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Abstract

The effects of arbuscular mycorrhizal fungi (AMF) inoculation on the chemical composition
of the fruits and cladodes of two Opuntia ficus-indica cultivars, characterized by their red
and yellow fruit color, were investigated under field conditions. AMF treatment was
found to significantly influence the concentration of phytonutrients in the fruits. The
concentrations of betacyanin and betaxanthin increased by 1.2- and 1.9-fold in red and
yellow fruits, respectively. The polyphenol content increased by 50%, with piscidic acid
being the most abundant polyphenol in the red fruits. A similar increase in ascorbic acid
was observed in the yellow fruits. Regarding the cladodes, AMF treatment was found to
significantly affect macronutrient levels, with glucose and fructose contents being 90% and
34% higher, respectively. Additionally, cladodes from plants grown with AMF inoculation
showed a 20% increase in ascorbic acid and phosphorus. These results demonstrate cultivar-
and part-of-plant-dependent effects of AMF inoculation and confirm the nutritional and
sustainable potential of Opuntia ficus-indica, particularly when coupled with mycorrhizal
biofertilization practices.

Keywords: betaxanthin; betacyanin; piscidic acid; food dye; fodder

1. Introduction
The Mediterranean basin has been identified as a climate change “hot spot” and is

particularly vulnerable, facing several climatic constraints [1]. Among emerging crops that
require little water and generate a reasonable profit, prickly pear (Opuntia ficus-indica) stands
out due to its many advantages [2,3]. Environmentally, it plays a key role in controlling
soil erosion through its root system, which enhances soil properties [4]. In addition, it is a
honey plant, and its fruits are edible. The global market for prickly pear fruit is expanding,
with annual production exceeding 400,000 tonnes in countries such as Mexico and Italy.
This growth is driven by increasing consumer interest in functional and exotic fruits [5,6].
Although it is currently only commercially viable in a few countries, such as Mexico,
Italy, and South Africa, Opuntia ficus-indica has the potential to generate both income and
employment when supported by structured value chains and effective marketing. In
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Mexico, for example, cactus pear cultivation provides a primary or supplementary source
of livelihood for around 20,000 families [7]. In Tunisia’s semi-arid zones, recent studies have
reported yields of 10–40 t of cladodes and 1–5 t of fruit per hectare. This level of production
corresponds to an estimated net economic return of approximately USD 800 per hectare for
farmers. Nearly 50% of the cladodes are used as livestock feed, reducing feed costs and
highlighting the plant’s role in improving farm resilience and household income [3]. Prickly
pear fruits have a sweet flavor and mild aroma, with a soluble solids content typically
ranging from 12 to 16◦ Brix, making them attractive for both fresh consumption and
industrial processing. The economic relevance of both the fruit and the cladodes continues
to grow due to their nutritional properties, drought tolerance, and their applications in
the food, cosmetic, and pharmaceutical industries [8–10]. The two most commercially
important Opuntia ficus-indica varieties for fruit consumption are those with orange skin
and yellow pulp (“Gialla”, meaning “yellow” in Italian) and those with red peel and pulp
(“Rossa”, meaning “red”), widely cultivated in Mediterranean countries such as Italy [8,11].
The traits arise from the various combinations of betaxanthins, which are yellow-orange
pigments, and betacyanins, which range from red to purple [12]. Prickly pear fruits are
recognized for their interesting phytonutrient content, particularly antioxidants such as
flavonols (e.g., quercetin derivatives) and phenolic acids (e.g., piscidic and ferulic acids),
which contribute to their potential as functional foods [13–16]. The cladodes (pads) of
Opuntia ficus-indica also offer significant nutritional value for humans and animals. Young
cladodes, known as ‘nopalitos’, are traditionally eaten as vegetables in Latin America [17,18].
In livestock feeding systems, particularly in arid and semi-arid regions, mature cladodes
are used as a valuable source of forage, providing animals with water, carbohydrates, and
minerals while improving the resilience of agriculture in areas prone to drought [19]. These
multifaceted uses highlight the importance of Opuntia ficus-indica as a sustainable crop with
significant agronomic and nutraceutical relevance.

