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ARTICLE INFO ABSTRACT

Editor: DR B Gyampoh In Morocco, Opuntia ficus-indica is grown in various climatic zones, each of which can greatly
impact the soil quality and functioning. This study assesses the soil characteristics, bacterial load,

Keywords: functional microbial diversity, and enzymatic activities in O. ficus-indica soils from three distinct

Opuntia ficus-indica regions: Tafrant (subhumid), Fez (semi-arid), and Chichaoua (arid). Soil samples from these re-

Soil characteristics
Biolog EcoPlate

Soil enzyme activities
Climatic variability

gions exhibited varying physicochemical properties, with neutral to alkaline pH, high concen-
trations of K, Na, and Ca, and biological activities, including microbial metabolic preferences and
enzymatic activities. The data analysis and principal component analysis (PCA) revealed signif-
icant correlations in O ficus-indica soils across three regions of Morocco. In the subhumid region of
Tafrant, there was a notable correlation between Shannon evenness index, amino acid meta-
bolism by the microbial community, and p-galactosidase activity, with high levels of Fe, NH{, and
Cu. Conversely, in the semi-arid region of Fez, strong associations were observed between organic
matter content, Mg, P, NOs-N, and increased microbial load, average well color development
(AWCD), carbohydrate and polymer metabolism, and elevated phosphatase activity. The arid
region of Chichaoua exhibited a distinct correlation between K and Zn levels, urease activity, and
the metabolism of amines and amides substrates. Our results highlight distinct variations in the
physicochemical properties, microbial community function, and enzymatic activities of O. ficus-
indica soils across the three Morocco’s regions. These findings highlight ecosystem uniqueness
and offer key insights for biodiversity conservation and soil fertility management.

Introduction

Arid and semi-arid regions cover almost 40 % of the Earth’s surface, spanning approximately 66.7 million square kilometers
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Fig. 1. Satellite images of sampling regions of O. ficus-indica soils (Tafrant, Fez and Chichaoua) in Morocco.

globally, and supporting nearly 2 billion people [1-3]. These areas, already characterized by harsh environmental conditions, are
expected to expand further due to climate change, which is altering precipitation patterns and causing temperature fluctuations [4].
Environmental stressors such as low nutrient availability, poor soil structure, salinity, water scarcity, extreme temperatures, winds,
and UV radiation contribute to reduced vegetation cover, which in turn leads to increased soil erosion, and biodiversity loss [5-7].

Plant species in arid and semi-arid climates have evolved complex adaptation mechanisms to cope with these harsh conditions [8].
One such plant is Opuntia ficus-indica, commonly known as prickly or cactus pear, a succulent from the Cactaceae family. Native to
regions characterized by hot and arid climates, particularly Mexico and Latin America [9-11], this plant exhibits diverse genetic
varieties with morphological and physiological adaptations, such as crassulacean acid metabolism (CAM), which enables it to survive
in dry environments [12]. Its succulent structure, thick cladodes, and extensive yet shallow root system [13] allow it to thrive despite
low precipitation and high temperatures [14,15]. Beyond its adaptability, O. ficus-indica is versatile in cultivation practices, being
grown both as a monoculture and in intercropping systems with cereals and legumes. It offers various applications, including human
and animal nutrition, industrial processes, and medical and cosmetic uses. Importantly, O. ficus-indica forms part of a biological unit
called a "holobiont" [16,17], interacting with a broad range of soil microorganisms and selecting microbial assemblages that can
withstand extreme conditions [6].

Microbial communities in soil are influenced by numerous factors, including plant genotype, soil physicochemical properties,
climatic variations, agricultural practices, and the biogeography of plant species [18-22]. Various techniques have been used to study
microbial diversity and functioning in the cactus soil, such as denaturing gradient gel electrophoresis (DGGE), high-throughput
sequencing (Illumina MiSeq) [23], RNA ribosomal 16S sequencing [24], DNA extraction and sequencing by Illumina MiSeq [25],
and Ion Torrent sequencing methods [26], highlighting the critical role of microorganisms in maintaining soil health.

Microorganisms play crucial roles in ecosystems due to their abundance and functions [27-30]. Given the established link between
biological diversity and ecosystem stability [31,32], studying the metabolic capacity, carbon utilization, and functional diversity of
soil microbial communities is essential [33,34]. The functional diversity of microbial communities can be analyzed using Biolog
EcoPlates, introduced by Garland & Mills in 1991 [35], in an approach known as Community-Level Physiological Profiling (CLPP).
This method assesses the catabolic potential of cultivable microorganisms from environmental samples and has been widely applied in
soil functional diversity analysis, soil microbial community characterization, and substrate utilization studies [36-39]. Microbial
communities differ across soils, and the Biolog EcoPlate technique has been used to study the microbial communities of plants like
Pinus massoniana [40], avocado [41], pear trees [42], barley [43], and wheat [44]. The Biolog EcoPlate provides both dynamic data,
reflecting substrate metabolism kinetics over time, and static data, such as substrate group utilization by samples and diversity indices,
including Shannon, Simpson, and McIntosh regularity [45]. However, this technique has not yet been used to study the microbial
diversity of the O. ficus-indica soil.

