
with Ca exhibited a significantly lower percentage of Fraction II compared to the trees
without Ca. This decrease was reflected only as a significant increase in Fraction IV for the
mature fruits fertilized with Ca. Accordingly, the Ca supply in T1-Ca plants covered the Ca
needs in Fraction II, which allowed the extra Ca supply to be utilized for other functions in
leaves. As a result, these findings indicate that newly developed organs, such as leaves,
prioritize the formation of cell walls. Fertilization with Ca enables a larger amount of
soluble Ca to be passively transported to areas of higher transpiration, such as leaves. The
increase in [Ca2+]apo adjacent to the guard cells regulates stomatal aperture [52]. At higher
concentrations, extracellular Ca2+ is involved in regulating stomatal aperture by directly
influencing water channels to slow down aperture change [53]. Moreover, the increase in
Ca-pectate content due to Ca fertilization would contribute to greater fruit firmness, since
in other crops, a relationship has been observed between the calcium concentration in this
fraction and fruit firmness [54].

The highest percentage of Fraction III in T1-Ca trees was observed in all leaves, which
developed during the growth cycle, with significant differences in summer and spring
leaves. This indicates that a greater soluble Ca flux in the leaves allows for a larger amount
of Ca to be deposited in cell membranes in the form of phosphates or carbonates or as
part of Ca-binding proteins (Fraction III). Among these proteins, calreticulin plays a role
in intracellular Ca2+ homeostasis by modulating endoplasmic reticulum Ca2+ storage and
transport [55]. It has also been reported that changes in intracellular Ca2+ levels may
activate Ca2+-dependent protein kinases (CDPK), calmodulin (CaM) and calcineurin B-like
(CBL) proteins, which are involved in regulation of the water channels and subsequent
stomatal movement [56]. These results suggest that T1-Ca trees may have improved
vegetative development by exhibiting a wide distribution of Ca fractions in their leaves,
which potentially leads to an enhanced photosynthesis rate. Indeed, as illustrated in Table 3,
T1-Ca plants exhibited significantly higher DW values (128.18 g) compared to those without
Ca supplementation (T2) (117.83 g).

Regarding the fibrous root organ (Table 6), T1-Ca plants—compared with T2 plants
without Ca—had the lowest Ca proportion in Fraction II and the highest Ca proportion in
Fraction IV (the latter exhibiting no significant differences). However, when considering
the Ca content (Table 3), the percentages of Fraction II corresponded to 125.5 mg and
124 mg of Ca-pectate in the trees with and without Ca, respectively. Therefore, it is
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likely that Ca-pectate saturation in the fibrous roots of cv. “Salustiana” fell within the
range of approximately 125 mg of Ca-pectate. Once this concentration is reached, fibrous
roots store Ca in other forms. This phenomenon was observed in T1-Ca plants, which
exhibited a higher percentage of Fraction IV. The formation of Ca-oxalate (Fraction IV)
and the presence of oxalic acid are possibly influenced by ionic balance because crystal
formation dynamically fluctuates according to free Ca availability [20,57]. These results
are consistent with the findings of Schadel and Walter [58] and of Gouveia et al. [59], who
reported that sweet potatoes can increase Ca-oxalate levels as a mechanism to isolate high
Ca accumulation.

Fraction II mainly represents the Ca present in the cell wall, which participates in
cross-linking negative charges, especially in the carboxylic residues of pectins [60]. The
Ca-pectate structure is abundant in the middle lamella and in cell corners, where it can
retain or even attract proteins with an affinity for it [61]. Aghdam et al. [62] reported that
this fraction accounts for 60–75% of the total tissue Ca2+content, which serves as the largest
calcium pool in plant tissue. In the present study, however, only old leaves at the beginning
of the trial (Table 5) and old leaves (spring and summer flush leaves) without Ca treatment
at the end of the study period (Table 6) accounted for over 60% of the total Ca content. This
suggests that as the leaves mature in citrus trees, the primary function of Ca is structural,
while this element is required for more functions in other organs.

Among the evaluated organs, independent of Ca treatment, Fraction II increased as
it moved further away from the coarse roots and eventually reached the old leaves. This
increase was primarily attributed to a decrease in Fraction IV. It has been suggested that
Ca-oxalate crystals (Fraction IV) play a functional role in excess Ca excretion because these
crystals are found in the organs or tissues, which will be discarded, thus facilitating the
elimination of excess Ca [15]. Therefore, the results showed that the older the organ is, the
longer it will have had to accumulate Ca in Fraction IV. The lower percentage of Ca-pectate
in roots than in the upper parts of the plant, which turn into old leaves, has also been
observed by Schmitt et al. [63] in beech trees (Fagus sylvatica L.). These authors suggested
that if the Ca circulating in the xylem sap will undergo ion exchange processes and will
preferentially bind to the pectins in the middle lamella of the wood cell wall, then the
suction for the xylem sap circulation in old wood would be greater than that for the xylem
sap circulation in younger branches. Thus, lower sap circulation could be the result of a
larger number of binding sites, which could result in higher Ca-pectate values (Fraction II)
at the end of the pathway.