More sustainable cultivation practices, such as mycorrhizal biofertilization, are emerg-
ing. This practice consists of using biofertilizers formulated with arbuscular mycorrhizal
fungi (AMF), which are known to play a key role in improving water regulation in plants
through several mechanisms [20]. These fungi stimulate the production of phytohormones
that enhance stress tolerance and improve plant water status. For example, they increase
the synthesis of abscisic acid, a key hormone in water stress management that regulates
stomatal closure [21]. In addition, they stimulate the production of osmolytes, regulators of
osmotic pressure, and the regulation of aquaporins, which promote hydraulic conductiv-
ity [22]. The effects of AMF inoculation on plant growth and stress responses can vary both
in their nature and intensity, depending on the host plant. Different plant species—and
even different cultivars within a species—may therefore exhibit variable responses to AMF
colonization [23]. Some studies have shown that this practice can modulate the physiologi-
cal performance of plants but also change the chemical composition of their various parts,
especially the fruits [24,25]. Indeed, it was demonstrated that mycorrhizal inoculation
of tomato plants subjected to water stress mitigates the negative effects of drought. This
resulted in increased sugar levels in fruits and stimulation of vegetative growth, as well
as improved accumulation of osmolytes and mineral nutrients, contributing to increased
yield [26]. As a hardy crop traditionally grown without fertilizers, cactus represents a
particularly suitable candidate for biofertilization. However, investigations into their inter-
actions with AMF remain scarce. Previous research has primarily focused on physiological
response to AMF inoculation and cladode biomass production under drought stress, but
no studies have investigated the effect of this treatment on fruit chemical composition.
Moreover, most studies have concentrated on nutrient supply and mineral absorption,
reporting reductions in drought-induced stress markers, but exclusively in cladodes [27,28].
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The present study therefore aims to investigate the effect of AMF inoculation on both
cladode and fruit chemical composition, providing a more comprehensive understanding
of the effect of AMF inoculation on the whole plant. Specifically, this study seeks to assess
the impact of AMF inoculation on key nutrients and phytonutrients that are relevant to
human and animal nutrition, as well as their potential applications in the food industry.

2. Material and Methods
2.1. Chemicals

All products, including the solvents (ethanol, methanol, acetonitrile), acids (sulfuric,
formic, hydrochloric, nitric), hydrogen peroxide, sodium lauryl sulfate, α-amylase, protease,
ethylenedinitrilotetraacetic acid (EDTA), sodium borate, sodium hydrogen phosphate,
triethylene glycol, cetyltrimethylammonium bromide, sodium hydroxide, and standards
(glucose, fructose, sucrose, piscidic, and ascorbic acids), were bought from Sigma-Aldrich
(Saint-Louis, MA, USA).

2.2. Experimental Design

The experimental study was carried out in two commercial prickly pear orchards at
the Governorate of Nabeul (northeastern Tunisia). The experimental sites are situated in
the superior semi-arid bioclimatic stage according to Emberger’s climate classification. The
first orchard covers approximately 245.5 m2 (36.302304◦ N, 10.3542◦ E) and is characterized
by sandy soil. It included 12 prickly pear plants, evenly divided into six AMF-inoculated
and six non-inoculated ones. In this orchard, the spacing between the plants was 3.5 m.
The second orchard was larger, with an area of 1010.07 m2 (36.3123◦ N, 10.3323◦ E) and
characterized by silty clay soil. In this site, 12 inoculated and 12 non-inoculated plants were
considered. In this orchard, the spacing between the plants was 5.5 m. Both sites followed
a complete block experimental design with two treatments: inoculated and non-inoculated
plants. Inoculation was performed with an artisanal mycorrhizal biofertilizer prepared in
the horticultural science laboratory (LSH-INAT, Tunis, Tunisia). It is a granular formulation
(20 propagules/g) composed of native Glomus spp. (G. deserticola and G. constrictum) mixed
with sand and perlite. In November 2022, 250 g of inoculum were added in a hole at 25 cm
of depth and 50 cm from the plant stem on both sides, so 500 g per plant were applied.
Harvesting was conducted one year later, in November 2023. All plants were maintained
under uniform cultural practices within each site, minimizing orchard variability.

2.3. Plant Material

All plant material was harvested from the two experimental fields. Sampling of all the
prickly pear plants among the two treatments: inoculated (with AMF) and non-inoculated
(controls). For each plant, five fruits were collected from all the canopies. The fruits were all
collected from the external part of the canopy at a human-length level in order to guarantee
the same sun exposure for all the collected fruits. The fruits were separated according to
their color, and only the largest ones were kept (mass ≥ 50 g). Since the plants produced
mostly red fruits, 18 red fruits with AMF inoculation were used for analysis, along with
18 red fruits (Rossa) for the control. The yellow fruits being less common, 9 fruits (Gialla)
with AMF inoculation were used and 9 for the control. In addition, 12 samples of 100 g
cladodes were taken from each treatment. Samples were put in polyethylene bags and
directly frozen at −20 ◦C.

2.4. Sample Preparation

Fruits were peeled, crushed, and sieved through a kitchen colander to separate the
juice and the seeds. For each sample, the peels, juices, and seeds were weighed to calculate
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the Juice/Fruit (J/F) and Seed/Fruit (S/F) ratios. The cladodes were crushed into a puree
using a Thermomix (GM6, Vorwerk, Wuppertal, Germany). Juice and puree were sealed in
plastic bags under vacuum and stored in the dark at −20 ◦C until analysis. A portion of the
juice and crushed cladodes was freeze-dried in a freeze-dryer SMH15 (Usifroid, Élancourt,
France) to carry out some specific analyses.