Several studies using different sequencing methods have examined the physicochemical properties and microbial communities in
cactus soils across various climates [23,24,26], but none have explored the physicochemical properties, functional diversity of
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microbial communities, and enzymatic activities of O. ficus-indica soils in different climatic regions of Morocco. Given the diverse
geoclimatic conditions in Morocco, the objective of this study is to compare the O. ficus-indica soils from three Moroccan regions with
distinct climates (subhumid, semi-arid, and arid). This comparison will focus on: (i) physicochemical characteristics, (ii) microbial
load, (iii) functional diversity dynamics of microbial communities over time, their preferences for the 31 carbon substrates tested using
Biolog EcoPlates, and (iv) enzymatic activities related to carbon (p-galactosidase), phosphate (phosphatase), and nitrogen (urease)
cycling.

Materials and methods
Isolation sites

The samples were taken from the O. ficus-indica soil from three different regions of Morocco (Fig. 1).

Tafrant region (34°37'30"N, 5°07'27"W) is a rural and mountainous area in the north of Morocco. It has a sub-humid Meditaranean
climate, with typical temperatures of 5 to 10 °C in the coldest months and 25 to 45 °C in the driest months. The rainfall regime is
characterized by the variability from one year to the next [46]. Soils have a carbonated loamy-clay-sandy texture with a moderately
basic pH (7.8 to 8) [47].

Fez is located in the Sais Plain (34°04'12"N, 4°57'17"W) and it is one of the principal agricultural regions of central Morocco. It is
situated in the north of Morocco, between the Rif and the Middle Atlas. This plain is in the form of a tetragon of almost 2700 Km?
carried to an average altitude of 600 m. Its climate is Mediterranean type characterized by its humid winter (from September to
February) and its dry and warm summer (with a maximum in July and August). It is an agricultural area with a high crop intensifi-
cation linked to its water richness circulating in shallow formations. The soils get a neutral to alkaline pH (7.62) and are moderately
carbonated [48].

Chichaoua is situated in the Haouz Plain (31°15'49'N, 8°50'38"W), which is a vast alluvial plain covering 2800 Km? [49] located in
the center-south of Morocco, it stretches between the chain of the High Atlas in the South and that of Jbilet in the North. The Haouz
plain is characterized by an arid climate, low average annual rainfall of 180 mm and a high average annual temperature of 15 to 20 °C
[50,51]. The soil has a neutral pH with a loamy texture.

Soil sampling

Sampling of root-zone soils of O. ficus-indica plants was carried out from the three studied sites. For each site, ten samples of soil
were randomly collected at a depth of 0 to 10 cm and homogenized. The samples were stored in sterile polyethylene bags, transported
to the laboratory under appropriate conditions.

Soil physico-chemical analysis

The soil pH in HyO and KCI was measured using a Benchtop pH Meter (Fisherbrand™ accumet™ FE150) and the electrical con-
ductivity by a benchtop multiparameter conductivity meter (Milwaukee MW150 MAX Ref. 40111.10) in a 1:2.5 (w/v) soil to deionized
water ratio. The soil moisture was determined by drying the samples overnight at 105 °C + 5 °C according to standard NF ISO 11465
[52]. The percentage of carbon in the total organic matter was determined using the Walkley and Black method [53], which is based on
the oxidation of carbon by a mixture of potassium dichromate in a sulphuric medium. The total amounts of Ca, Fe, K, Mg, Mn, Na, P and
Zn were determined by ICP-AES (Inductively Coupled Plasma Atomic Emission Spectrometer) after digestion with nitric acid (HNO3),
perchloric acid (HClO4), hydrofluoric acid (HF) and hydrogen peroxide (H203) according to the AFNOR NFX31-147 standard [54].
The concentrations of soluble Ca, K, Mg, Na, P20s, Zn, Fe, Mn, Cu, NO3N and NHJ were measured according to the NM ISO 11263, NF
X31-120 and ISO/TS 14256-1 standards.

Enumeration of soil microorganisms

5 g samples of each soil taken from the sites were mixed and homogenized at 150 rpm for 30 min at 30 °C with 45 mL of sterile
distilled water in a 100 mL Erlenmeyer flask. A series of decimal dilutions (107! to 107®) were carried out and used for the isolation of
bacteria by spreading 100 uL of each dilution on the solid Luria-Bertani medium [55]. The inoculated plates were incubated for 48 h at
30 °C.

