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Abstract

Cactus pear (Opuntia ficus-indica (L.) Mill.) is increasingly recognized as a climate-resilient
crop in arid and semi-arid regions, yet its performance is often constrained by poor soil
fertility and limited external inputs. Arbuscular mycorrhizal fungi (AMF) are known to
enhance phosphorus uptake, water relations, and stress tolerance in many species, but their
contribution to cactus pear growth remains largely unexplored. One-year-old cladodes
were grown in pots filled with sandy loam soil, either inoculated with a mixed AMF
consortium or kept as non-inoculated controls. Plant growth was assessed after 6 and
12 months by measuring cladode number and surface area, shoot and root dry weight, and
biomass allocation indices. Inoculated plants produced more cladodes, developed a larger
canopy surface area, and accumulated greater root and shoot biomass than controls. These
gains reflected an overall acceleration of growth, while biomass partitioning (root-to-shoot
balance) remained stable. AMF inoculation substantially enhanced the vegetative growth
of O. ficus-indica, pointing to its promise as a sustainable practice for improving cactus pear
cultivation in nutrient-poor and water-limited soils.

Keywords: cactus pear; AMF; biomass allocation; canopy development; root growth;
sustainable agriculture

1. Introduction
Opuntia ficus-indica (L.) Mill., commonly known as cactus pear, is a perennial CAM

species widely cultivated in arid and semi-arid regions for its fruits, cladodes, and ecosys-
tem services [1–4]. Its high water-use efficiency, drought tolerance, and ability to thrive on
marginal soils make it strategically valuable for sustainable agriculture in drylands, where
it contributes to soil conservation, carbon storage, and rural livelihoods [5–7]. Mature
cladodes serve as forage for livestock, providing water, carbohydrates, and minerals while
supporting agricultural resilience in drought-prone areas [8].

Despite these advantages, cactus pear performance is often constrained by poor soil
fertility and limited water availability, as fertilizer inputs are rarely feasible in marginal
lands [7,9]. Low-input strategies are therefore needed to sustain growth and productivity.

Arbuscular mycorrhizal fungi (AMF) form symbiotic associations with plant roots that
enhance nutrient acquisition—particularly phosphorus—improve water relations, increase
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resilience under drought or salinity stress [10–15], and improve quality traits [16,17]. AMF
are increasingly recognized as natural biofertilizers for resource-limited agroecosystems,
enhancing nutrient-use efficiency in both major and niche crops.

While AMF benefits are well-documented in staples like cereals, legumes, and horticul-
tural species such as tomato and maize [18,19], studies on AMF interactions with cactus pear
remain scarce, particularly regarding juvenile plant stages and their inoculation responses
in sandy-textured soils. Indeed, most mycorrhizal research has focused on mature plants or
long-established field conditions, with fewer studies addressing the colonization dynamics
and growth responses of young plantlets during their critical establishment phase. A recent
study reported that AMF inoculation improves the nutritional quality of O. ficus-indica
fruits and cladodes [20,21], but ecological and growth responses remain underexplored.

This gap is particularly relevant for O. ficus-indica, since sandy loam and sandy
soils—characterized by limited fertility, low organic matter, and moderate water-holding
capacity—dominate the Mediterranean and semiarid regions where cactus pear orchards
are established. Under such conditions, the capacity of young O. ficus-indica cladodes to re-
spond to AMF inoculation may differ substantially from mature plants, and the underlying
mechanisms remain unexplored. Furthermore, the microbial community assembly and its
dynamics in sandy substrates following AMF inoculation have not been previously charac-
terized for this species, particularly regarding the three-way interactions between plant,
AMF hyphae, and heterotrophic bacteria that shape nutrient cycling in the rhizosphere.

Considering that limitations of the soil volume available to the root system result
in a continuous root turnover, while the canopy volume stops its growth [6], this study
evaluated the effects of AMF inoculation on canopy development, root biomass, and
biomass allocation in young O. ficus-indica plants grown in pots with sandy soil under
greenhouse conditions. It was hypothesized that AMF would enhance shoot and root
growth while maintaining stable biomass partitioning, supporting cactus pear cultivation
in nutrient-poor, water-limited soils.

2. Materials and Methods
2.1. Experimental Site and Soil Characterization

The experiment was conducted in the greenhouse facilities of the Department of
Agricultural, Food and Forest Sciences (SAAF), University of Palermo, Italy (38◦07′ N,
13◦02′ E; 29 m a.s.l.). The growth substrate was a sandy loam soil collected from the
Botanical Garden of Palermo. Particle size distribution was determined by the hydrometer
method [22]. Soil pH was measured in a 1:2.5 soil-to-water suspension [23]. Organic matter
(OM) was determined by the Walkley–Black oxidation method [24], and total nitrogen (N)
by the Kjeldahl procedure [25]. Bulk density (BD) was measured using the core method [26].
The soil water retention curve was determined up to −100 kPa using the hanging water
column method on porous plates [27]. Undisturbed soil cores were equilibrated sequentially
at decreasing matric potentials, and gravimetric water content was obtained by oven drying.
Conversion to volumetric water content was then derived using the van Genuchten [28]
water retention model. Because the permanent wilting point conventionally defined at
−1500 kPa lies outside the measurement range of this technique, it was neither measured
nor extrapolated.

To manage irrigation, field capacity (FC) was operationally set at −10 kPa, in accor-
dance with the sandy loam texture of the substrate, while −33 kPa was taken as the lower
threshold of the readily available water (RAW) range. Volumetric water contents (θv, cm3

cm−3) measured along the retention curve were converted into absolute volumes using
the relation:

V(water) = θv × Vpot
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where Vpot is the pot volume (7.5 L = 7500 cm3).

