Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Effect of PGPR and mixed cropping on mycorrhizal status, soil
fertility, and date palm productivity under organic farming system

Mohamed OU-ZINE (&% mohamed.ouzinel@usmba.ac.ma)
Sidi Mohamed Ben Abdellah University

Sarah SYMANCZIK

Forschungsinstitut fiir Biologischen Landbau
Said El KINANY

Ecole Nationale d’Agriculture de Meknes
Larbi AZIZ

Ecole Nationale d’Agriculture de Meknes

Mustapha FAGROUD
Ecole Nationale d’Agriculture de Meknes

Ali ABIDAR
Ecole Nationale d’Agriculture de Meknes

Paul MADER
Forschungsinstitut fiir Biologischen Landbau

El Hassan ACHBANI
National Institute of Agricultural Research

Abdellatif HAGGOUD
Sidi Mohamed Ben Abdellah University

Rania EL HILALI
Ecole Nationale d’Agriculture de Meknes

Mustapha ABDELLAOUI
Office Régional de la Mise en Valeur Agricole de Tafilalet

Rachid BOUAMRI
Ecole Nationale d’Agriculture de Meknes

Research Article

Keywords: Arbuscular mycorrhizal fungi, date palm, mixed-cropping, plant growth promoting rhizobacteria, soil fertility
Posted Date: August 11th, 2023

DOI: https://doi.org/10.21203/rs.3.rs-3225865/v1

License: @ ® This work is licensed under a Creative Commons Attribution 4.0 International License. Read Full License

Page 1/16


https://doi.org/10.21203/rs.3.rs-3225865/v1
mailto:mohamed.ouzine1@usmba.ac.ma
https://doi.org/10.21203/rs.3.rs-3225865/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

A field study was carried out for two years at an organic farm under arid climate in Morocco to investigate the effect of an integrated
biofertilization approach on Arbuscular Mycorrhizal Fungal (AMF) abundance and infectivity, soil fertility, yield, and fruit quality of
date palm. The biofertilization approach included three management practices namely application of compost, inoculation with a
consortium of native PGPR strains originally isolated from date palms of Draa-Tafilalet region (Pseudomonas koreensis, Serratia
nematodiphila, S. marcescens, and Klebsiella sp.) and using mixed-cropping with sorghum. Accordingly, four treatments were
established in this study: 1) mixed-cropping with sorghum, 2) PGPR inoculation, 3) sorghum + PGPR, and 4) control (without sorghum
or PGPR). All treatments received compost as organic amendment. Results revealed that mixed-cropping with sorghum significantly
increased AMF colonization intensity and spore density by more than 50% and 29%, respectively. Sorghum association also resulted
in a significant increase in organic matter concentrations of up to 2.95% against 2.45% in monocropping soils. The integrated
biofertilization approach resulted in the highest yield with an increase rate of 10.6% and 12.1% in the first and the second year,
respectively compared to date palms receiving compost alone. Similarly, the mineral composition and quality characteristics of date
fruits were significantly improved. The enhancement of soil fertility and date palm productivity under harsh environmental conditions
represents a first step towards the adoption of sustainable practices in the region and in similar areas.

Introduction

Date palm (Phoenix dactylifera L.) is considered as one of the oldest fruit crops in the world (Chao and Krueger 2007). For several
decades, it has been cultivated mainly in North Africa and the Middle East, and currently, it is cultivated in 30 countries across the
world (El Bouhssini and Faleiro 2018). The Moroccan oasis agroecosystem is characterized by harsh environmental conditions in
which the date palm has to cope with several threats including soil and water salinity, drought, desertification, bayoud disease, and
low soil fertility (Jaradat 2011; Ou-zine et al. 2021; Ou-zine et al. 2022). Currently, the Moroccan “Green Generation” program aims the
development of organic farming system to reach 10 000 hectares, 75% of which are dedicated to date palms (ONCA, 2021).