Study of functional diversity of microbial communities

The functional diversity of the three O. ficus-indica soils was assessed using the Biologue EcoPlate™ [56]. 1 g of each soil was added
to 9 mL of sterile physiological water (0.85 % NacCl) and thoroughly shaking for 30 min at 180 rpm. 1 mL of the mixture was diluted in 9
mL of sterile physiological water and 150 pL of the solution was transferred to the 96 wells of the plate containing 31 carbon sources
and a blank containing water, with tree replicates. These 31 substrates belong to five groups: amines and amides, amino acids, car-
boxylic acids, carbohydrates and polymers. The plates were incubated at 28 °C for 7 days. The optical density of the plates was
measured every 24 h at 590 nm using a spectrophotometric microplate reader (Multiskan FC, Thermofisher Scientific). The Average
Well Color Development (AWCD) was determined by calculating the mean of the optical densities (ODsgonm) from 31 wells [57] during
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Table 1
Physico-chemical characteristics and bacterial load of O. ficus-indica soils belonging to the regions of Tafrant, Fez and Chichaoua. For the same
parameter, scores with different letters indicate significant differences among methods based on the Tukey test (p < 0.05).

Characteristics Unit of measurement Soil origin

Tafrant Fez Chichaoua
PH i1 1202 - 7.64 + 0.06 8.05 + 0.05 ° 7.87 + 0.04°
PH in xal - 7.76 + 0,02 ¢ 8.49 +0,02° 8.56 + 0,03 °
Conductivity ps/cm 226.33 + 1.53° 290.33 + 1.532 153.33 + 1.53 ¢
Relative humidity % 20.87 + 0.24 2 20.26 + 0.06 ° 14.94 +0.13 ¢
Organic matter % 3.82+0.76° 5.85+0.44 % 0.76 £+ 0.76 ©
Caj (assimilable) 1E-8or soil 176. 37 + 0.06 ° 272.50 + 0.07 2 120.20 + 0.01 ©
Ca (total) 1E-8ok soil 48,770.00 + 0.02 ° 19,7850.00 + 0.01 * 4,0740.00 + 0.02 ©
Fe (assimilable) H.8of soil 48.03 + 0.01 14.48 + 0.01 ¢ 39.94 +0.01°
Fe (total) 1E-8or soil 28,890.00 + 0.03 ° 1,3810.00 + 0.01 © 3,0700.00 + 0.02 ®
K™ (assimilable) 1g-Zok soil 1670.00 + 0.02 ° 772.00 + 0.02 ¢ 2228.93 + 8.00 °
K (total) H.8of soil 2463.00 + 29.00 1603.00 + 19.00 © 2649.00 + 0.04 *
Mg3 (assimilable) 1. 8of soil 14.20 + 0.02 90.93 + 0.06 2 52.70 + 0.03 °
Mg (total) 1E-8ok soil 16,330.00 + 0.02 2 1,2750.00 + 0.03 © 1,6230.00 + 0.01 °
Mn (assimilable) g8k soil 46.37 £0.01 ¢ 57.53 4+ 0.01 ® 58.44 +0.01?
Mn (total) 1. 8of soil 530.00 + 0.01 ° 380.00 + 0.02 670.00 + 0.01 ?
Na™ (assimilable) 1E-8or soil 690.00 + 11.00 460.00 + 0.03 529.00 + 4.00 ©
Na (total) 1g-Zok soil 764.00 + 0.02 ° 620.00 + 7.55 ° 990.00 + 0.01 °
P,05 (assimilable) 1. 8of soil 123.63 + 0.01 ° 459.60 + 0.22 ° 58.59 + 0.02 €
P (total) 1E-8or soil 2540.00 + 0.02 ° 5430.00 + 0.02 ° 1260.00 =+ 0.03
Zn (assimilable) 1E-8ok soil 28.29 + 0,01 ° 11.80 + 0.01 ¢ 29.62 + 0.01 2
Zn (total) HE-8ok soil 150.00 + 0.01 © 360.00 + 0.01 2 200.00 + 0.01 °
Cu (assimilable) Ug-Gof soil 12.89 + 0.01 2 6.94 + 0.01 ° 4.35+0.01°¢
NH{ (assimilable) 1E-8or soil 82.72 + 0.01 * 6.89 + 0.01 ¢ 6.96 + 0.01°
NO;N (assimilable) g8k soil 23.23 +£0.01 ¢ 80.73 +£0.01 2 27.51 4+ 0.01 ®
Bacterial load 107 CFU.gof soil 4.46 +0.08° 5.96 + 0,09 4.14 + 0.06