2.2. Plant Material and Experimental Design

One-year-old cladodes of Opuntia ficus-indica (L.) Mill. cv. Gialla were collected from a
commercial orchard located in Roccapalumba (Palermo province, Italy; 37◦48′ N, 13◦38′ E;
540–560 m a.s.l.). Cladodes were standardized by size (mean length 37.5 ± 1.2 cm, width
19.1 ± 0.8 cm, thickness 1.9 ± 0.1 cm) and fresh weight (1.08 ± 0.06 kg). After a two-week
curing period under shaded and ventilated conditions, cladodes were individually planted
in 7.5 L plastic pots (60 in total) filled with the sandy loam soil described above. A two-
month establishment period was allowed before treatments were imposed. Pots were then
randomly assigned to two groups: AMF-inoculated (INOC, n = 30) and non-inoculated
control (CTR, n = 30). Plants were maintained under greenhouse conditions, irrigated
to keep soil moisture close to field capacity, and received no fertilization throughout
the experiment.

2.3. Inoculum Preparation and Application

The AMF inoculum was produced on Sorghum bicolor L. grown under greenhouse
conditions at the University of Piemonte Orientale (UPO, Alessandria, Italy). It consisted
of a mixed community of Glomeromycota, including Viscospora viscosa (formerly Glo-
mus/Septoglomus viscosum), Rhizoglomus intraradices, R. irregulare, R. aggregatum, and Glomus
spp., according to the current MycoBank classification and recent taxonomic updates [29,30].
The inoculum contained spores, root fragments, and extraradical hyphae, with an estimated
density of ~85,000 infective propagules L−1. At planting, 500 mL of inoculum was applied
around the cladode base in the inoculated treatment (INOC). Control pots (CTR) received
the same substrate without inoculum.

2.4. Canopy and Root Measurements

Six and 12 months after planting, 15 plants per sampling date per treatment (CTR
and INOC) were dug out carefully and separated into shoots (mother and first-generation
cladodes) and roots. Samples were oven-dried at 65 ◦C to constant weight, and biomass
components were determined as total dry weight (TDW), shoot dry weight (SDW), root
dry weight (RDW), mother cladode dry weight, and first-generation cladode dry weight.
In addition, the number of cladodes per plant was recorded at each harvest. Cladode
surface area was measured by image analysis from scanned/photographed silhouettes
using ImageJ v1.54 (National Institutes of Health, Bethesda, MD, USA); total canopy area
per plant was computed as the sum across cladodes.

2.4.1. Growth Response and Effect Size Indices

Growth responses to AMF inoculation were quantified using several effect size indices.
The mycorrhizal growth response (MGR%) was calculated as the relative difference in
biomass between inoculated and control plants [31,32]. In addition, the log response ratio
(lnRR) was computed for total (lnRRt), shoot (lnRRs), and root biomass (lnRRr) [33,34],
with 95% confidence intervals estimated using the delta method. Relative growth rate
(RGR) between 6 and 12 months was estimated at the population level, based on mean
biomass values from the two destructive harvests, following standard growth analysis
procedures [35–37].
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2.4.2. Biomass Allocation Indices

Root Mass Fraction (RMF) was calculated as the proportion of root biomass relative to
total plant biomass, providing a measure of carbon allocation to belowground organs:

RMF =
RDW
TDW

where RDW is root dry weight and TDW is total dry weight.
Shoot Mass Fraction (SMF) was defined as the proportion of shoot biomass relative to

total biomass and was obtained as:

SMF =
SDW
TDW

= 1 − RMF

where SDW is shoot dry weight.
Root-to-Shoot ratio (R:S) was used as an indicator of biomass allocation balance

between below- and aboveground organs and was calculated as:

R:S =
RDW
SDW

where RDW is root dry weight and SDW is shoot dry weight [34–36].
These indices are standard metrics in plant growth analysis [35–38].

2.4.3. Allometric Analysis

Root–shoot allometry was analysed by fitting log–log relationships between root and
shoot biomass using Standardized Major Axis (SMA) regression [39]:

ln(RDW) = α + βln(SDW)

where α is the intercept and β the scaling exponent. Slopes were compared between
treatments, and intercepts were tested where slopes were homogeneous.

2.4.4. Photosynthetic Area Indices

Specific Cladode Area (SCA) was calculated as the ratio of total cladode surface area
to shoot dry weight, providing an estimate of photosynthetic surface deployed per unit
biomass [38,39]:

SCA =
CanopyArea

SDW
Leaf Area Ratio (LAR) was defined as the ratio of total cladode surface area to total dry

weight, reflecting the relative investment in photosynthetic area per unit of whole-plant
biomass [40,41]:

LAR =
CanopyArea

TWD
Specific Cladode Mass (SCM), the inverse of SCA, was calculated as the ratio of shoot

dry weight to total cladode surface area, indicating the structural investment per unit
photosynthetic surface [40,41].

SCM =
SDW

CanopyArea
= SCA−1

2.5. Microbial Quantification and Derived Indices

At 0, 6, and 12 months, rhizosphere soil samples (n = 3 per treatment) were collected.
Serial decimal dilutions prepared in Ringer’s solution (Sigma-Aldrich, St. Louis, MO,
USA) were plated on Nutrient Agar (NA; Sigma-Aldrich, St. Louis, MO, USA) for total
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bacteria and Potato Dextrose Agar (PDA; Sigma-Aldrich, St. Louis, MO, USA) for total
filamentous fungi to ensure selective growth, NA was supplemented with cycloheximide
(Sigma-Aldrich, St. Louis, MO, USA) (10 mg mL−1) to inhibit fungal proliferation, while
PDA was enriched with chloramphenicol (Sigma-Aldrich, St. Louis, MO, USA) (0.1 g/L) to
suppress bacterial development. Plates were incubated at 30 ◦C for 3 days (bacteria) and
7 days (fungi), and colony-forming units (CFU) were counted. Microbial abundances were
expressed as log10 CFU g−1 dry soil [42,43]. The AMF inoculum itself contained a baseline
microbial load of 6.43 ± 0.15 log10 CFU g−1 for bacteria and 4.78 ± 0.10 log10 CFU g−1

for fungi.
From raw counts, ∆log CFU (difference in log10 CFU between treatments or sam-

pling times), the log response ratio (lnRR) [42,43], the area under the microbial curve
(AUMC) [42,44], and the fungal share (%) were calculated. While ∆log CFU and lnRR
are standard in microbial and ecological studies, the AUMC was originally developed in
predictive food microbiology [44–47] and was here adapted to soil microbial counts.