Accordingly, there is a need to change farming practices towards more sustainable practices. In addition to the application of organic
amendments namely compost, such practices might include the management of beneficial soil microorganisms such as plant growth
promoting rhizobacteria (PGPR) and arbuscular mycorrhizal fungi (AMF) (Barea et al. 2011; Manaut et al. 2015). Soil microorganisms
including PGPR play an important role in nutrient cycling and organic matter (OM) mineralization and, thereby, in improving the soil
fertility status (Abbott and Murphy 2007). Indeed, soils generally contain high concentration of mineral nutrients but their availability
and accessibility for the crops are low; PGPR are able to make them more available via dissolving organic (e.g. phytates) and
inorganic phosphorus by liberating enzymes and acids (Yin et al. 2015), release potassium from organic and insoluble materials
(Meena et al. 2013), produce siderophores, which are high affinity iron chelating compounds (Sivasakthi et al. 2014), and solubilize
other nutrients such as zinc (Kumar et al. 2019). These bacteria also exhibit inhibition of pathogens (Li et al. 2020), and secret plant
hormones such as auxins and cytokinins (Mohite 2013). Accordingly, due to these aptitudes, the application of PGPR shows a
significant effect on yield of different plant species such as raspberry (Orhan et al. 2006), strawberry (Pirlak and Kose 2009), apples
(Karlidag et al. 2007), banana (Kavino et al. 2010), date palm (Naser et al. 2016) and several other crops (Abbasi et al. 2011; Shahid
et al. 2019; Li et al. 2020). According to Zafar et al. (2012), PGPR introduced into a soil are usually not sufficient to compete with
native bacterial strains. Hence, inoculation of native bacteria isolated from the target ecosystems is necessary to ensure their
successful integration and to take advantage of their beneficial properties (Igual et al. 2001; Zafar et al. 2012). Besides PGPR, AMF
are key microorganisms in agricultural soils that maintain crop productivity and environmental quality (Van der Heijden et al. 1998;
Hazzoumi et al. 2015; Cozzolino et al. 2015). AMF can improve soil structure (Rillig and Mummey 2006) and soil water retention
(Querejeta 2017), mitigate abiotic stresses such as salinity, drought, and high temperatures (Plouznikoff et al. 2016), and help plants
to overcome biotic stress (Brito et al. 2019). In addition, they were shown to improve mineral nutrition and plant growth (Latef and
Chaoxing 2011), increase crop yield (Regvar et al. 2003; Celebi et al. 2010; Gao et al. 2020) and enhance the soil attributes and tree
seedlings survival (Asmelash et al. 2016). Thus, theoretically, AMF inoculation may result in significant impact on the ecosystem
especially on the plant-soil system. However, AMF inoculation of agricultural fields is expensive because of high prices of the
products. Further, products are not always effective as they mainly just include single AMF strains. And last, it is difficult to introduce
AMF into existing plantations i.e. bringing the AMF in close contact with the fine roots of adult trees. Therefore, the adoption of
another method to increase the activity of native AMF will represent a valuable alternative to the direct inoculation. Previous studies
have revealed that mycorrhizal colonization was higher in plants cultivated in mixed culture compared to those cultivated in
monoculture (Ouahmane et al. 2006; Duponnois et al. 2011). Muleta et al. (2008) found higher spore densities in the rhizosphere of
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coffee trees planted in mixed culture compared to coffee trees in monocultures. Similarly, Ouahmane et al. (2006) declared that
Lavandula multifida could acts as AMF nurse plants in association with trees such as Cupressus spp. and that this association
improves the propagation of native AMF in the soil and enhances the growth of associated cultures. The adoption of this strategy,
based on the use of nurse plants in association with perennial trees, could play a key role by promoting soil- and plant-associated
microorganismes, particularly AMF (Ouahmane et al. 2006, Ingleby et al. 2007), and thus indirectly facilitating the transfer of nutrients
and improving the growth of neighboring trees (Battie-Laclau et al. 2019). To the best of our knowledge, no study has investigated the
effect of associated nurse plants on mycorrhizal colonization of date palm and AMF abundance in soil.

Therefore, this study aimed at investigating i) the effect of inoculation of date palm rhizosphere with indigenous PGPR on nutrient
assimilation, ii) the impact of sorghum cultivated in mixed-cropping system with date palm on soil nutrients as well as on AMF
density and infectivity, and iii) the interactive effect of PGPR and mixed cropping on soil fertility and date palm nutrition and
productivity under field conditions. Accordingly, we hypothesized that the application of native PGPR consortium could improve the
mineral nutrition of date palm and its productivity, and that mixed-cropping with sorghum would increase date palm root
mycorrhization and spore density of preexisted AMF.

Material and methods
Experimental sites description

A field experiment was carried out during two growing seasons at an organic farm (31°29'46.4"N 5°02'04.8"W) located in Tinjdad
belonging to Draa Tafilalet region in Southeastern Morocco. The initial physicochemical properties of the soil are presented in Table
S1. The experiments were carried out on 15-years old date palms of the cultivar Majhoul planted at 8 m x 8 m density in plots of 4
meters.

Organic amendment used

The organic amendment used in this study is Moroccan compost produced by a private company in Meknes and certified as a bio-
product that can be used in the organic farming. Its physicochemical properties are presented in Table S2.

PGPR identification and inoculum preparation

Four bacteria were isolated, among others, from date palm rhizosphere and they were in vitro screened for activities involved in plant
growth promotion and tested for their compatibility (Table S3) (El Kinany et al., 2021).

PGPR isolates used in this study were cultured in YPGA medium (yeast extract 5 g.L™ ", peptone 5 g.L™ 7, glucose 10 g.L™ ", and agar
15g.L™ ") and incubated at 28 + 2°C for 24 hours. Colonies were recovered for the extraction of the genomic DNA. Polymerase chain
reaction amplification of the 16S rRNA region of the bacteria was performed using universal primers (27F/1492R) (Weisburg et al.
1991) according to the following program; 5 min at 94°C, 35 cycles; 94°C for 1 min, 52°C for 1 min followed by 72°C for 1 min and a
final step of 10 min at 72°C. The amplicon was revealed in 1% electrophoresis gel. The PCR products were then sequenced and the
obtained sequences were edited and aligned using BioEdit software (version 7.0.5.3). The sequences were checked for similarity
using the Blast program and then deposited in GenBank. The partial 16S rRNA gene sequences of the isolated bacterial strains were
aligned and the bootstrapped Neighbour-joining relationships were estimated with MEGA X software (Kumar et al. 2008).