Moreover, Fraction II was smaller in young organs (leaves and twigs) than in old
leaves, which favored an increase in Fraction IV (Table 6). The highest percentage of the ox-
alate fraction in young leaves can be explained in agreement with Giannopoulos et al. [64].
These authors established that the formation of inclusions of Ca oxalate crystals or idioblasts
containing Ca carbonate takes place at very early development stages, with a maximum den-
sity of idioblasts observed in very young leaves. This is in agreement with our results, since
Fraction II increased as the leaves matured. This can be explained by increased cell-wall Ca
requirements in developing cells and by the transformation of the small leaf primordium
into a mature leaf, which is controlled by at least six distinct processes: cytoplasmic growth,
cell division, endoreduplication, transition between division and expansion, cell expansion,
cell differentiation into stomata, vascular tissue and trichomes [65].

Similar to the content observed in total Ca (Table 6), regarding 44Ca content, Fraction II
(Ca-pectates) was the main significant fraction observed in most organs (Table 7), followed by
Fraction III (Ca-phosphate/Ca-carbonates). Fraction II exhibited higher levels in the woody
tree parts (i.e., twigs, branches, trunk, coarse roots). Notably, the closer the region was to the
zone of labeled Ca entry, the more significant the increase in 44Ca percentage in Fraction II it
exhibited. For instance, in fibrous roots, Fraction II constituted 29.87% of the total Ca content
(Table 6), while Ca derived from the fertilizer represented 40.53% of the total 44Ca content
(Table 7). The higher 44Ca percentage in these organs supports limited mobility, since Ca is
transported passively through transpiration processes from roots to shoots.
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Additionally, in fibrous roots, Fraction III exhibited the highest percentage of 44Ca
compared to the other organs analyzed. Ca2+ absorption occurs primarily at the apical and
lateral root sites. When the Casparian band is absent or disrupted, Ca2+ must be taken up
through the apoplastic pathway [2]. However, when the impermeable Casparian band is
present, Ca2+ movement to the xylem must occur via the symplastic pathway [6]. In both
cases, Ca2+ entry in the xylem parenchyma cells is mediated by the membrane transporters
associated with Ca2+, including Ca channels, cation/H+ antiporters and ATPases [66],
which represent an important part of Fraction III. The presence of Ca2+-ATPases in the
plasma membrane of root cells has been demonstrated both biochemically and electrophys-
iologically [67]. It has also been reported that Ca promotes increased ATPase activity [68],
which would explain why Ca-phosphate (Fraction III) was predominant in fibrous roots,
since Ca2+-ATPases are rich in P.

The lowest 44Ca percentage in Fraction IV was found in old branches, with 9.71%. This
is because these tissues do not need significant precipitation of the Ca incorporated during
the season in the form of calcium oxalate crystals—either because the Ca concentration in
the sap is high and the cation-exchange complex of the xylem wall is saturated, which leads
to substantial Ca movement to the upper part of the plant, or because the vacuoles already
contain a considerable amount of Ca oxalate to maintain cell homeostasis [69]. However, in
fibrous roots, the 44Ca percentage in Fraction IV (23.28%) was similar to that observed in the
previous total Ca content (22.36%). This suggests that the Ca oxalate crystals accumulate in
roots, especially in the cells associated with xylem or near this tissue and are prone to their
Ca reserves being mobilized and transported over short distances via the apoplast until
they reach tracheary cells, as reported by Paiva [15] previously.

In leaves, twigs and fruit, the 44Ca percentage in the different fractions was similar to
that determined in the total Ca of T1-Ca plants, with the majority being present in Fraction
II, followed by Fractions III and IV together.

In summary, 44Ca distribution in the different fractions showed variations compared
to the total Ca distribution in existing tree tissues. However, the 44Ca fractions’ percentages
followed the same distribution pattern in the newly formed tissues during the current season.

4. Conclusions

Citrus plants, typically growing in calcareous soils, exhibited enhanced growth when
subjected to calcium applications, suggesting a positive correlation between calcium sup-
plementation and increased development. Therefore, the total Ca content rose in the entire
plant and in some organs during both trials due to the larger biomass obtained with Ca
supply. Ca derived from the fertilizer (44Ca) was localized mainly in sink organs both
above (new flush leaves and twigs) and below (fibrous roots) ground plant.

For total Ca partitioning in different forms, the most abundant fraction corresponded
to Ca pectates (Fraction II), followed by Fractions III or IV. The lowest values were found in
Fraction I in the most soluble fraction form. However, 44Ca partitioning in the different
fractions showed variations compared to the total Ca distribution in existing tree tissues.
The percentages of these fractions followed the same distribution pattern in the newly
formed tissues during the current season.

Moreover, it was observed that Fraction I, which corresponds to soluble calcium,
was lower in the labeled calcium with respect to total calcium. This indicates that the Ca
supplied during the year is arranged within the plant in a less insoluble form (phosphates,
pectates and oxalates). In addition, it also shows that there is an active Ca metabolism in
the plant, since the Ca already present is remobilized.

This research sheds light on the essential role of calcium in plant growth and high-
lights the significance of proper Ca supplementation for enhancing plant biomass. By
understanding the mechanisms of Ca partitioning, fertilizer application methods could be
optimized and contribute to more efficient agricultural practices.
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