Fungal share (%) was calculated as the relative proportion of filamentous fungi in the
total microbial community, according to the formula:

Fungal share % =
TMF

(TMB + TMF)
× 100

where TMB and TMF are bacterial and filamentous fungal counts (log10 CFU g−1 dry soil),
respectively.

This index was introduced in this study as a simple descriptor of microbial balance
between bacteria and fungi and does not derive from a previously established metric.

2.6. Root Colonization Analysis

The frequency (F%) and intensity (M%) of root colonization by arbuscular mycorrhizal
fungi (AMF) were determined according to the method [48,49]. Fine roots were gently
washed to remove soil particles, cut into ~1 cm segments, and stained following the original
protocol, which involves tissue clearing in 10% (w/v) KOH, acidification with acetic acid,
and subsequent staining with blue ink in an acidic medium.

For each sample, thirty root fragments were randomly selected and observed micro-
scopically (×100–400 magnification). Each fragment was assigned to one of six colonization
classes ranging from 0 (no fungal structures visible) to 5 (>90% of the root cortex colonized).
Based on this scoring, two quantitative indices of mycorrhizal colonization were calculated:

F(%) =
Nmyc

Ntot
× 100

where Nmyc is the number of colonized root fragments (scores 1–5) and Ntot is the total
number of fragments observed.

M(%) =
95n5 + 70n4 + 30n3 + 5n2 + n1

Ntot

where n1–n5 are the numbers of root fragments in classes 1–5, respectively.
The frequency (F%) describes the occurrence of AMF within the root system, while

the intensity (M%) represents the mean degree of fungal colonization across all observed
root fragments. Both parameters provide complementary information on the extent and
distribution of mycorrhizal infection.

2.7. Statistical Analysis

All analyses were performed in R v.4.3.3 (R Core Team, Vienna, Austria).
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For biomass traits (TDW, SDW, RDW, mother and first-generation cladodes, canopy
area, and derived indices SCA, LAR, SCM), data were analysed using two-way ANOVA
with Treatment (CTR vs. INOC) and Time (6 vs. 12 months) as fixed factors. Assumptions
of normality and homogeneity of variances were checked with Shapiro–Wilk and Levene’s
tests, respectively; when violated, results were confirmed with robust ANOVA using
heteroscedasticity-consistent (HC3) standard errors. Cladode number, as count data, was
analysed with a generalized linear model (GLM) assuming Poisson distribution and log
link, with dispersion checked and pairwise contrasts adjusted using Tukey correction.

Root–shoot allometry was tested with Standardized Major Axis (SMA) regression
(smart package v3.4-8). Slopes were compared between treatments; when homogeneous,
intercepts (elevations) were tested for differences.

Effect sizes were computed as Mycorrhizal Growth Response (MGR%), log response
ratio (lnRR) for total, shoot, and root biomass, and canopy area, and Relative Growth
Rate (RGR) between 6 and 12 months. Confidence intervals were estimated by bootstrap
resampling (10,000 iterations) or by the delta method, as appropriate.

Microbial counts (TMB and TMF) were analysed with two-way ANOVA including
Treatment (CTR vs. INOC) and Period (0, 6, 12 months) as fixed factors. Derived indices
(∆log CFU, lnRR, AUMC, fungal share) were calculated according to standard microbiolog-
ical modelling approaches.

Root colonization (frequency, F%, and intensity, M%) was analysed with one-way
ANOVA with Treatment (CTR vs. INOC) as the fixed factor, after verifying normality
(Shapiro–Wilk) and homogeneity (Levene’s test).

Results are presented as means ± SE (n = 15 per treatment and time for plant traits
and root colonization; n = 3 for microbial counts). Post hoc comparisons were carried out
with emmeans v1.10.0 (estimated marginal means) and Tukey adjustment.

Figures adopt a consistent color scheme: CTR = light grey, INOC = dark green (plants,
bacteria), and purple (fungi). Significance is reported as ns (not significant), * p < 0.05,
** p < 0.01, *** p < 0.001, or with homogeneous-group letters.

3. Results
3.1. Soil Characterization

The growth substrate was classified as a sandy loam, with 77.2% sand, 13.0% silt, and
9.8% clay (Figure 1A). It had a bulk density of 1.38 ± 0.05 g cm−3, a slightly sub-neutral pH
(6.9 ± 0.1), and low organic matter and nitrogen contents (8.2 ± 0.3 and 1.3 ± 0.2 g kg−1,
respectively), consistent with coarse-textured soils of limited fertility.

The soil water retention curve showed a volumetric water content of 35.7 ± 4.4 cm3 cm−3

at saturation, decreasing to 26.2 ± 2.2 cm3 cm−3 at −10 kPa, which was taken as field
capacity (FC) given the sandy texture (Figure 1B). At −33 kPa, the water content was
19.7 ± 1.3 cm3 cm−3, while at −100 kPa it further declined to 14.3 ± 1.6 cm3 cm−3. These
values confirm the moderate water-holding capacity typical of sandy loam soils, with most of
the plant-available water stored between 0 and −33 kPa.