Before their application, the four bacteria were separately grown on YPGA medium, suspended in sterile physiological saline solution
(NaCl 0.85%) to reach a concentration of 108 CFU.ml~", and finally well mixed together to obtain the final used inoculum.

Treatments and experimental design

Four treatments were established in this study described as follows: compost, compost + nurse plant; compost + PGPR, and compost
+nurse plant+ PGPR. All treatments were additionally supplemented with 5 kg/tree of fish meal (8.42% N) applied once in January.
Compost was incorporated homogeneously into the soil at 0.2 m depth and at 1.5 m distance from the date palm trunk (15 ton of
compost / ha).

Plants inoculated with PGPR were received an inoculum of 250 ml/tree (108 CFU.mI™ ") containing a consortium of the four bacteria
inoculum. The total inoculum volume was applied in the date palm rhizosphere at 0.2 m depth on five spots surrounding the date
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palm at 1.5 m distance from the trunk. In treatments with nurse plant, sorghum seeds were sown around the date palm tree and
mown twice a year. The mown sorghum biomass was then used as mulch to cover the soil. Date palm trees were selected as uniform
as possible in vigor and they were arranged in a randomized-block design with three replicated blocks.

Soil analysis

Soil samples were collected from 0-0.6 m depth in January (after treatment application) and in October (after the harvest) using a soil
auger. Each sample was a composite of five soil cores randomly collected at a distance of 1.5 m from each date palm trunk.
Chemical properties of the soils including pH, OM, N, phosphorus (P), potassium (K), iron (Fe), manganese (Mn), copper (Cu), and zinc
(Zn) were assessed. Soil pH was measured in water suspension 1:5 (v/v) using a glass electrode (Rayment and Higginson 1992). The
OM concentration was calculated after the assessment of the organic carbon by titration method of Walkley and Black (1934). Total
N and P concentrations were measured according to Kjeldhal technique and Olsen extraction method followed by spectrophotometry,
respectively, and K, Fe, Mn, Cu, and Zn were measured using atomic absorption spectroscopy (Estefan et al. 2013).

Leaf mineral nutrients’ concentration

The middle part of the median leaves were sampled from the four directions around the tree in September of each growing season
and kept in an isothermal cooler. The sampled leaves were washed, rinsed with distilled water, and then air-dried at 70°C for 72 h. The
dried leaves were ground, digested, and prepared for analysis. Total N was assessed by the Kjeldahl method following the procedure
suggested by AOAC (1995). Phosphorus and K were measured by the method of Chapman and Pratt (1961) and by the flame
photometer (Jackson 1958), respectively. Iron, Mn, Cu, and Zn were measured using the atomic absorption spectrophotometer
(Estefan et al. 2013). Boron (B) was measured by dry ashing (Chapman and Pratt 1961) and subsequently measured by colorimetry
using azomethine H (Bingham 1982).

Assessment of spores density and colonization of date palm and sorghum
roots with AMF

Date palm and sorghum roots and soil samples were collected from each treatment in October of each season. Roots were rinsed
with tap water, cut into 10 mm fragments, bleached for 45 min at 90°C in 10% KOH, rinsed with distilled water, and then submerged in
1% HCI for 3 min and immediately stained with 0.05% (w/v) Trypan blue (Phillips and Hayman 1970). Stained roots were observed
under optical microscope to assess the colonization frequency corresponding to the ratio of colonized versus non-colonized root
fragments, and the colonization intensity corresponding to the proportion of cortical cells colonized by AMF (Trouvelot et al. 1986).
Spore density was assessed in 100 g of soil, collected at a depth of 0-0.30 m, by using the wet-sieving and sucrose gradient
techniques followed by enumeration of extracted spores under a binocular stereomicroscope (Brundrett et al. 1996).

Yield and fruit quality measurements

At harvesting time (mid-September to mid-October in both years), fruits of each date palm tree were harvested and weighted using an
electronic balance to evaluate the total yield per tree (kg/tree).

From each tree, fruit samples were randomly collected from all bunches to determine fruit weight (g) and flesh percentage (%) by
using an electronic balance, and fruit length and diameter (mm) by using an electronic digital caliper. To assess nutrient
concentrations, fruits were cut into pieces and dried at 70°C in the oven until constant weight. About 0.5 g of dried fruit sample was
digested in nitric acid and hydrogen peroxide and then ultra-deionized water (20 mL) was added. The extracts were filtrated through
Whatman filter paper and submitted to the analysis by inductively coupled plasma-optical emission spectrometry to determine the
concentrations of P, K, Mg, Ca, Fe, Zn, Mn, Cu, and B in fruits as described by Al Juhaimi et al. (2014) whereas total N was determined
by Kjeldahl method (AOAC 1995).

Statistical analysis

Data were analyzed using two-way-ANOVA at P = 0.05. Duncan test was used for statistically significant results at P=0.05. The
values expressed with percentage were first arcsin transformed before statistical analyses. All analyses were performed using the
SPSS software, version 24.0.