2.5. Proximal Composition

Moisture content, complementary to dry matter, was obtained by gravimetry, ac-
cording to the AOAC method 925-09. Total soluble solid was determined by the AOAC
method 932-12 using a digital refractometer (PAL-1, ATAGO, Tokyo, Japan). The pH was
determined according to the AOAC method 981-12. Finally, the titratable acidity was
measured according to the AOAC method 942-15 by potentiometric titration with NaOH
(0.1 mol·L−1) up to pH 8.1 of a 5 mL (for prickly pear juice) homogenized sample mixed
with 25 mL of deionized water. The results were reported in g of citric acid·100 mL−1 or in
g·100 g−1 of the sample [29].

Ash, nitrogen, and fibers were determined on freeze-dried samples. The ash content
was determined by igniting 10 g dried samples in a muffle furnace (P330, Nabertherm,
Lilienthal, Germany) at 550 ◦C for 4 h according to the AOAC method 942-05.

Total nitrogen content of all samples was determined by the Dumas combustion
method according to the AOAC 990.03 method using a nitrogen analyzer (TruMac, Leco,
Joseph, MI, USA). A conversion factor of 6.25 was used to estimate the concentration
of proteins.

Fiber contents were obtained by difference for the fruits because of the low content of
fiber expected in the fruits, while cladode fiber contents were measured according to the
method of Van Soest. [30,31]. A precise quantity of perfectly homogeneous freeze-dried
cladode puree (between 0.7 and 1 g) was weighed into macro-porous bags (F57, Ankom
Technology, Macedon, NY, USA). Thereafter, all the methods were carried out in a FiberSac
Ankom200 equipment (FiberSac Ankom200, Ankom Technology, Macedon, NY, USA). The
samples were first subjected to consecutive enzymatic macerations to purify the fibers.
First, the bags were immersed in a 1 mL·L−1 FAA thermostable alpha-amylase solution for
25 min at 100 ◦C. After cooling and rinsing twice with ultrapure water, the samples were
immersed in a protease solution > 1000 U·L−1 for 15 min at 38 ◦C. The samples were then
washed twice with ultrapure water before Neutral Detergent Fiber (NDF) measurement.
To do so, 60 g of sodium lauryl sulfate was weighed directly into 800 mL of ultrapure water
and mixed gently until completely dissolved. Then, 37 g EDTA, 13.6 g sodium borate,
and 9.1 g sodium hydrogen phosphate were added and mixed, and the total volume was
increased with 800 mL more ultrapure water. Finally, once the reagents were perfectly
dissolved, 20 mL of triethylene glycol was added, and the solution was filled to 2 L with
ultrapure water and adjusted to a pH between 6.9 and 7.1. The samples were immersed
in this solution for 1 h 15 min at 100 ◦C, cooled, and rinsed 5 times with ultrapure water.
The humid samples were dried at 103 ◦C at night and weighed before Acid Detergent
Fiber (ADF) analysis. To do so, 40 g of cetyltrimethylammonium bromide was dissolved
in 1 L of 0.5 mol·L−1 sulfuric acid. Once dissolved, the volume was adjusted to 2 L with
0.5 mol·L−1 sulfuric acid. The residues of NDF were immersed in this solution for 30 min
at ambient temperature to rehydrate the samples. Then, the temperature was increased
to 100 ◦C, and the treatment lasted 1 h 15 min. Thereafter, the samples were cooled and
washed 5 times with ultrapure water. The humid samples were dried at 103 ◦C at night
and weighed before Acid Detergent Lignin (ADL) measurement. In this last step, the ADF
residues were immersed in 72% sulfuric acid for 3 h. Samples were then rinsed 5 times
with ultrapure water (until water was neutral), dried at 103 ◦C overnight, and weighed.
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2.6. Sugar and Ascorbic Acid Analysis

Glucose, fructose, sucrose, and ascorbic acid contents were determined using an HPLC
system (1100 HPLC, Agilent, Santa Clara, CA, USA) equipped with RI and UV detectors. A
column 300 × 8 mm (SH1011, Shodex, Yokohama, Japan) with a mobile phase composed of
H2SO4 (0.1%) in water was used at an isocratic flow of 0.7 mL·min−1 and at 40 ◦C. Injection
volume was 10 µL, and spectrophotometric detection was set at 210 and 245 nm. The RI
detector was set at 50 ◦C. Opuntia fruit juices were directly injected after filtration using a
0.45 µm syringe filter (Satorius, Göttingen, Germany). Cladode purees were subjected to
extraction with ethanol before injection. To do so, 2 g of puree was mixed with 10 mL of
80% ethanol for 20 min at 70 ◦C. After centrifugation at 10,000× g for 10 min and at 20 ◦C
(Avanti-JE centrifuge, Beckman coulter, Brea, CA, USA), the supernatant was collected. The
extraction was performed twice, and the supernatants were pooled and filtered through
a 0.45 µm syringe filter (Satorius, Göttingen, Germany) before injection. Sugar recovery
was ≥98%.