In line with the sandy texture, field capacity was set at −10 kPa, corresponding to
a volumetric water content of 0.262 (1.97 L per pot), while −33 kPa corresponded to
0.197 (1.48 L per pot). The difference between these two thresholds defined the readily
available water, equivalent to ~0.49 L per pot. Each irrigation event supplied ~1.6 L
per pot, thus exceeding the RAW volume and including a small leaching fraction before
equilibrating near FC. Each irrigation corresponded on average to ~6-day intervals, which
were seasonally adjusted to every 5 days in summer, 7–8 days in spring and autumn, and
about 8 days in winter.
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Figure 1. (A) USDA soil texture triangle showing the position of the experimental sandy loam
soil (red dot). (B) Soil water retention curve of the experimental sandy loam. Symbols represent
mean volumetric water content (θ, cm3 cm−3) ± SE (n = 3) measured at increasing matric potentials
(0 to −100 kPa). The dashed blue line indicates the van Genuchten fit (θr = 0.0000, θs = 0.3528,
α = 0.21069 kPa−1, n = 1.297), while the dashed green and red lines mark soil water content at
−33 kPa (field capacity, FC) and –10 kPa, respectively.

3.2. Biomass Accumulation

AMF inoculation markedly increased total biomass across harvests (Treatment:
F1,56 = 185.60, p < 0.001, η2

p = 0.77), with plants also growing between 6 and 12 months
(Time: F1,56 = 41.98, p < 0.001) and no Treatment × Time interaction (F1,56 = 2.64, p = 0.11).
TDW averaged 221.3 ± 6.5 g vs. 133.6 ± 3.9 g at 6 months (+65.7%, lnRR = 0.51) and
311.3 ± 8.8 g vs. 168.3 ± 12.3 g at 12 months (+84.9%, lnRR = 0.62). Cumulative gains
were +90.0 g in inoculated plants versus +34.8 g in controls, indicating a persistent size
advantage without changes in trajectory (Figure 2). This corresponded to a mycorrhizal
growth response (MGR%) of +65.7% at 6 months and +84.9% at 12 months, with lnRR
values of 0.51 and 0.62, respectively (Table 1).

Figure 2. Total dry weight (TDW) of Opuntia ficus-indica plants grown with (INOC, dark green)
or without (CTR, grey) AMF inoculation at 6 and 12 months. Bars represent means ± SE (n = 15).
Asterisks indicate significant differences between treatments at each sampling time (*** p < 0.001;
Tukey test).

Table 1. Effect size of AMF inoculation on biomass traits of Opuntia ficus-indica. Values are expressed
as mycorrhizal growth response (MGR%) and log response ratio (lnRR), with 95% confidence intervals
(CI) based on bootstrap or delta method estimates.

Variable
(Name) Time (Months) MGR

(%)
95% CI

(MGR%—%) lnRR 95% CI
(lnRR—%)

TDW (Total dry weight) 6 65.7 53.7–79.5 0.51 0.43–0.59
12 84.9 59.7–113.9 0.62 0.47–0.76
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Table 1. Cont.

Variable
(Name) Time (Months) MGR

(%)
95% CI

(MGR%—%) lnRR 95% CI
(lnRR—%)

SDW (Shoot dry weight) 6 61.6 48.7–76.9 0.48 0.40–0.57
12 85.3 59.7–114.7 0.62 0.47–0.76

RDW (Root dry weight) 6 92.1 65.9–122.9 0.65 0.51–0.80
12 82.4 36.9–144.3 0.60 0.31–0.89

3.2.1. Canopy and Root Dry Weight

AMF inoculation strongly increased both shoot (SDW; F1,56 = 167.59, p < 0.001,
η2

p = 0.75) and root biomass (RDW; F1,56 = 37.24, p < 0.001, η2
p = 0.40). Time signifi-

cantly affected SDW (F1,56 = 42.65, p < 0.001) but not RDW (F1,56 = 2.12, p = 0.15), and no
Treatment × Time interactions were detected (p > 0.05). After 6 months, SDW averaged
186.6 ± 5.7 g vs. 115.5 ± 4.0 g (+61.6%) and RDW 34.7 ± 1.9 g vs. 18.1 ± 1.0 g (+92.1%) in in-
oculated versus control plants. At 12 months, SDW reached 268.6 ± 8.5 g vs. 144.9 ± 10.6 g
(+85.3%), and RDW 42.7 ± 3.9 g vs. 23.4 ± 2.9 g (+82.4%) (Figure 3).

Figure 3. Shoot (A) and root (B) dry weight of Opuntia ficus-indica plants grown with (INOC, dark
green in (A); dark brown in (B)) or without (CTR, grey in (A); light brown in (B)) AMF inoculation
at 6 and 12 months. Bars represent means ± SE (n = 15). Asterisks indicate significant differences
between treatments at each sampling time (*** p < 0.001; Tukey test).

Derived effect sizes further illustrate the positive influence of inoculation. For SDW,
the mycorrhizal growth response (MGR%) was +61.6% (95% CI: 48.7–76.9%) at 6 months
and +85.3% (95% CI: 59.7–114.7%) at 12 months, with lnRR values of 0.48 (95% CI: 0.40–0.57)
and 0.62 (95% CI: 0.47–0.76). For RDW, MGR% was even higher at 6 months (+92.1%, 95%
CI: 65.9–122.9%) and remained elevated at 12 months (+82.4%, 95% CI: 36.9–144.3%), with
lnRR values of 0.65 (95% CI: 0.51–0.80) and 0.60 (95% CI: 0.31–0.89) (Table 1).