7 days of incubation according to the formula:
AWCD =3 (C —R)/n

An OD590pm value below 0.25 is considered an unmetabolized substrate [56].
The average well color development (S-AWCD) for each substrate group, richness index (S), Shannon diversity index (H’), and
Shannon evenness index (E) were calculated on the fifth day of incubation using the following formulas [35,58-60]:

- S-AWCD = Y (S-C — R)/n

- H'=-3" pi* Ln(pi)

- E=H/In(S)

- S= Numbers of catabolized substrates (OD590 > 0.25)

C: reading of the well OD

S-C: reading of the well of each substrate group OD

R: reading of the control well OD n: the number of substrates on an EcoPlate™ (31) pi: proportional color development of the well
over the total color development of all wells of a plate

S: the number of wells with color development (substrate utilization richness)

Soil enzyme activities

The determination of phosphatase and fB-p-galactosidase activities were performed according to the methods of Tabatabai &
Bermner [61] and Eivazi & Tabatabai [62] respectively. The 4-nitrophenylphosphate 0.05 M was used as a substrate to determine
phosphatase activity which was incubated for 30 min at 37 °C and the p-nitrophenyl p-p-galactopyranoside 0.02 M was used as a
substrate for f-p-galactosidase activity which was incubated for 3 h at 37 °C. Both activities were measured after stopping the reactions
by adding Cacl, 0.5 M and Tris 0.1 M (pH12) at 405 nm using a spectrophotometric microplate reader (Multiskan FC, Thermofisher
Scientific). Urease activity was assayed using urea 0,4 M as substrate, followed by incubation for 3 h at 25 °C. Quantification was
performed by adding ammonium salicylate and ammonium cyanurate and measuring optical density at 650 nm [63,64]. The results
obtained were compared against a calibration range of p-nitrophenol for phosphatase and p-p-galactosidase activities and another
range of ammonium chloride NH4Cl for urease activity. Enzymatic activities were calculated and expressed in umol of product
released/h/g of dry soil, with three replicates performed for each sample of soil.
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Statistical analysis

A statistical comparative analysis was conducted using the Tukey test at a significance level of P < 0.05 with Minitab® 21.2
Software (64-bit) to analyze the averages of physicochemical characteristics, bacterial load, general metabolism, metabolism within
each substrate group, calculated indices, and enzymatic activities across three soils of O. ficus-indica. Differences between soils were
assessed, with significant disparities denoted by distinct letters. Additionally, Principal Component Analysis (PCA) was performed
using XLSTAT 2016.02.28451 software to evaluate correlations among all parameters studied. Heatmap was created with pheatmap
package using Rstudio software to describe the variability of metabolism of the 31 substrates in each region.

Results and discussions
Physico-chemical characteristics of O. ficus-indica soils

The physicochemical characteristics as well as the bacterial charge of theO. ficus-indica soils from the three regions under study are
illustrated in Table 1.

Soil quality is determined by its physical-chemical and biological characteristics. The physical and chemical characteristics of soil
are influenced by environmental factors. Physically, they determine the soil’s texture and the chemical parameters are related to
fertility, such as pH, organic matter, and total and extractable mineral contents.

The impact of pH on several soil parameters and its simplicity in laboratory testing mean that it remains a key element in
establishing soil transfer functions. It is crucial to several soil-related processes, such as nutrient solubility, organic matter decom-
position and contaminant sorption. pH also influences ion exchange reactions, dissolution/precipitation, reduction/oxidation,
adsorption and complexation [65]. In agriculture, it affects soil fertility, fertilizer and liming requirements, herbicide efficacy, soil
weathering and microbial-mediated mineral transformation processes such as nutrient cycling (nitrification, denitrification and
others) [66]. The three soil samples of O. ficus-indica had a neutral to alkaline pH. The pH in H,0 and KCl were 7.64 and 7.76 in the
Tafrant region, 8.05 and 8.49 in the Fez region, 7.87 and 8.56 in the Chichaoua region, respectively.

The electrical conductivity of a solution is related to the total number of soluble cations or anions in the soil solution. So, within a
specific range, the EC would indicate good availability of nutrients to plants [66]. The region of Fez had the highest conductivity
290.33 us/cm, followed by the region of Tafrant 226.33 ps/cm, while the region of Chichaoua had the lowest conductivity 153.33
us/cm.

Relative humidity (RH %) is the most common measurement that defines the ratio between the partial pressure of water vapor and
the saturated vapor pressure. Soil humidity is the amount of water present in the soil. This parameter depends on the structure, the
capacity of a soil to retain water, the temperature and the pressure of the system of interest [67]. Moist soil provides the water
necessary for plant development and helps reduce the irrigation rate. The results of this work showed that the relative humidity of
O. ficus-indica soils is in agreement with the climate of each region. The highest humidity is that of the Tafrant region which had a
subhumid climate followed by that of the Fez region which had a semi-arid climate and the lowest humidity was represented by the soil
of the Chichaoua region which is known for its arid climate.