For sugars, the LODs (in g/L) were 0.2 for glucose and 0.3 for both fructose and
sucrose. LOQs were 0.6 g/L for glucose and 0.9 g/L for fructose and sucrose. For ascorbic
acid, the LOD and LOQ (in mg/L) were 9 and 28, respectively.

2.7. Polyphenols and Betalains

Polyphenols, betalains, and pigments were analyzed following the Tamba et al. (2019)
method [32]. Separation was realized using a chromatography (1260 HPLC, Agilent, USA)
equipped with a diode array detector. A volume of 20 µL was injected through an Upti-
sphere C18 250 mm × 4.6 mm × 5 µm column (Uptisphere, Interchim, Montluçon, France).
The pump was controlled as follows: Phase A, formic acid 1%; Phase B, acetonitrile. Flow
was set at 0.7 mL·min−1 and temperature at 30 ◦C. The gradient was fixed as follows: at
the initial time, 98% of A and 2% of B; stabilized at 2% B for 10 min; increased at 20% of B
from 10 to 30 min; to 40% B from 30 to 50 min; to 60% B from 50 to 70 min; to 80% B from
70 to 80 min; to 100% B from 80 to 90 min; and returned to the initial condition (2% B) in
5 min and maintained for 10 min (phase A is always complementary to B to reach 100%).
The UV-vis detector was set at 280 nm for polyphenols, 480 nm for betaxanthins, and 535 for
betacyanins. Calibration curves of piscidic acid and eucomic acid were calculated between
0.1 and 1 g.L−1 [32]. Betacyanin and betaxanthin calibration was performed by obtaining
concentrations from spectrophotometry (Specord 600, Jena, Germany) at 535 and 480 nm,
respectively. Betacyanin (MW = 550 g/mol) and Indicaxanthin contents (MW = 308 g/mol)
were calculated according to the Beer-Lambert law using 60,000 L·mol−1·cm−1 as the beta-
cyanin molar extinction coefficient in water and 48,000 L·mol−1·cm−1 as the indicaxanthin
one, after diluting until absorbance was between 0.2 and 1. Opuntia ficus-indica fruit juices
were directly injected after filtration using a 0.45 µm syringe filter (Satorius, Germany).
Cladode purees were subjected to 2 extractions with methanol before injection. To do so,
2 g of puree was mixed with 10 mL of 70% methanol for 15 min. After centrifugation at
10,000× g for 10 min and at 20 ◦C using the Avanti-JE centrifuge (c, USA), the supernatant
was collected. The extraction was performed twice, and the supernatants were pooled
and filtered using a 0.45 µm syringe filter (Satorius, Göttingen, Germany) before injection.
Polyphenol recovery was ≥96%.

Limits of detection (LOD) were as follows (in mg/L): 6 for both piscidic and eucomic
acids, and 1.5 and 4 for betanin and betaxanthin, respectively. Limits of quantification
(LOQ) were 20 mg/L for piscidic and eucomic acids and 4 and 13 mg/L for betanin and
betaxanthin, respectively.
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2.8. Mineral Composition

The mineral contents were analyzed on freeze-dried samples by inductively coupled
plasma mass spectrometry (Thermo Elemental, X-Series, Baden-Baden, Germany) following
the method described by [33]. Around 50 mg of the freeze-dried sample was digested
with HNO3:H2O2 (65:35, v/v) with a MARS Xpress microwave system (CEM Corporation,
Mathews, NC, USA). The digestion conditions were as follows: up to 120 ◦C for 15 min and
then constant for 10 min; up to 160 ◦C in 20 min and constant for 15 min; finally, samples
were cooled to 22 ◦C for 30 min and diluted to 25 mL with deionized ultrapure water. The
uncertainty of the measurement is about 10%. The limits of detection were in µg per g: 22.1
for calcium, 8.6 for potassium, 5.4 for sodium, 9.8 for phosphorus, and 0.5 for magnesium.
The limits of quantification were in µg per g: 321.0 for calcium, 39.0 for potassium, 14.0 for
magnesium, 35.0 for sodium, and 97 for phosphorus.

2.9. Statistical Analysis

Due to sample sizes being less than 50, a non-parametric Kruskal–Wallis test was used
to compare group means. When significant differences were detected, post hoc pairwise
comparisons were performed using the Bonferroni correction. To compare results between
treated and untreated cladodes, a Mann–Whitney U test was used. All analyses were
performed with Statistica software version 14.1.0. (Statsoft, Tulsa, OK, USA).