3.2.2. Mother and First-Generation Cladodes

AMF inoculation significantly increased the biomass of both mother cladodes
(F1,56 = 84.67, p < 0.001, η2

p = 0.61) and first-generation cladodes (F1,56 = 70.05, p < 0.001,
η2

p = 0.57). Time effects were weaker for mother cladodes (F1,56 = 6.82, p = 0.012) but strong
for first-generation cladodes (F1,56 = 42.64, p < 0.001), with a significant interaction for
mother cladodes only (F1,56 = 4.35, p = 0.042). After 6 months, inoculated plants averaged
118.3 ± 3.1 g vs. 78.9 ± 4.2 g (+50.0%) for mother cladodes and 68.3 ± 5.1 g vs. 36.6 ± 3.5 g
(+87.0%) for first-generation cladodes. At 12 months, differences widened further, with
mother cladodes reaching 157.2 ± 6.8 g vs. 84.9 ± 8.3 g (+85.0%) and first-generation
cladodes 111.5 ± 4.5 g vs. 60.0 ± 5.2 g (+85.6%) (Figure 4).
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Figure 4. Dry weight of first-generation cladodes (A) and mother cladodes (B) of Opuntia ficus-indica
plants after 6 and 12 months. Bars represent means ± SE (n = 15). Grey = uninoculated controls
(CTR), dark green = AMF-inoculated plants (INOC). Asterisks indicate significant differences between
treatments within each sampling time (*** p < 0.001; Tukey test).

Derived effect sizes further confirmed the magnitude of these responses. For mother
cladodes, MGR% increased from +50.0% (95% CI: 35.7–65.6%) at 6 months to +85.0% (95%
CI: 61.5–114.3%) at 12 months, with lnRR values of 0.42 (95% CI: 0.28–0.56) and 0.62 (95%
CI: 0.47–0.76). For first-generation cladodes, MGR% was +87.0% (95% CI: 63.8–116.4%) at
6 months and +85.6% (95% CI: 59.7–115.1%) at 12 months, with lnRR values of 0.66 (95%
CI: 0.45–0.87) and 0.62 (95% CI: 0.46–0.77) (Table 2).

Table 2. Effect size of AMF inoculation on mother and first-generation Opuntia ficus-indica cladodes.
Values are expressed as mycorrhizal growth response (MGR%) and log response ratio (lnRR) with
95% confidence intervals (CI).

Variable
(Name)

Time
(Months)

MGR
(%)

95% CI
(MGR%—%) lnRR 95% CI

(lnRR—%)

Mother cladode
6 50.0 35.7–65.6 0.42 0.28–0.56

12 85.0 61.5–114.3 0.62 0.47–0.76

First-generation cladodes 6 87.0 63.8–116.4 0.66 0.45–0.87
12 85.6 59.7–115.1 0.62 0.46–0.77

3.2.3. Biomass Allocation

Biomass allocation patterns remained unaffected by AMF inoculation. Two-way
ANOVA detected no significant effects of treatment, time, or their interaction on root mass
fraction (RMF), shoot mass fraction (SMF), or the root-to-shoot ratio (R:S) (all p > 0.19).
At 6 months, RMF averaged 0.137 ± 0.009 in controls and 0.157 ± 0.007 in inoculated
plants, while SMF values were 0.863 ± 0.009 and 0.843 ± 0.007, respectively. Similar
values were observed at 12 months, with RMF of 0.137 ± 0.013 and 0.136 ± 0.013, SMF
of 0.863 ± 0.013 and 0.864 ± 0.013, and R:S ratios of 0.162 ± 0.018 and 0.161 ± 0.016 in
controls and inoculated plants (Table 3), respectively.

3.2.4. Root–Shoot Allometry

Standardized Major Axis (SMA) regression revealed positive allometric relationships
between root and shoot biomass, with slopes significantly greater than unity (CTR: 1.66,
95% CI: 1.18–2.36; INOC: 1.92, 95% CI: 1.33–2.79). Slopes did not differ between treatments
(χ2 = 0.32, p = 0.57), indicating that AMF inoculation did not alter the scaling between
canopy and root biomass.
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Table 3. Root mass fraction (RMF), shoot mass fraction (SMF), and root-to-shoot ratio (R:S) of Opuntia
ficus-indica plants under control (CTR) and AMF-inoculated (INOC) conditions at 6 and 12 months.
Values are means ± SE (n = 15).

Treatment Time
(Months)

RMF
(Mean ± SE)

SMF
(Mean ± SE)

R:S
(Mean ± SE)

CTR
6 0.137 ± 0.009 0.863 ± 0.009 0.161 ± 0.012
12 0.137 ± 0.013 0.863 ± 0.013 0.162 ± 0.018

INOC
6 0.157 ± 0.007 0.843 ± 0.007 0.187 ± 0.010
12 0.136 ± 0.013 0.864 ± 0.013 0.161 ± 0.016

ANCOVA confirmed a significant effect of shoot biomass (p = 0.029) and treatment
(p = 0.041), whereas the interaction was not significant (p = 0.48). This suggests that inoc-
ulated plants had a higher elevation (intercept) of the root–shoot relationship, reflecting
greater root biomass for a given shoot biomass, without changes in the proportional scaling.
Overall, AMF inoculation increased the absolute investment in roots but preserved the
underlying allometric balance between organs (Figure 5).

Figure 5. Standardized Major Axis (SMA) regressions between shoot dry weight (SDW) and root
dry weight (RDW) of Opuntia ficus-indica plants after 6 and 12 months under control (CTR, grey)
and AMF-inoculated (INOC, dark green) conditions. Points represent individual plants (n = 15 per
treatment × time). Both groups showed slopes significantly greater than unity (CTR = 1.66 [95%
CI: 1.18–2.36]; INOC = 1.92 [95% CI: 1.33–2.79]), with no difference between treatments (p = 0.57).
ANCOVA indicated a significant elevation shift (p = 0.041), reflecting greater root biomass for
inoculated plants at a given shoot biomass.