Results
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Effect of treatments on soil fertility and plant nutrition

The analysis of soil properties (Tables 1 and 2) showed an improvement of the organic and mineral fractions as compared to the
initial analysis of the used field due to the application of compost (Table S1). Considering the effect of associated nurse plants
during the second year, a significant increase in OM concentrations of up to 2.95% was noted in plots grown in mixed culture
compared to 2.45% in plots with date palms only. Unsurprisingly, results showed that soil N concentration was decreased on average
by 100% under mixed-cropping compared to date palms grown alone at the end of the study. Similarly, P and K concentrations in soil
were lower under mixed-cropping compared to date palm monoculture system. On the other hand, mineral nutrition of date palm
especially N, P, and K were improved by 17, 82, and 31%, respectively by adopting the integrated biofertilizer treatment as compared to
the control (Compost alone). The applied PGPR were identified as Pseudomonas koreensis DPR-6M, Serratia nematodiphila DPR-8M,
Serratia marcescens DPR-2M, and Klebsiella sp. DPR-9M and deposited in the GenBank database under the accession numbers
MZ413920, MZ355924, MZ356167, MZ356236, respectively (Figure S1). Data showed that the rate of OM degradation (calculated as
the difference between OM content in January and October of each year) in soils receiving compost and PGPR was slightly higher
than OM degradation rate in soils amended with compost alone; it was 0.61% against 0.42%, respectively. The application of the four
strains significantly improved the Mn uptake by more than 74% during the first year and the Fe uptake by around 7% during the
second year.
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Table 1
Influence of treatments on soil physicochemical properties of the organic farm

Parameters
Treatment Sampling oM pH N P K Cu Mn Fe Zn
period
% % mg.kg~ mgkg™? mgkg~ mgkg mg.kg mg.kg
1 1
Compost January 149+ 9.23% 012+ 2449 + 833.2+ 1.01+ 583+ 8.63 3.58+
(Tst 0.15a 0.05a 0.02a 8.6a 31.2c 0.10a 0.28a 0.17a 0.02a
season)
Compost + 1.48+ 9.25% 012+ 237.8+ 930.6 ¢ 0.98+ 591+ 8.82+ 3.63%
N. plant 0.11a 0.22a 0.07a 6.5a 40.6b 0.07a 0.19a 0.18a 0.18a
Compost + 1.49 9.28+ 011+ 2422 + 962.1+ 0.95+ 6.05+ 8.91+ 3.55%
PGPR +.0.06a 0.16a 0.02a 9.92a 14.8ab 0.05a 0.36a 0.44a 0.14a
Compost + 1.38+ 9.46+ 0.10% 2439+ 977.1+ 1.03+ 6.13 ¢ 8.75+ 3.57+
N. plant + 0.08a 0.38a 0.02a 5.94a 16.0a 0.05a 0.17a 0.12a 0.10a
PGPR
Fanova 2.35ns 144ns 1.08ns 0.38ns 30.70*** 0.68ns 0.63ns 0.50ns 0.27ns
Compost October 1.01+ 8.77% 0.09% 193.0+ 770.0% 0.80% 533+ 7.53% 190+
(2nd 0.05a 0.06a 0.07a 14.73a 30.0a 0.10a 0.71a 0.21a 0.12a
season)
Compost + 0.92+ 8.40+ 0.08 150.7 + 726.7 = 0.73% 543+ 7.27 143+
N. plant 0.10a 0.20b 0.07a 8.02b 20.8a 0.15a 0.58a 0.49a 0.21b
Compost + 0.88+ 8.87 0.07 167.0+ 726.7 = 0.73% 563+ 7.03% 1.73+
PGPR 0.03a 0.06a 0.02a 27.73ab  30.6a 0.15a 0.35a 0.95a 0.17ab
Compost + 0.90+ 8.831 0.09+ 1523+ 716.7 0.70 573+ 6.97 + 1.54+
N. plant + 0.07a 0.06a 0.03a 19.86b 15.3a 0.10a 0.32a 0.23a 0.22b
PGPR
Fanova 3.56 ns 10.64** 0.63ns 2.48ns 4.25ns 4.40ns 1.69ns 0.80ns 4.04ns
Compost January 2.53% 8.50 % 0.16 % 396.0 ¢ 1456.7 0.85% 8.49 17.97 280
(1st 0.27b 0.20a 0.03a 23.3a +63.5a 0.02a 1.64a +3.05a 0.33b
season)
Compost + 2981 8.50% 0.19% 390.0+ 1570.0 0.83% 8.70 16.75 3.841+
N. plant 0.25a 0.10a 0.02a 47.5a +85.4a 0.13a 1.42a +2.02a 0.16a
Compost + 245+ 8.63 % 017 3823+ 1493.3 0.75% 7.15% 15.34 3.68%
PGPR 0.22b 0.32a 0.07a 34.7a +65.1a 0.13a 0.55a +191a 0.02a
Compost + 295+ 8.63 1 0.18% 3923+ 1486.7 0.82+ 8.20+ 19.55 314+
N. plant + 0.13a 0.27a 0.07a 25.0a +71.0a 0.12a 0.14a +0.72a 0.24b
PGPR
Fanova 47.66*** 0.37ns 2.16ns 0.07ns 1.36ns 146ns 095ns 1.89ns 10.86**
Compost October 1.34+ 8.47 + 0.13+ 267.2+ 1083.3 0.52+ 3.98 6.05+ 175+
(2nd 0.29a 0.25a 0.01a 25.5a +71.0a 0.18a 0.79a 0.28a 0.39%a
season)
Compost + 1.57+ 8.43% 0.06 = 198.0+ 9433 ¢ 0.60 = 3.72% 6.03 £ 181+
N. plant 0.23a 0.15a 0.01b 14.5a 47.3b 0.07a 0.51a 0.13a 0.38a
Compost + 1.26+ 8.40 % 012 261.3+ 1033.3 0.58% 391z 6.12 % 170+
PGPR 0.24a 0.10a 0.03a 16.6a +473ab 0.11a 0.18a 0.23a 0.26a
Compost + 1.62+ 8.47 0.07 = 166.0 + 926.7 £ 0.62 3.89% 6.17 % 1.79+
N. plant + 0.27a 0.15a 0.01b 46.1a 70.2b 0.07a 0.32a 0.30a 0.20a
PGPR