3. Results and Discussion
3.1. Fruits
3.1.1. Macroconstituents of Fruits from the Two Prickly Pear Phenotypes and Effect of
Mycorrhizal Biofertilization

The dry matter (DM) content of prickly pear fruits ranged from 8.23 to 9.59% for the
Gialla variety and from 9.02 to 10.69% for the Rossa variety (Table 1). These values closely
aligned with the total soluble solids (TSS) content, which ranged from 8.64 to 9.80% for
the yellow variety and from 9.08 to 10.27% for the red variety. This correlation is further
supported by findings in previous studies [34]. This similarity indicates that the majority
of the dry matter consists of soluble molecules. This composition was aligned with the
observation of the low viscosity of the juice extracted from the fruits. The values obtained
in this study fall within the lower range of DM and TSS reported in previous studies. For
example, TSS values ranging from 11.8 to 15.6% were observed in 25 fruit accessions from
Texas and Argentina [35]. Stintzing et al. (2003) also reported TSS values of 12.3% and
13.6% for the Gialla and Rossa varieties, respectively, indicating higher TSS and DM levels
in the Rossa variety, which is consistent with our observations [9]. Our lower DM values
could be attributed to variability in terroir or accessions or agricultural practices, as noted
in previous studies [8,35]. However, the pulp content found by Felker et al. (2005) was
approximately 45%, which aligns with our findings [35].

As expected, the main constituents of the dry matter of fruits were sugars and, more
particularly, glucose and fructose in similar amounts. Stintzing et al. (2003) and Melgar
et al. (2017) also found that the main sugars in cactus pears were glucose and fructose, with
glucose being slightly more predominant [9]. They also found a glucose/fructose ratio of 1.3,
identical for both Gialla and Rossa varieties. For the two cultivars, ash, proteins, and fibers
each accounted for approximately 6% of the dry matter. The main significant differences
between the cultivars, as presented in Table 1, were their acid profiles. The Rossa variety
exhibited a lower pH (5.63–5.74) compared to Gialla (6.01–6.37) and a significantly higher
titratable acidity, with values of 0.11–0.14%, versus 0.01–0.02% for Gialla. Additionally,
sucrose levels were higher in the Rossa variety. The mean sugar-to-acid ratio, as shown in
Table 1, was close to 80 for Rossa and exceeded 400 for Gialla. This result was similar to
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other studies that have demonstrated higher acidity in Rossa cultivars. This higher sugar-
to-acid ratio contributes to explaining the sweet taste of prickly pear fruit and highlights the
need to blend them with more acidic fruits before consumption to achieve a sugar-to-acid
ratio of around 10, which is often necessary for consumer preferences to achieve a balanced
sweet-sour flavor [9]. According to literature, the main acids are citric acids, representing
90% of the organic acids, followed by malic and lactic acids [15,36,37]. Succinic acid was
also found as a dominant acid along with citric acid in other studies, showing that the acid
profile may be region-dependent [38].

Table 1. Proximal composition (wet basis) of red and yellow fruits from prickly pear plants inoculated
with AMF or not (control). Data between brackets represent the standard deviation (for Rossa,
n = 18, and for Gialla, n = 9). Values in bold and bearing different letters for the same parameter are
significantly different (p < 0.05).

Treatment With AMF Control

Phenotype Gialla Rossa Gialla Rossa

Juice/Fruit ratio 0.44 (0.03) a 0.53 (0.08)a 0.37 (0.03) b 0.43 (0.11) a

Seeds/Fruit ratio 0.08 (0.01) 0.08 (0.02) 0.08 (0.01) 0.10 (0.02)

pH 6.01 (0.17) b 5.63 (0.16) a 6.37 (0.09) b 5.74 (0.16) a

Total soluble solids (%) 9.80 (0.75) 10.27 (2.71) 8.64 (0.25) 9.08 (0.91)

Dry matter (%) 9.59 (0.95) 10.69 (1.64) 8.23 (0.09) 9.02 (0.98)

Glucose (%) 4.34 (0.52) 3.29 (1.06) 3.70 (0.08) 3.77 (0.89)

Sucrose (%) 0.02 (0.01) b 0.10 (0.02) a 0.01 (0.01) b 0.08 (0.01) a

Fructose (%) 4.19 (0.61) 4.76 (1.49) 3.38 (0.10) 3.71 (0.79)

Titratable Acidity (%) 0.01 (0.01) b 0.14 (0.02) a 0.02 (0.01) b 0.11 (0.02) a

Ash% 0.81 (0.38) a 0.80 (0.08) a 0.44 (0.06) b 0.64 (0.06) a

Protein (%) 0.70 (0.07) 0.80 (0.08) 0.61 (0.06) 0.57 (0.06)

Estimated Fibers (%) 0.45 (0.29) 1.22 (0.55) 0.33 (0.12) 0.86 (0.50)

The effect of mycorrhization on the macroconstituents of the fruits was minor and was
only observed in terms of ash content and the juice-to-fruit ratio for the Gialla phenotype.
The ash content of mycorrhized fruits was higher, at 0.8%, compared to 0.44% for Gialla
fruits that were not treated. This suggests that mycorrhization enhances the mineral content
of the yellow phenotype without causing a concentration effect, as the fruit’s juiciness
increases. This effect is likely due to improved root system development facilitated by
filamentous fungi [39].