3.3. Cladode Development

AMF inoculation significantly increased cladode production (Treatment: χ2
1 = 15.97,

p < 0.001), with a modest effect of time (χ2
1 = 3.95, p = 0.047) and no interaction (p = 0.88). At

6 months, inoculated plants bore 3.20 ± 0.11 cladodes compared with 1.67 ± 0.21 in controls,
and at 12 months they had 4.27 ± 0.27 vs. 2.33 ± 0.21, respectively (Table 4). Post hoc tests
confirmed significant differences between treatments at both harvests (p < 0.05), while both
treatments showed a small, non-significant increase from 6 to 12 months (Table 4), with a
slightly larger absolute gain in inoculated plants.
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Table 4. Number of cladodes per plant in Opuntia ficus-indica after 6 and 12 months under control
(CTR) and AMF-inoculated (INOC) conditions. Values are means ± SE (n = 15). ∆% (Treatment)
represents the relative increase of inoculated plant compared with controls at each time point; ∆%
(Time) represents the relative increase from 6 to 12 months within each treatment.

Treatment Time (Months) Cladodes (Mean ± SE) ∆% (Treatment) ∆% (Time) p-Value

CTR
6 1.67 ± 0.2 – – –

12 2.33 ± 0.21 – +39.5% (ns) 0.573

INOC
6 3.20 ± 0.11 * +91.6% – 0.041

12 4.27 ± 0.27 * +83.3% +33.4% (ns) 0.021
Asterisks denote significance levels (* p < 0.05; ns = not significant) according to Tukey’s post hoc tests.

3.4. Canopy Surface Expansion

AMF inoculation markedly enhanced canopy expansion (F1,56 = 173.94, p < 0.001,
η2

p = 0.76), with a further effect of time (F1,56 = 32.99, p < 0.001) but no interaction
(p = 0.37). At 6 months, inoculated plants had a canopy area of 2682.8 ± 93.3 cm2 com-
pared with 1540.8 ± 83.1 cm2 in controls, and at 12 months the difference increased to
3647.8 ± 125.3 vs. 1925.0 ± 102.5 cm2 (Figure 6). Effect size analysis confirmed this trend,
with MGR% of +74.1% (95% CI: 54.7–97.1%; lnRR = 0.56) at 6 months and +89.5% (95% CI:
68.6–114.0%; lnRR = 0.64) at 12 months (Figure 6).

Figure 6. Canopy surface area of Opuntia ficus-indica plants after 6 and 12 months under control (CTR,
grey) and AMF-inoculated (INOC, dark green) conditions. Boxplots show median, quartiles, and
range; *** indicates significant differences between treatments within each time point (Tukey test,
*** p < 0.001).

3.5. Physiological Responses

Indices of canopy physiology, including Specific Canopy Area (SCA), Leaf Area Ratio
(LAR), and Specific Cladode Mass (SCM), did not vary significantly with AMF inoculation
or time (all p > 0.5; Table 5). Average SCA values ranged between 11.7 and 12.3 cm2 g−1,
LAR between 13.7 and 14.6 cm2 g−1, and SCM between 0.071 and 0.079 g cm−2 across
treatments and sampling dates. Partial η2 values were consistently < 0.01, indicating
negligible effect sizes. These results suggest that AMF effects on overall plant growth
(biomass accumulation, cladode number, and canopy expansion) were not accompanied by
detectable shifts in morphological efficiency indices at the whole-canopy level.
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Table 5. Physiological indices of Opuntia ficus-indica plants after 6 and 12 months under control (CTR)
and AMF-inoculated (INOC) conditions. Values are means ± SE (n = 15). SCA = Specific Canopy
Area; LAR = Leaf Area Ratio; SCM = Specific Cladode Mass.

Treatment Time
(Months)

SCA
(cm2 g−1)

LAR
(cm2 g−1)

SCM
(g cm−2)

CTR
6 11.73 ± 0.76 13.68 ± 0.97 0.0787 ± 0.0058

12 12.31 ± 1.14 14.27 ± 1.31 0.0789 ± 0.0072

INOC
6 12.30 ± 0.60 14.60 ± 0.72 0.0710 ± 0.0037

12 11.87 ± 0.56 13.74 ± 0.59 0.0749 ± 0.0036
No significant effects of treatment, time, or their interaction were detected (two-way ANOVA, all p > 0.5).

3.6. Microbial Responses

Total mesophilic bacteria (TMB) showed clear temporal dynamics and a transient
response to AMF inoculation. Two-way ANOVA detected a significant effect of time
(F2,12 = 5.99, p = 0.016) and a near-significant treatment × time interaction (p = 0.061).
At baseline (0 months), TMB were similar across treatments (6.97 vs. 6.78 log CFU g−1).
After 6 months, controls declined to 5.68 ± 0.24 log CFU g−1, whereas inoculated plants
maintained higher values (6.75 ± 0.24 log CFU g−1), corresponding to a lnRR of 2.41
(95% CI: 1.47–3.42; +1013%). Effect sizes were calculated using the natural-log response
ratio (lnRR = ln(X1/X2)). At 12 months, bacterial counts partially recovered in controls
(5.99 ± 0.24) but remained slightly higher in inoculated plants (6.23 ± 0.24), though the dif-
ference was not significant (lnRR = 0.36, 95% CI: −0.57–1.55) (Figure 7A). Cumulative abun-
dance (AUMC) confirmed this pattern, with inoculated plants hosting 5.69 × 107 CFU g−1,
about 68% more than controls (3.38 × 107 CFU g−1) (Table 6).

Figure 7. Rhizosphere microbial counts in Opuntia ficus-indica plants after 0, 6, and 12 months.
(A) Total mesophilic bacteria (TMB) under control (CTR, light grey) and AMF-inoculated (INOC,
dark green) conditions. (B) Total mesophilic fungi (TMF) under control (CTR, light grey) and AMF-
inoculated (INOC, purple) conditions. Bars represent means ± SE (n = 3). Different letters indicate
significant differences among treatment × time combinations according to Tukey’s HSD post hoc test
(p < 0.05).