OM: organic matter, N: nitrogen, P: phosphorus, K: potassium, Cu: copper, Mn: manganese, Fe: iron, and Zn: zinc. Data represent
means * standard deviation (n = 3). Means followed by the same letter are not statistically different according to Duncan test at P
=0.05, ns: not significant, * p< 0.05; ** 0.001 < p<0.01; *** p<0.001.
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Parameters

Fanova 2.45ns 0.12 15.44**  9.63 ns 5.24* 047ns 0.14ns 0.19ns 0.06ns
ns

OM: organic matter, N: nitrogen, P: phosphorus, K: potassium, Cu: copper, Mn: manganese, Fe: iron, and Zn: zinc. Data represent
means * standard deviation (n = 3). Means followed by the same letter are not statistically different according to Duncan test at P
= 0.05, ns: not significant, * p< 0.05; ** 0.001 < p<0.07; *** p<0.001.

Table 2
Effect of treatments on concentration of mineral nutrients in the date palm leaves
N P K Mg Ca Zn Cu Mn Fe B
Season Treatment % of dry matter mg.kg™ " of dry matter
1st Compost 1.02+ 0.08+ 0.85+ 0.19+% 0.37 8.83+ 3.47 46.7 + 252.0 247
season 0.07c 0.00b 0.07b 0.04b * 0.75b * 8.39b +51.1a *
0.06b 0.12b 5.86a
Compost 155+ 0.12+ 1.06 + 0.34+ 0.46 112+ 4.70 81.3+ 269.3 39.3
+N.plant 0.08a 0.01a 0.23b 0.03a * 0.70a * 12.9a +19.5a
0.17b 0.26a 8.50a
Compost 1.01+ 0.08+ 0.80+ 0.20+ 0.38 9.57+ 3.90 59.3 + 280.0 28.7
+PGPR 0.03c 0.01b 0.13b 0.04b * 0.60b * 3.21b +38.6a
0.06b 0.36b 1.15a
Compost 135+ 0.13+ 143+ 0.35% 0.65 11.7 + 3.40 913+ 2927 35.0
+N.plant  0.05b 0.02a 0.05a 0.05a + 0.47a + 9.71a +288a
+PGPR 0.10a 0.36b 7.00a
Fanova 54.13*%  37.00%**  1552%* 20.56*** 6.57* 11.52** 9.40* 1294** 069ns 3.96
ns
2nd Compost 1.49 + 011+ 0.94+ 041+ 0.56 9.67+ 3.03 84.0+ 314.7 51.0
season 0.05c 0.01b 0.11b 0.07a * 0.58a * 31.8a +11.4b £
0.02a 0.06a 2.00a
Compost 172+ 0.18+ 119+ 0.48+ 0.59 10.0+ 2.87 86.3+ 316.7 50.3
+N.plant 0.07ab 0.02a 0.08a 0.11a * 2.65a * 5.51a +513b
0.05a 0.23a 4.16a
Compost 1.59+ 0.10+ 091+ 042+ 0.57 9.33+ 2.97 83.7+ 336.7 50.7
+PGPR 0.06bc 0.02b 0.06b 0.02a * 0.58a * 12.0a +777a %
0.03a 0.06a 8.50a
Compost 175+ 0.20+ 1.23+ 0.47 0.60 10.0+ 3.07 87.0+ 347.6 497
+N.plant 0.06a 0.07a 0.04a 0.03a * 1.95a * 5.00a +10.6a =
+PGPR 0.03a 0.12a 1.53a

Fanova 9.96** 35.62***  23.00*** 1.09ns 0.79 0.10ns 1.04 0.03ns  10.39** 0.034
ns ns ns

N: nitrogen, P: phosphorus, K: potassium, Mg: magnesium, Ca: calcium, Zn: zinc, Cu: copper, Mn: manganese, Fe: iron, and B:
boron. Data represent means + standard deviation (n = 3). Means followed by the same letter are not statistically different
according to Duncan test at P = 0.05, ns: not significant, * p<0.05; ** 0.001 < p<0.01; *** p<0.001.
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Table 3
Effect of treatments on date palm yield and quality characteristics of date fruits