Organic matter is the main component of the soil, it represents the living and dead biomass of plant and animal origin which will be
fossilized, mineralized or recycled in ecosystems. It is considered the main reservoir of bioavailable soil carbon which determines and
indicates soil fertility through the formation of the clay-humic complex [68]. Organic matter improves soil structure by improving
water retention power, reducing water loss through runoff and improving aeration; it serves as a storehouse or reserve of nutrients for
plants. Colloidal organic materials have much greater base exchange capacity per unit weight than colloidal mineral materials, and
therefore can act as buffers in the soil [69]. The soils studied in this work showed that the soil of the Fez region is rich in organic matter
and the percentage reached 5.852 % followed by that of the Tafrant region with a value of 3.817 % and the lowest percentage of
organic matter is represented by Chichaoua soil’s of 0.763 %.

Generally, soils contain mineral elements, which include both macronutrients such as nitrogen (N), phosphorus (P), potassium (K),
calcium (Ca), magnesium (Mg), sulfur (S), etc., and trace elements including iron (Fe), manganese (Mn), zinc (Zn), copper (Cu),
molybdenum (Mo), nickel (Ni) etc. These elements are essential to plant nutrition because insufficiency or excess limits plant growth
and yield [70].

The dosage of assimilable minerals from the three O. ficus-indica soils showed variable quantities of each mineral depending on the
regions studied. The three regions of Tafrant, Fez and Chichaoua marked a richness in K with values of 1670, 772 and 2228,93 ug.g™! of
soil, in Na with values of 690, 460 and 529 pg.g™ of soil and Ca with values of 176.37, 272.50 and 120.20 ug.g™* of soil, respectively.
The Tafrant region marked the highest concentrations of Fe, Cu and NHZ with values of 48.03, 12.89 and 82.72 ng.g™ of soil, the Fez
region showed a high concentration of Mg, P and NOsN with values of 90.93, 459.60 and 80.73 ug.g™! of soil and the Chichaoua region
presented the highest concentrations of Mn and Zn with values of 58.44 and 29.62 pg.g™ of soil, respectively. These findings showed
that the region of Fez had the highest concentrations of mineral ions, followed by the region of Tafrant and, finally, the region of
Chichaoua. These mineral concentrations can explain the high conductivity observed in the Fez region, Tafrant region, and Chichaoua
region in that order.

Comparison of mineral concentrations between the two forms reveals that the percentage of bioavailable Ca, Fe, and Mg across the
three regions did not exceed 1 % of the total concentration of each mineral. The bioavailable Mn, P, and Zn constituted only 8.75 %,
4.87 %, and 18.86 % for the Tafrant region, 15.14 %, 8.46 %, and 3.28 % for the Fez region, and 8.72 %, 4.65 %, and 14.81 % for the
Chichaoua region, respectively, of the total mineral concentrations in the soil. However, the predominant concentration of potassium
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Fig. 2. Dynamics of average well color development index (AWCD) of O. ficus-indica soils from the regions of Tafrant, Fez and Chichaoua during
eight days of incubation. Scores with different letters indicate significant differences based on the Tukey test (p < 0.05).
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(K) and sodium (Na) in an assimilable form were 67.80 %, 48.16 %, and 84.14 % for K, and 90.31 %, 74.09 %, and 53.43 % for Na,
corresponding to the Tafrant, Fez, and Chichaoua regions, respectively.

These physico-chemical characterization results are consistent with those of [47], who demonstrated that the soil from three
stations of Oued Joumouaa, located east of Tafrant, exhibited pH p20 values of 7.85, 8.08, and 7.87, and pH ¢ values of 7.11, 7.17,
and 7.29, respectively. Similarly, the percentage of organic matter varied between 1.47 %, 2.75 %, and 3.41 %. Soil characterization of
the Sais plain (Fez) by Bellarbi and al [71] showed that this region possesses soil with pH 20 ranging from 7.6 to 8.2, organic matter
percentage ranging from 3.62 % to 7.87 %, and a total zinc concentration between 91 and 407 ug.g™! of soil. These results concerning
PH H20 (8.04) and organic matter percentage (5.9 %) were confirmed by Kouchou and al [72]. Furthermore, Outabakat and al [50]
demonstrated that the Chichaoua region is characterized by a pH y20 of 8.1, an organic matter percentage of 1.86, and an assimilable
phosphate concentration (P20s) of 67 pg.g™! of soil. The comparison of our results with these studies indicates coherence and alignment
with the patterns referenced in the literature.