Total mesophilic fungi (TMF) were unaffected by treatment or time (all p > 0.3), with
average counts remaining between 4.1 and 4.5 log CFU g−1 across sampling dates and
treatments (Figure 7B). Effect size analysis yielded non-significant lnRR values (−27 to
−77%), and AUMC was lower in inoculated (1.62 × 105) than control plants (2.76 × 105).
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Table 6. Derived microbial indices in the rhizosphere of Opuntia ficus-indica under control (CTR) and
AMF-inoculated (INOC) conditions. lnRR = log response ratio (INOC/CTR) with 95% confidence
interval; AUMC = area under the microbial curve; fungal share = proportion of fungal CFU relative
to total microbial CFU.

Variable Time
(Months)

lnRR
[95% CI] Effect (%) AUMC

(×107 CFU g−1 d−1)
Fungal Share

(%)

TMB 6 2.41 [1.47, 3.42] 1013% CTR: 3.38–INOC: 5.69 –
TMB 12 0.36 [−0.57, 1.55] +43.5% – –
TMF 6 −0.39 [−2.36, 1.23] −32.5% CTR: 0.028–INOC: 0.016 CTR: 4.5–INOC: 0.3
TMF 12 −1.47 [−2.54, 1.05] −77.0% – CTR: 4.3–INOC: 1.0

The relative fungal share of the total microbial community was consistently low (<5%), increasing modestly in
controls from 0.2% at baseline to 4.5% at 6 months, while remaining ≤1.0% in inoculated plants (Table 6).

3.7. Root Colonization Analysis

Root colonization analysis confirmed the establishment of arbuscular mycorrhizal
fungi (AMF) in inoculated Opuntia ficus-indica plants (Figure 8).

Figure 8. (A) Frequency and (B) intensity of AMF root colonization in Opuntia ficus-indica plants after
12 months under control (CTR, light grey) and AMF-inoculated (INOC, dark green) conditions. Bars
represent means ± SE (n = 15). Asterisks indicate significant differences between treatments (p < 0.05;
Tukey test). CTR = uninoculated control; INOC = plants inoculated with a mixed AMF consortium.

Mycorrhizal frequency (F%) averaged 57.1 ± 5.7% in inoculated plants and 45.7 ± 7.2%
in controls, showing a higher mean value in the inoculated treatment, although the differ-
ence was not statistically significant (p = 0.22). Mycorrhizal intensity (M%) was significantly
greater in inoculated roots (38.1 ± 1.7%) compared with controls (32.4 ± 1.8%, p = 0.032),
confirming the establishment of the symbiosis.

4. Discussion
AMF inoculation nearly doubled plant growth compared with non-inoculated con-

trols, with total biomass increasing by 66–85% and canopy surface by up to 90% within the
first year. These responses are among the strongest AMF-induced growth effects reported
for cactus species and align with earlier studies showing enhanced survival and nutrient
uptake in O. albicarpa plantlets [21], increased biomass, photosynthesis, and water-use
efficiency in O. ficus-indica under contrasting water regimes [50,51], and improvements
in cladode and fruit nutritional quality [20]. Taken together, these findings highlight the
remarkable responsiveness of young O. ficus-indica to symbiotic inoculation when grown on
nutrient-poor sandy soils. The strong stimulation of growth observed in inoculated plants
is consistent with the well-established capacity of AMF to enhance nutrient acquisition—
particularly phosphorus and nitrogen—while improving plant water relations through
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extraradical hyphal exploration, increased root absorptive surface, and enhanced hydraulic
conductivity [10–15]. Such improvements in resource acquisition and water relations likely
reflect an effective root colonization by AMF, which enhances both nutrient foraging and hy-
draulic capacity. Similar responses have been documented in other Opuntia species, where
AMF improved drought tolerance, photosynthesis, and nutrient uptake in O. ficus-indica,
O. albicarpa, and O. streptacantha under contrasting environmental conditions [21,50–53].
Similarly, studies on Nopalea cochenillifera have reported significant increases in fresh and
dry biomass following inoculation with Glomus spp. [54] other research reported that
inoculation with arbuscular mycorrhizal fungi promoted vegetative growth on Hylocereus
spp. [55]. However, some research shows more moderate or context-dependent effects,
depending on the environmental conditions and fungal strain used [34].

From an agronomic perspective, AMF inoculation emerges as a valuable tool to
strengthen cactus-based systems. By promoting biomass and canopy growth without
altering partitioning, inoculated plants can sustain greater photosynthetic capacity and
higher cladode yields, a trait of particular relevance for semiarid forage production [56].
Despite these gains, biomass allocation patterns remained stable, with root mass fraction
(0.14–0.16), shoot mass fraction (0.84–0.86), and root-to-shoot ratio (0.16–0.19) showing
negligible effect sizes. These values are consistent with previous reports for O. ficus-indica
under greenhouse conditions, where roots typically account for ~13% of total biomass [57].
The relatively low RMF and R:S confirm the limited root investment characteristic of CAM
plants, while the dominant shoot fraction reflects the multifunctional role of cladodes as
photosynthetic and storage organs [58,59]. At the canopy level, the low specific surface
(SCA, LAR) and high tissue density (SCM) further align with strategies of slow-growing
succulents compared with fast-growing herbs [37,60–62].

The allometric analysis further confirmed that AMF inoculation increased both root
and shoot biomass proportionally, shifting the elevation of the root–shoot relationship
without altering its slope. This indicates a conservative response, where overall growth was
amplified but the structural balance between below- and above-ground organs remained
unchanged. Such stability contrasts with other functional groups, where AMF frequently
induce plastic reallocations of biomass. In grasses and annuals, colonization often increases
root fractions and R:S ratios [63]. In maize subjected to drought, AMF have been shown
to promote root proliferation at the expense of shoot growth [64]. Similarly, tree seedlings
can display plastic shifts in leaf area ratios in response to symbiosis [65]. In O. ficus-
indica, by contrast, the symbiosis boosted absolute biomass production while preserving
conservative allocation patterns, underscoring the robustness of its growth strategy under
mycorrhizal inoculation.