3.1.2. Effect of Mycorrhizal Biofertilization on the Micronutrient Contents

Figure 1 and Table 2 illustrate the effect of variety and mycorrhizal biofertilization
on the main phyto-micronutrients. These phytonutrients include pigments (betaxanthins
for the Gialla variety and betacyanins and betaxanthins for the Rossa variety), as well as
ascorbic acid and polyphenols.

The mean of the total pigment content was 45 mg·L−1 for Rossa and 75 mg·L−1 for
Gialla. The yellow phenotype exhibited a higher amount of betalains than the red ones.
These values are close to that found previously of a total of 75 mg·kg−1 and 95 mg·kg−1

of edible pulp for the red and yellow varieties, respectively [36]. The main betaxanthin
of prickly pears is indicaxantin. According to Butera (2002) [36], the ratio of betanin to
indicaxanthin is around 1:8 (w:w) in the yellow fruit to 2:1 (w:w) in the red one. In our case,
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the yellow variety did not contain any betacyanin, while the red cultivar contained around
15 mg·L−1 betaxanthin, which makes a betanin-to-indicaxanthin ratio of 2:1, as observed
by Butera et al. (2002) [36].

Figure 1. Phyto-micronutrient contents (mg·L−1, wet basis) in red and yellow fruits from prickly
pear plants inoculated with AMF or left untreated (Control).

Table 2. Phyto-micronutrient content (wet basis) of red and yellow fruits from prickly pear plants,
inoculated with AMF or left untreated (Control). Data between brackets represent the standard
deviation (for Rossa, n = 18, and for Gialla, n = 9). Values in bold and bearing different letters for the
same parameter are significantly different (p < 0.05).

Treatment With AMF Control

Phenotype Gialla Rossa Gialla Rossa

Ascorbic Acid mg·L−1 206 (30) a 26 (6) b 136 (15) b 64 (30) b

Piscidic Acid mg·L−1 33 (4) b 99 (13) a 35 (4) b 55 (15) b

Eucomic Acid mg·L−1 10 (4) 21 (10) 7 (1) 10 (5)

Polyphenols mg·L−1 130 (12) b 232 (35) a 121 (14) b 159 (35) b

Betacyanin mg·L−1 ND 46 (19) a ND 21 (10) b

Betaxanthin mg·L−1 111 (20) a 18 (7) b 38 (8) b 13 (3) b

P (mg·100 mL−1) 23 (1) 22 (7) 22 (1) 21 (7)

K (mg·100 mL−1) 237 (9) b 345 (49) a 250 (16) a,b 326 (74) a

Ca (mg·100 mL−1) 36 (2) b 84 (21) a 51 (3) a,b 80 (32) a

Mg (mg·100 mL−1) 24 (4) 28 (8) 37 (2) 27 (7)

Na (mg·100 mL−1) 1.00 (0.01) 0.90 (0.01) 1.10 (0.01) 0.80 (0.01)

The effect of mycorrhization on pigment contents was significant. Indeed, for beta-
cyanin in Rossa, the content was higher (46 mg·L−1) in fruits of mycorrhized plants com-
pared to non-mycorrhized ones (21 mg·L−1). For indicaxanthin in Gialla, it was also higher
in fruits from mycorrhized plants (111 mg·L−1) compared to those from non-mycorrhized
ones (38 mg·L−1). The effect of increased pigment content due to mycorrhization has never
been studied for prickly pear fruits. This increase in pigments due to mycorrhization has
been proven on other types of pigments, i.e., anthocyanin in strawberries [25]. Therefore,
mycorrhization could increase pigment content, whether directly or indirectly, by stimulat-
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ing the metabolic pathways of pigment synthesis in the plant [25]. This effect of enhancing
pigment accumulation is interesting. Indeed, prickly pears may be of interest for natural
food dye applications, as they lack the earthy taste associated with beetroot, the main
source of betacyanin used in the food industry to color low-acid foods [9,40].

A higher ascorbic acid content was observed in Gialla fruits. While Stinzing et al.
(2003) reported similar levels in red and yellow varieties, Reis et al. (2017) found higher
levels of ascorbic acid in white, yellow, and orange O. ficus-indica phenotypes [9,41]. AMF
treatment increased the ascorbic acid content of the Gialla variety by 50%.