Season Treatment Yield (kg/date palm Length Diameter Fruit weight Flesh (%)
tree) (mm (mm) (@)
Tst Compost 50.0+2.01b 435+0.13d 28.1%+0.10c 20.5+0.28b 943+
season 0.13a
Compost + N. plant 54.8+3.52a 46.2+0.16b 29.1+0.08b 21.3+0.33ab 945+
0.27a
Compost + PGPR 50.7+3.87b 447+0.18c 29.2+0.10b 20.8+0.12b 943+
0.40a
Compost + N. plant + 55.3+5.30a 47.22 + 29.5+0.24a 21.9+0.73a 94.6 +
PGPR 0.14a 0.18a
Fanova 6.14* 1267.42%%%  57.66%** 5.73% 0.99 ns
2nd Compost 53.9+4.18c 47.5+0.58c 27.8+0.13c 22.6+0.24b 945+
season 0.09a
Compost + N. plant 56.9+4.22b 48.6+0.25b 29.4+0.30b 23.9+0.54a 947
0.19a
Compost + PGPR 54.4 + 3.96bc 48.2+0.20b 29.1+0.05b 22.7+0.35b 946+
0.23a
Compost +N. plant + 60.4 +3.44a 49.4+0.19a 30.3+0.30a 23.9+0.36a 948+
PGPR 0.32a
Fanova 16.56%* 18.22%* 70.36%** 10.52** 0.82 ns
Data represent means * standard deviation (n = 3). Means followed by the same letter are not statistically different according to
Duncan test at P = 0.05, ns: not significant, * p<0.05; ** 0.001 < p<0.01; *** p< 0.001.

Plant mycorrhizal colonization and spore density

The results of date palm mycorrhization and AMF spore density are presented in Figs. 1 and 2, respectively. Statistical analysis
showed that mixed-cropping with sorghum increased mycorrhizal root colonization as well as AMF spore density from the first
season of the experiment. Indeed, the mycorrhization intensity and spore density increased by 28% and 33%, respectively in the first
year and by more than 50% and 29%, respectively in the second one. In parallel to the evaluation of date palm mycorrhization, we
assessed AMF colonization in sorghum roots during the two growing seasons (Fig. 3). Results showed that sorghum root
colonization increased significantly from the first to the second year and reached on average a final colonization frequency and

intensity of 67.8% and 37.8%, respectively.

Yield, fruit quality characteristics and mineral composition of date fruits

Yield data, presented in Table 4, showed a significant difference between the treatments in both years (Compost + Nurse Plant +

PGPR > Compost + Nurse Plant > Compost + PGPR > Compost). Indeed, the integrated biofertilization approach resulted in the highest
yields with an increase of 10.6% and 12.1% in the first and the second year, respectively compared to date palms receiving compost
alone. Similarly, fruit quality characteristics, namely fruit length, fruit diameter, and fruit weight were significantly affected by
treatments in both years (Table 4). At the end of the experiment, fruit length, diameter and weight increased by 4.0%, 9.0%, and 5.8%,
respectively when plants where cultivated following the integrated biofertilization approach as compared to compost alone. Looking
at the mineral composition of date fruits, we observe most significant effects in the second season (Table S4). The cultivation
following the integrated approach resulted in highest concentration of most nutrients except N and Cu.

Discussion

Effect of mixed cropping system and PGPR on soil fertility
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The significant increase in OM concentration in soils where date palms and sorghum were grown together compared to the sole
application of compost is explained by the effect of associated sorghum. The accumulation of organic carbon regenerated from the
sorghum biomass might have led to the increase in soil OM concentrations especially in the second year. This improvement due to
mulching was previously stated by several authors (e.g. Medcalf 1956; Mehlich 1966; Ramakrishna et al. 2006). Wijanarko and
Purwanto (2017) reported that the utilization of corn and peanut biomass as plant residue mulch improved the soil OM content. On
the other hand, data showed that soil N, P and K concentrations were decreased in soils under mixed-cropping compared to date
palms alone. It's evident that the assimilation of nutrients increased under mixed-cropping due to the higher plant density and root
volumes leading to a decrease in soil macroelement concentrations. In addition, the decrease in N concentration might also be
explained by N immobilization by microorganisms as N is required for the mineralization of sorghum biomass. Indeed, the applied
organic materials were found to increase the microbial activity and, thereby, increase the N immobilization (Choi et al. 2001).

The rate of OM degraded in amended soils with compost and inoculated with PGPR consortium was slightly higher than the one in
soils amended with compost alone. Bacteria are known by their capability to mineralize soil OM by releasing hydrolytic enzymes (Pii
et al. 2015). In our study, the microbial inoculant applied corresponds to autochthone bacteria isolated from local conditions. This is
very interesting in terms of competition with preexisting soil bacteria and of adaptation to the climatic conditions and edaphic
properties, which ensures their integration and, thus, leading also to take more advantage of their beneficial traits (Igual et al. 2007;
Zafar et al. 2012). Previous study showed that the application of similar bacteria namely P koreensis, S. nematodiphila, S.
marcescens, and Klebsiella sp. were able to colonize the rhizosphere and exert positive effects on soil and/or crops (Dastager et al.
2011; Singh et al. 2015; Devi et al. 2016; Kang et al. 2019).