The magnitude of the response observed here can also be interpreted considering the
general functional diversity of the AMF taxa present in the inoculum, without implying
species-specific effects.

Viscospora viscosa (formerly Glomus/Septoglomus viscosum) is known to enhance phos-
phorus uptake and to promote glomalin production, which improves soil structure and wa-
ter retention, thereby supporting biomass accumulation in nutrient-poor substrates [66,67].
Rhizoglomus intraradices has been extensively documented to increase nutrient acquisition,
particularly phosphorus through its extraradical hyphae, while also conferring tolerance to
abiotic stresses such as drought and metal(loid) contamination [68–70]. Similarly, Rhizoglo-
mus irregularis, the genomic model species of AMF and the most widely propagated in com-
mercial inoculants, is recognized for its ability to improve plant performance under nutrient
and water limitations, and for its remarkable plasticity in symbiotic development [71,72].
Rhizoglomus aggregatum has been shown to enhance host performance under environmental
stress, improving biomass accumulation, chlorophyll concentration, and stress tolerance in
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both millets exposed to high temperatures and sunchoke subjected to drought, confirming
its role as an effective AMF species under adverse conditions [73,74]. Finally, Glomus species
remain among the most widely studied AMF taxa, frequently reported to increase plant
nutrient acquisition, biomass production, and stress resilience across diverse hosts. Strains
such as G. hoi and G. etunicatum have been associated with improvements in phosphorus
and nitrogen contents, tuber yield, and inulin stability even under drought, highlighting
the broad ecological versatility of Glomus spp. and their relevance for crop resilience in
water-limited and nutrient-poor environments [75,76]. Taken together, the complementary
functions of these AMF taxa provide a mechanistic explanation for the exceptional biomass
and canopy gains achieved in O. ficus-indica.

The transient microbial response observed in this study further highlights the tripartite
nature of AM symbioses. At 6 months, total mesophilic bacteria (TMB) were more than one
order of magnitude higher in inoculated plants (lnRR = 2.41, 95% CI: 1.47–3.42; +1013%),
whereas controls showed a marked decline. Cumulative abundance (AUMC) confirmed
this enrichment, with inoculated plants hosting 5.69 × 107 CFU g−1, ~68% more than
controls (3.38 × 107 CFU g−1). By contrast, total mesophilic fungi (TMF) did not respond
to inoculation, showing non-significant lnRR values (−0.39 to −1.47) and even lower
cumulative abundances in inoculated plants. As a result, the fungal share of the rhizosphere
community remained ≤1% in inoculated plants, compared with up to 4–5% in controls.

The reduction in total fungal counts in soil following AMF inoculation could be
attributed to competition or dominance phenomena exerted by AMF in the rhizosphere.
Several studies suggest that these symbioses can exert a repressive effect on the growth of
other fungi, both through direct competition for the root substrate and through the release of
antimicrobial compounds or modulation of the rhizosphere chemical environment [77,78].
This behavior is known as “fungal exclusion” and can provide AMF with a competitive
edge, particularly in poor and marginal soils, as in the current study.

These dynamics align with the concept of mycorrhiza-associated bacteria (MHB),
which can proliferate in the hyphosphere by feeding on carbon-rich exudates released by
AM hyphae and, in turn, support fungal colonization and nutrient cycling [76]. Similar
transient bacterial stimulations have been reported in root-free systems, where AMF such
as Glomus hoi selectively enriched Firmicutes while reducing Actinobacteria and Coma-
monadaceae, thereby restructuring microbial community assembly [79]. In parallel, AMF
hyphae can also act as nutrient mediators: G. hoi was shown to transfer 2–3% of plant
nitrogen from decomposing litter to the host while altering the flow of litter-derived carbon
through saprotrophic fungi and bacteria [80]. Moreover, hyphal exudates of Glomus spp.
contain low-molecular-weight sugars and organic acids that stimulate bacterial growth
and vitality by more than one order of magnitude, with clear shifts in bacterial community
composition [80]. At the same time, other experiments demonstrated that AMF hyphae
can suppress co-occurring microbial groups, with G. mosseae and G. intraradices reducing
Gram-positive and Gram-negative bacteria as well as saprotrophic fungi [81].

Although the frequency of mycorrhizal colonization (F%) did not differ significantly
between inoculated and control plants, the higher intensity (M%) observed in the inoculated
roots indicates a denser intraradical colonization rather than a broader spatial spread of
infection sites. This pattern suggests that native AMF present in the sandy loam substrate
likely colonized control roots to some extent, whereas inoculation enhanced the functional
development of existing symbioses rather than increasing the number of infection events.

5. Conclusions
AMF inoculation turned young O. ficus-indica into far more vigorous plants, nearly

doubling their growth while preserving the conservative balance of a CAM succulent.



Horticulturae 2025, 11, 1392 16 of 19

These gains rest on the hidden work of fungal partners and their bacterial allies, showing
that the cactus–AMF symbiosis is not only a dyad but a wider community shaping life in
poor soils.

For farmers in drylands, this means a tangible opportunity: more biomass, more
cladodes, more resilience. For science, it opens a frontier still largely unexplored—the
long-term fate of these tripartite alliances in the field, their role in nutrient cycles, and their
power to sustain agroecosystems under stress.

These results indicate that improving cactus pear performance depends on the func-
tional integration between AMF and the associated rhizosphere microbiota that regulate
nutrient acquisition and soil processes in resource-poor environments. This is particularly
important in the poor soils of most of the conditions in which cactus pear orchard systems
are established, whatever the crop destination. Furthermore, recent works (pers.comm.)
demonstrate the ability of cactus pear systems, which include the trees and the associated
bioma, to improve soil conditions over time, even after 30 years of cropping. Future re-
search should follow those threads, testing AMF inoculation across soils, climates, and
management systems, and tracing not only plant growth but also the microbial ecologies
that sustain it.
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