Regarding polyphenols, the red variety exhibited a higher phenolic content, averaging
200 mg·L−1 compared to 120 mg·L−1 in the Gialla variety. These values are lower than
that found in the literature (350 to 650 mg·L−1) [42]. However, these last values were
obtained by the Folin–Coicalteu method, which usually gives overestimated polyphenol
contents in comparison to that obtained by HPLC [43]. Indeed, the spectrophotometric
Folin–Ciocalteu method is not entirely specific to polyphenols; it also reacts with other re-
ducing compounds such as ascorbic acid, sugars, and amino acids. Mycorrhization also had
a significant impact on polyphenols, with a positive effect on the Rossa variety (p < 0.05).
The increase in phenolic compounds due to biofertilization was already reported on toma-
toes [44]. Notably, ascorbic acid is the primary antioxidant in yellow varieties, whereas
polyphenols predominate in red varieties. Furthermore, it is worth noting that our AMF in-
oculation enhanced the concentrations of both. This trend may be due to these compounds
acting as defense molecules following the establishment of mycorrhizal colonization in
the plant. Regarding the polyphenol profile, the main compounds were phenolic acids,
particularly piscidic acid, accounting for 50% of the total polyphenols, as can be seen in
Figure 2. Mena et al. (2018) [15] conducted an exhaustive analysis of six Spanish cultivars,
identifying 16 flavonols and 12 phenolic acids. García-Cayuela et al. (2019) identified
17 phenolic compounds, primarily flavonoid glycosides, with piscidic acid being the most
abundant [45]. Similarly, Ramírez-Pérez et al. (2024) reported the presence of eucomic
acid [37]. Logically, piscidic and eucomic acids were significantly higher for the mycor-
rhized red cultivar, with values of 99 and 21 mg·L−1, respectively. This result is interesting,
knowing that piscidic acid is an antioxidant and has shown a protective effect against
UVA-induced oxidative stress [46].

Figure 2. (A) Example of chromatogram of polyphenols in Rossa variety. Mass spectrum and structure
of (B) piscidic and (C) eucomic acids.
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Regarding minerals, a cultivar effect was observed for those with the highest con-
centrations in the fruits, namely potassium and calcium, with average contents of 210
and 50 mg·100 mL−1, respectively. Indeed, the red fruits contained around 235 mg·L−1

of potassium and 60 mg·L−1 of calcium. Therefore, consuming 100 g of red fruits could
cover approximately 7% of the daily requirements for these two minerals. Potassium plays
a crucial role in various aspects of fruit growth and quality, particularly influencing the
concentrations of total sugars, total soluble solids, and acidity [47,48]. This is consistent
with the higher acidity due to organic and phenolic acids observed in the Rossa cultivar.

3.2. Cladodes

The composition of cladodes is given in Table 3. The dry matter content of the
cladodes was approximately one percentage point higher than that of the fruits. However,
the soluble solids were two percentage points lower. The main difference between the two
was the content of simple sugars, which was notably low in the cladodes, representing
only 5% of the dry matter. In contrast, the fiber content was much higher, accounting for
15–20% of the dry matter (vs. 7% in the fruits). Hemicellulose represented the majority
of the fiber, contributing 55% of the total fiber content, followed by cellulose (36%) and
lignin (4%). These values are consistent with those reported by Castellano et al. [49]. The
protein content was similar to that found in the fruits, representing 8% of the total dry
matter. Ash content in the cladodes was significantly higher, representing 14% of the
dry matter, which is twice as high as the amount found in the fruits. This value aligns
with the findings of Hadj Sadok et al. (2008) [18]. The remaining portion of the dry
matter likely consisted of intermediate molecular weight carbohydrate compounds that
were not measured here, constituting the mucilage of the cladodes. These compounds
were identified by Di Lorenzo et al. (2017) [46] as xyloarabinan and a galactan polymer
of different sizes. More precisely, Agostini-Costa et al. (2022) [50] reported galactose,
arabinose, rhamnose, and xylose as the main constituents with average MW from 4.8 × 102

to 4.3 × 106 g·mol−1 [50]. These last authors also found low molecular weight compounds
such as lactic acid and phenolic acids, including piscidic and eucomic acids [51]. The
titratable acidity of the cladodes was approximately ten times higher than that of the
fruit (1.2%), with a pH of 4 for the cladodes compared to 6 for the fruit. This is likely
due to a higher content of organic acids. According to Di Lorenzo et al. (2017) [46], the
mucilage associated with these organic and phenolic acids may contribute to the cicatrizing
properties of cladode pulp.

Table 3. Composition (wet basis) of cladodes from prickly pear plants inoculated with AMF or
left untreated (Control). Values in bold and bearing different letters for the same parameter are
significantly different (p < 0.05). Data between brackets represent the standard deviation (n = 12).