Bacterial load in O. ficus-indica soils

The quantification of bacterial load within the soils of plants facilitates the assessment of bacterial abundance within these en-
vironments. The findings indicate that the Fez region exhibited the highest bacterial load, registering a concentration of 5.96 x 10’
CFU.g'! of soil, followed by the Tafrant region with a concentration of 4.46 x 107 CFU.g™! of soil, and finally, the Chichaoua region
recorded a bacterial concentration of 4.14 x 10”7 CFU.g™! of soil. These variations among the three soils are statistically significant. The
observed differences could be attributed to variations in organic matter content, temperature, precipitation, and humidity across the
regions [73]. Soil organisms are involved in several critical processes, such as nutrient cycling, organic matter degradation, and
transformations of carbon, nitrogen, and sulfur, which directly influence nutrient availability and modulate soil properties like pH,
moisture, and temperature [74]. Our results are consistent with those of [75] who demonstrated that the bacterial abundance in the
soil of three cactus species: Mammillaria carnea, Stenocereus stellatus, and Opuntia pilifera, amounts was 5.77 X 10°, 5.43 x 10°, and 3.20
x 10% CFU.g™! of soil, respectively. Another study demonstrated that the bacterial load obtained from the soil of wild Echinocactus
platyacanthus was 4.27 x 10'° CFU.g™? of soil, whereas for cultivated E. platyacanthus, it was 1.06 x 10® CFU.g™" of soil [76].
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Tafrant, Fez, and Chichaoua is shown. (The highest substrate consumption is indicated by a dark red color, while the lowest consumption is rep-
resented by a dark blue color).

Table 2
Soil microbial catabolic diversity indices of O. ficus-indica soils from the regions of Tafrant, Fez and Chichaoua. Scores with different letters indicate

significant differences based on the Tukey test (p < 0.05).

Soil origin Microbial catabolic diversity indexes
Shannon diversity index (H’) Shannon evenness index (E) Substrate richness index (S)
Tafrant 3.18+0.03° 0.98 +0.01 2 25.67 + 0.58 °
Fez 3.22 +0.02° 0.97 £0.01° 28.67 + 0.58 #
Chichaoua 3.19+£0.03% 0.97 + 0.002 * 27.67 +£0.58 %

Study of functional diversity of microbial communities

The Average Well Color Development (AWCD) of the three rhizospheric soils exhibited a similar sigmoid trend throughout the
incubation period, albeit with variations in magnitude (Fig. 2). Significant kinetic variations were observed among samples, with the
highest kinetics recorded in the Fez region, followed by the Chichaoua region, while the lowest kinetics were observed in the Tafrant
region. Fig. 3 indicates that amino acids (ranging from 25.34 % to 28.75 %) and polymers (ranging from 22.92 % to 27.46 %) were the
most utilized carbonaceous substrate groups across all soil samples. Additionally, the Tafrant region exhibited a higher affinity than
other regions for the carboxylic acids group (16.56 %), the Fez region showed higher consumption of carbohydrates (16.96 %)
compared to other regions, and the Chichaoua region metabolized more amines and amides (24.40 %) relative to other regions.

Detailed data related to the consumption of carbon source substrates in the three soils are depicted in the heatmap (Fig. 4). Station
clustering revealed high relative similarity between the Fez and Chichaoua stations. However, the Tafrant station exhibited significant
differences compared to the other stations. The consumption patterns of p-Malic acid, p-Galacturonic acid, a-p-Lactose, p-Xylose, D, -
a-Glycerol phosphate, a-Keto butyric acid, 2-Hydroxy benzoic acid, i-Erythritol, p-Cellobiose, and Glucose-1-phosphate appeared to be
similar across all three regions.

For the soil of Tafrant region, the consumption levels of y-Hydroxy butyric acid, 1-Asparagine, and Putrescine substrates were
notably higher compared to those in Fez and Chichaoua soils. However, this region showed less consumption of Glycogen, Phenyl-
ethylamine, and a-cyclodextrin. For Fez region, when compared to the two other stations, it showed higher consumption of p-Methyl-p-
glucoside, 1-Serine, Tween 40, p-Galactonic acid y-lactone, a-Cyclodextrin, Pyruvic acid methyl ester, and Itaconic acid. On the other
hand, the region presented a lower consumption of .-Phenylalanine, Glycyl-L-glutamic acid, Tween 80, and 4-Hydroxy benzoic acid.
For the soil of Chichaoua region, when compared to the other two regions, it showed a higher consumption of Phenyl ethylamine and p-
Glucosaminic acid.

The Shannon diversity index (H’) and evenness index (E) ranged from 3.18 to 3.22 and from 0.97 to 0.98, respectively, across all
soil samples, with no significant differences (Table 2). However, the substrate richness index (S) was highest for the Fez and Chichaoua
regions (27.67 and 28.67, respectively), while it was lowest for the Tafrant region (25.67) (Table 2).