Effect of mixed-cropping system on AMF infectivity and spore abundance

Mixed-cropping with sorghum increased mycorrhizal root colonization as well as AMF spore density in both years. In agricultural
fields, inoculation with AMF is infrequent due to the limited availability of inoculum, which cannot be readily produced in artificial
culture (Hailemariam et al. 2013), and to the potential incompatibility of introduced strains with local soil characteristics (Duponnois
et al. 2013), which can lead to the disappearance of the introduced strains, as well as to economic reasons as commercial inoculum
are expensive. In addition, inoculation of plants with AMF may influence the richness and diversity of native AMF communities
(Mummey et al. 2009). For these reasons, and in order to valorize the native AMF inhabiting the soil of date palm groves and to
establish an agroecological practice that can be easily adopted by farmers, we have chosen to cultivate sorghum in association with
date palm as a principal culture, serving as nurse plant to promote the propagation of native AMF. Our results showed that mixed-
cropping with sorghum effectively increased spore density and mycorrhizal root colonization of date palm in the agroforestry system,
where the perennial tree was being associated with an annual crop (date palm/sorghum) as compared to date palm in monoculture.
Earlier studies revealed that mycorrhizal root colonization might be increased when different plant species are grown together
(Ouahmane et al. 2006; Duponnois et al. 2011). Muleta et al. (2008) found higher spore densities in agroforestry coffee systems
compared to monoculture coffee systems. Results obtained by Shukla et al. (2012) showed that crops (Phaseolus mungo and
Triticum aestivum) sown together with trees (Albizia procera and Eucalyptus tereticornis) significantly increased the root colonization
with indigenous AMF. Similarly, the number of AMF spores was significantly higher in soil collected under Cupressus

atlantica/ Lavandula stoechas dual cultivation than in soil collected under single cultivation (Duponnois et al. 2011). The
improvement of mycorrhizal status of date palm and the increase in AMF spore density could also be attributed to the effect of
sorghum residue mulch. Indeed, Okon et al. (2010) found that the use of leaf mulch obtained from different plants increased AMF
infectivity. Several studies suggested that an increase in OM concentrations stimulates the sporulation of some AMF (Gryndler et al.
2005; Oehl et al. 2009).

The steady increase in sorghum root colonization noted over the two seasons indicates an increase in AMF propagation in the
rhizosphere, and thus suggesting the successful use of sorghum as nurse plant. Accordingly, the date palm rhizosphere may be
considered as an important niche of AMF and a source of inoculum. The natural association of date palm with AMF has been
previously confirmed by Bouamri et al. (2006) and Bouamri et al. (2014) in Draa-Tafilalet region where our study was carried out.

Effect of treatments on mineral nutrition and productivity of date palm

Data revealed that mixed-cropping with sorghum improved date palm nutrition compared to date palms grown in monoculture
system. This improvement could be due to an indirect facilitating effect of sorghum, leading to an increased nutrient uptake of date
palm via the improvement of the mycorrhizal status and AMF activity. Battie-Laclau et al. (2019) declared that the improvement of
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plant colonization by AMF through plant associations maximize the facilitative effects and minimize the competition between
perennial trees and annual crops. Sorghum, used principally as nurse plant for AMF, was mown at the end of each cycle and used
secondarily as mulch to cover plots where it was grown. This agroecological practice allowed to improve the OM rate and to
compensate for the potential loss of nutrients assimilated by sorghum. As a result, the enhancement of mineral nutrition of date palm
associated with sorghum could also be explained by the positive impact of sorghum residue mulch leading to the release of nutrients
during mineralization processes. Furthermore, the utilization of plant residue mulch has been shown to conserve soil moisture (Tuure
et al. 2021), reduce soil temperature (Wang et al. 2019) increase the biological activity of soils (Jabran 2019), improve the root growth
(Akhtar et al. 2019), and inhibit weed proliferation (Igbal et al. 2020), thereby it could have contributed to the improved nutrition of
date palms grown under mixed-cropping with sorghum.

The application of PGPR significantly improved microelements’ nutrition of date palms especially iron. As shown in Table S3, the
applied PGPR have the potential to produce siderophores, which are high affinity iron chelating compounds (Sivasakthi et al. 2014).
Therefore, the improvement of Fe acquisition observed in date palms inoculated with bacteria could be explained, partially, by the
capability of these bacteria to secrete siderophores in field conditions. A recent study showed that P koreensisis a plant growth
promoting rhizobacteria with significant effect on promoting plant growth and suppressing post-emergence damping off due to its
capability to produce siderophores (Ghazy and EI-Nahrawy 2021).

Results showed that the integrated biofertilization approach most effectively improved yield, fruit quality and fruit nutrient
concentrations, which most likely might be explained by the interplay of PGPR, enhancement of date palm mycorrhization mediated
by mixed-cropping with sorghum and mineralization of sorghum residues. Already earlier studies reported about beneficial effects of
PGPR on fruiting trees. Aslantas et al. (2007) showed that PGPR improve yield and yield components of apple trees by producing
plant growth promoting metabolites and dissolving P. Equally, Mia et al. (2005) found that PGPR inoculation significantly increased
banana bunch yield and fruit physical attributes including length and diameter, and pulp/peel ratio. Many studies reporting about
positive impacts on yield and yield components by PGPR, but most of them studied the effect of single strain inocula only (Li et al.
2020). A recent study showed that consortium inocula exerted superior effects on plant growth than single strain inocula (Gémez-
Godinez et al. 2019). Accordingly, we selected four bacteria and applied them as consortium to take advantage of their combined
activities and to avoid limitations of single strain inocula such as environmental incompatibility as reported by Gomez-Godinez et al.
(2019). Besides PGPR, also AMF were shown to improve date palm performance especially under drought stress. Benhiba et al.
(2015) observed AMF mediated enhancement in date palm growth and increased contents of soluble sugars, proteins, and K in date
palm leaves grown under long-term drought stress. Also Souna et al. (2010) showed that the mycorrhization enhanced the growth of
date palm seedlings with approximately 26% caused by an improved hydric and mineral nutrition due to the higher assimilation
capacity of AMF hyphae.