Treatment With AMF Control

pH 4.21 (0.10) 4.34 (0.22)

Total Soluble Solids (%) 7.15 (0.42) 6.75 (0.49)

Dry Matter (%) 11.35 (1.06) a 9.41 (0.92) b

Titrable acidity (%) 1.21 (0.43) 1.24 (0.33)

Glucose (%) 0.23 (0.04) a 0.12 (0.06) b

Sucrose (%) 0.03 (0.02) 0.01 (0.01)

Fructose (%) 0.31 (0.06) a 0.23 (0.04) b

Hemicellulose (%) 1.15 (0.24) 1.07 (0.17)

Cellulose (%) 0.78 (0.06) 0.76 (0.05)
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Table 3. Cont.

Treatment With AMF Control

Lignin (%) 0.07 (0.01) 0.15 (0.11)

Ash (%) 1.53 (0.19) 1.53 (0.23)

Proteins (%) 0.93 (0.06) 0.85 (0.04)

Ascorbic Acid mg·kg−1 263 (43) a 213 (25) b

Piscidic Acid mg·kg−1 132 (34) 111 (24)

Eucomic Acid mg·kg−1 67 (30) 73 (12)

Polyphenols mg·kg−1 450 (87) 406 (53)

P mg·100 g−1 29 (10) a 24 (1) b

K mg·100 g−1 260 (31) 272 (17)

Ca mg·100 g−1 321 (37) 414 (80)

Mg mg·100 g−1 85 (13) 121 (44)

Na mg·100 g−1 0.80 (0.01) 0.90 (0.01)

Regarding micronutrients, the main minerals were calcium and potassium; however,
the concentration of calcium was higher than that of potassium in the cladodes, contrary
to the fruit. Additionally, magnesium content was notably higher than in the fruit, with
values of 85–120 mg·100 g−1. This trend was also observed by Hadj Sadok et al. (2008) [18],
who noted that these values were comparable to those found in tomatoes and spinach.

In general, the antioxidant content in the cladodes was higher than in the fruits, with
ascorbic acid being, on average, twice as abundant, and polyphenols three times more
concentrated than in the fruits, with mean values of 425 mg·kg−1. Indeed, in addition
to a higher content of piscidic and eucomic acid (tr = 12 and 24 min, respectively), the
chromatogram of cladodes in Figure 3 also revealed higher molecular weight (MW) com-
pounds at tr = 33 to 34 min (m/z = 723 to 899). Agostini-Costa et al. (2022) [50] reported
different isomers of mono-, di-, and triglycosides of flavonols like quercetin and kaempferol
in cladodes, which can match with those MW.
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Figure 3. Example of chromatogram of polyphenols in cladodes.

Interestingly, the effect of mycorrhization on the cladodes differed from its effect on the
fruits. Mycorrhization impacted the phyto-micronutrients of the fruits (such as pigments
and polyphenols), but its effect on the cladodes was noticeable in terms of both macrocon-
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stituents and micronutrients. Specifically, the dry matter content was significantly higher in
the biofertilized plants, increasing by two percentage points compared to the control group.
This increase could be attributed to significantly higher sugar content, whether simple or
complex. The glucose and fructose content of cladodes from inoculated plants was higher
than that of the control. Some studies have also observed an increase in monosaccharides
in roots and leaves under AMF treatment, explaining that glucose and fructose may re-
sult from the cleavage of sucrose to supply carbon to arbuscular mycorrhizae [52]. No
effect on polyphenols was observed regarding micronutrients. However, a notable effect
was an increase in ascorbic acid content. Indeed, cladodes from plants grown with AMF
treatment showed a 20% increase. This may be attributed to the well-known ability of
AMF to enhance the antioxidant defense system of host plants under abiotic stress. As
demonstrated in Ephedra foliata, inoculation with AMF led to significantly higher levels
of ascorbic acid and increased antioxidant enzyme activities compared to non-inoculated
plants [53]. In addition, those cladodes had a higher phosphorus content. This finding
is consistent with previous research showing that AMF can enhance phosphorus uptake
and metabolism under abiotic stress conditions. This effect is associated with increased
phosphatase enzyme activity in the rhizosphere, improving phosphorus mobilization and
availability [54,55].

4. Conclusions
In conclusion, arbuscular mycorrhizal fungi significantly influenced the chemical

composition of the cladodes and fruits from red and yellow varieties. AMF inoculation
modulated carbohydrate metabolism, increased phosphorus uptake, and enhanced ascorbic
acid levels in cladodes. In fruits, the most notable effects were observed on phytonutrient
composition—particularly pigments, polyphenols, and ascorbic acid—contributing to
greater antioxidant capacity.

These findings are promising for fresh consumption as well as for the development
of natural colorants and dietary supplements, given the increased pigment and polyphe-
nol content, which may also improve pigment stability. While regulatory and biosafety
considerations for AMF use vary by region, the observed benefits suggest biofertilization
could enhance the nutritional value of cacti-derived products for both human and animal
nutrition. Further research is warranted to explore these applications in more depth.
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