These differences across sites could be explained by the diverse biogeoclimatic conditions prevailing in each region under study.
Microbial communities serve as primary responders to alterations in chemical and physical environmental parameters, given their
foundational position in the ecological hierarchy. These alterations are often precursors to changes in the health and vitality of the
environment [45]. A study using next-generation sequencing approaches highlighted variations in the bacterial communities of
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Fig. 5. Results of phosphatase (A), p-galactosidase (B) and urease (C) activities in O. ficus-indica soils from the regions of Tafrant, Fez and Chi-
chaoua.. Scores with different letters indicate significant differences among methods based on the Tukey test (p < 0.05).

O. ficus-indica soil across four bioclimatic zones (humid, semi-arid, upper-arid and lower-arid) in Tunisia, with both the plant
compartment and the aridity gradient emerging as pivotal factors shaping community divergence [23]. Moreover, the study of the
structure and diversity of bacterial communities associated with O. ficus-indica (L.) Mill. soil from three regions of Pernambuco, Brazil,
have revealed distinctive patterns influenced by environmental and soil conditions. As a species specially adapted to semi-arid regions,
the prickly pear can significantly alter microbial diversity under specific environmental conditions which also influence plant re-
sponses [24]. Consequently, semi-arid soils represent environments where natural selection favors organisms resilient to extreme
variations in climatic factors such as rain and high temperatures [77]. Other studies on other plants within the Cactaceae family
demonstrated that the restricted dispersion of microorganisms in Cereus jamacaru soil is caused by the low connectivity of soil pores
due to low soil moisture content, leading to spatial isolation of communities and resulting in different taxonomic and functional
community profiles [26]. Similarly, climate affects the soil microbial communities of Echinocactus platyacanthus [25]. Changes in
microbial diversity and community composition depend on the ability of microorganisms to endure water stress and may directly
respond to moisture and nutrient availability [78-80]. Microorganisms can be classified into three groups based on their response to
soil rewetting: delayed, intermediate, and rapid responses [81]. To survive, microorganisms must adapt and withstand adverse
conditions [82]. This resilience can be attributed to the presence of genes enabling survival during repeated cycles of drying and
rehydration, the ability to synthesize extracellular cellulose providing tolerance to water content fluctuations through biofilm pro-
duction [83,84], and the production of organic osmolytes (carbohydrates, polyols, amino acids and derivatives) [85]. Genes associated
with carbohydrate metabolism are upregulated, enabling bacteria to produce exopolysaccharides for cell protection and water loss
prevention [86-88]. The presence of a high number of protein metabolism genes may be linked to soil bacteria’s ability to respond to
rewetting [80]. Climate not only influences microbial community diversity but also soil physicochemical properties. Several studies
have confirmed that the physicochemical properties of the soil had an impact on the richness of soil bacterial species [89-91].

Engzymatic activities of O. ficus-indica soils

Enzymes play a crucial role in catalyzing a series of biochemical reactions and recycling soil nutrients [92]. They are involved in the
degradation of complex organic molecules into easily assimilated molecules, thereby enabling microorganisms to access the energy
and nutrients contained within complex substrates [93]. Hence, their quantification involves assessing their activity by monitoring the
decomposition of specific substrates for each enzyme under predetermined pH, temperature, and incubation conditions [94]. In this
study, the enzymes chosen to be measured are f-galactosidase, phosphatase and urease, which are involved in the catalysis of key soil
elements such as carbon, phosphorus, and nitrogen [73,95].

The results in Fig. 5 indicate that the soil from the Tafrant and Fez regions exhibited the highest phosphatase activity, yielding
93.65 and 88.11 umol of PNP/h/g of dry soil, respectively, with no significant difference observed, while the Chichaoua region showed
comparatively lower activity at 55.54 pmol of PNP/h/g of dry soil. Regarding f-galactosidase activity, the Tafrant soil demonstrated
the highest level at 8.27 umol of PNP/h/g of dry soil, followed by the Fez region at 5.36 umol of PNP/h/g of dry soil, and the Chichaoua
region displaying the lowest activity at 2.97 umol of PNP/h/g of dry soil. As for urease activity, both the Tafrant and Chichaoua regions
exhibited higher levels, albeit with statistically insignificant differences, recording 1.42 and 1.37 pmol of NHj/h/g of dry soil,
respectively, while the Fez region displayed a lower activity level of 0.31 umol of NHj /h/g of dry soil.

Variations in soil enzyme activities among regions may be attributed to differences in the climate of each area, as these activities are
influenced by prevailing weather conditions [96]. Specifically, the Tafrant region, characterized by a sub-humid climate, exhibited the
highest levels of phosphatase, f-galactosidase, and urease activities, followed by the semi-arid Fez region, and the low values have
been marked by the arid region of Chichaoua. Assessment of enzyme activities serves as an indicator of potential nutrient cycling,
nitrification, oxidation, and other processes crucial to soil quality [92]. Consequently, the Tafrant and Fez regions display elevated
phosphatase and p-galactosidase activities, correlating with higher levels of phosphorus and organic matter. Phosphorus minerali-
zation requires the presence of extracellular phosphatases, which may either be bound to the soil matrix or are free in the medium [97].
The linking of p- glucosidase to the carbon cycle means its dependence on both the quantity and quality of organic matter in the soil,
leading to increased activity with higher soil organic matter content [98]. Similarly, urease activity, responsible for catalyzing the
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Fig. 6. Principal component analysis of physicochemical characteristics, bacterial load (CFU), AWCD (The Average Well Color Development), S-
AWCD of each substrate group, microbial catabolic diversity indices (E, H’, S) and enzymatic activities (GALA: galactosidase, PHOS: phosphatase,
UREA: urease) of O. ficus-indica soils from the regions of Tafrant, Fez and Chichaoua.

conversion of urea into ammonia, exhibited a parallel trend. The observed high urease activity in the Tafrant region corresponded to a
high ammonium content of 82.72 ug.g™! in the soil. Tafrant and Fez regions exhibited high enzymatic activities, potentially attributed
to their higher bacterial loads. The majority of soil enzymes are produced by microorganisms; thus, their abundance may be correlated
with microbial proliferation [99]. Each soil type possessed specific enzymatic activities and an inherent activity level, influenced by its
origin, development conditions, and organic matter content [98].

Principal component analysis

PCA was conducted in the current study to illustrate the relationships between physicochemical and biological characteristics of
O. ficus-indica soils from the three regions under study. The PCA biplot (Fig. 6) showed that the first two principal components (PC1
and PC2) explained 99 % of the total variation in soil traits. PC1 contributed 61 % of the variance, while PC2 accounted for 38 %,
indicating that these two components represented nearly all the data variability. The region defined by the negative side of PC1 and
PC2 highlights a notable correlation between urease and the metabolism of amines and amides substrates with Zn and K contents.
Moreover, the Chichaoua region exhibited distinctively high scores for these traits.

The area limited by the negative side of PC1 and the positive side of PC2 showed a significant association for Shannon evenness
index, amino acids metabolism, and p-galactosidase with Na*, NHZ, and Cu contents. Moreover, Tafrant station was plotted in this area
with high scores of these traits.

The positive side of PC1 revealed a high association of NOsN and P,0s with bacterial load, carbohydrates and polymers meta-
bolism, Shannon diversity index and the average well color development, with the Fez region exhibiting high scoresThe findings of this
study reveal a statistically significant association between biological factors, such as bacterial abundance, average well color devel-
opment, and substrate richness index, and a physicochemical factor, soil pH. Such correlation has been demonstrated by several studies
including those of [56,100], which have elucidated the impact of soil pH on microbial community abundance. These findings un-
derscore the pivotal role of pH in shaping the ecological dynamics within the soil microbiome, highlighting its significance as a key
environmental determinant influencing microbial proliferation and community composition in terrestrial ecosystems. Another cor-
relation observed is between the abiotic factor NO3-N levels and the decrease of urease activity in soil. The soil of the Fez region
exhibits a high NO3-N concentration (80.73 ug.g™") and low urease activity (0.31 umol of NHZ /h/g). Conversely, soils in the Tafrant
and Chichaoua regions show low NO3-N levels (23.23 and 27.51 pg.g™}, respectively) and high urease activities (1.42 and 1.37 pmol of
NHj /h/g, respectively) compared to the Fez region. This correlation has been elucidated by [101] who observed that urease activity in
soils is not directly suppressed by NO3, but rather by the by-products formed by microbial assimilation of these forms of N.

Conclusion

This study demonstrated variations in physicochemical properties, bacterial load, functional diversity of bacterial communities,
and the activities of phosphatase, 3-galactosidase, and urease in the O. ficus-indica soils from Moroccan regions with different climates
(Tafrant (subhumid), Fez (semi-arid) and Chichaoua (arid)). Consequently, all measured parameters were different and influenced by
the bio-geo-climatic nature of each region. Moreover, the high kinetics of AWCD and the highest substrate richness index in the Fez
region followed by the Chichaoua region are significant and indicate the adaptation of microbial communities associated with the
O. ficus-indica soil to semi-arid and arid climates. Thus, the unique character of each ecosystem offers promising prospects for the
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development of conservation and management practices aimed at preserving soil fertility and biodiversity. Leveraging ecosystem
resilience aids in climate change mitigation and sustainable resource management.
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