Conclusions

Mixed-cropping with sorghum is an agroecological practice that can be easily applied by farmers to improve the low fertile soils,
mycorrhizal status, and date palm performance in the oasis agroecosystem. PGPR are involved in the nutrient cycling within the
tested oasis soils through the improvement of soil OM decomposition and Fe uptake. This study revealed for the first time the effect
of mixed-cropping system on soil OM content and mineral nutrition of date palm as well as AMF abundance and infectivity. For a
good management of date palm fertilization, further researches should focus on effect of mixed-cropping and compost on the
microbial biomass evolution (including AMF) and nitrogen and carbon mineralization dynamics.

Declarations

Funding

This work was partly supported by the R4D project “Application of organic bio-fertilizer technology to improve the sustainability of
date palm production and cultivation” with the grand number 1Z07Z0_160904 funded by the R4D program, the Swiss Program for
Research on Global Issues for Development, a partnership of the Swiss Agency for Development and Cooperation and the Swiss
National Science Foundation. Mohamed OU-ZINE wishes to acknowledge the Moroccan CNRST “Centre National pour la Recherche
Scientifque et Technique” for a scholarship grant.

Declaration of interests
Page 10/16



The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability statement

All data generated or analyzed during this study are included in this article and its supplementary information file.

References

1.

Abbasi MK, Sharif S, Kazmi M, Sultan T, Aslam M (2011). Isolation of plant growth promoting rhizobacteria from wheat
rhizosphere and their effect on improving growth, yield and nutrient uptake of plants. Plant Biosyst. 145(1), 159-168.
https://doi.org/10.1080/11263504.2010.542318

. Abbott LK, Murphy DV (Eds.) (2003). Soil biological fertility: a key to sustainable land use in agriculture. Springer Science &

Business Media, p88.

. Akhtar K, Wang W, Khan A, Ren G, Afridi MZ, Feng Y, Yang G (2019). Wheat straw mulching offset soil moisture deficient for

improving physiological and growth performance of summer sown soybean. Agric. Water Manag. 211, 16-25.
https://doi.org/10.1016/j.agwat.2018.09.031

. AOAC., (1995). Official Methods of Analysis. 16! edn. Association of Official Analytical Chemists, Washington, DC.

5. Aslantas, R., Cakmakgi, R., Sahin, F,, (2007). Effect of plant growth promoting rhizobacteria on young apple tree growth and fruit

10.

11.

12.

13.

14.

15

16.

17.

yield under orchard conditions. Sci. Hortic. 111(4), 371-377. https://doi.org/10.1016/j.scienta.2006.12.016

. Asmelash, F,, Bekele, T., Birhane, E., (2016). The potential role of arbuscular mycorrhizal fungi in the restoration of degraded

lands. Front. Microbiol. 7, 1095. https://doi.org/10.3389/fmicb.2016.01095

. Barea JM, Palenzuela J, Cornejo P, Sanchez-Castr |, Navarro-Fernandez C, Lopez-Garcia A, Estrada B, Azcon R, Ferrol N, Azcon-

Aguilar C, (2011). Ecological and functional roles of mycorrhizas in semi-arid ecosystems of Southeast Spain. J. Arid Environ. 75,
1292-1301. https://doi.org/10.1016/j.jaridenv.2011.06.001

. Barea, J.M,, (1991). Vesicular-arbuscular mycorrhizae as modifiers of soil fertility. In Advances in soil science Springer, New York,

NY. pp. 1-40. https://doi.org/10.1007/978-1-4612-3030-4_1

. Battie-Laclau, P, Taschen, E., Plassard, C., Dezette, D., Abadie, J., Aral, D., Laclau, J.P, (2019). Role of trees and herbaceous

vegetation beneath trees in maintaining arbuscular mycorrhizal communities in temperate alley cropping systems. Plant Soil. 1-
19. https://doi.org/10.1007/s11104-019-04181-z

Benhiba, L., Fouad, M.0,, Essahibi, A., Ghoulam, C., Qaddoury, A., (2015). Arbuscular mycorrhizal symbiosis enhanced growth and
antioxidant metabolism in date palm subjected to long-term drought. Trees. 29(6), 1725-1733. https://doi.org/10.1007/s00468-
015-1253-9

Bingham FT (1982) Methods of soil analysis, Part 2: Chemical and mineralogical properties, Boron. Amer Soc Agron, Madison,
WI, USA, pp 431-448

Bouamri, R, Dalpé, Y., Serrhini, M. N., & Bennani, A., (2006). Arbuscular mycorrhizal fungi species associated with rhizosphere of
Phoenix dactylifera L. in Morocco. Afr. J. Biotechnol. 5(6), 510-516. https://doi.org/10.5897/AJB05.412

Brito, I., Goss, M.J., Alho, L., Brigido, C., van Tuinen, D., Félix, M.R., Carvalho, M., (2019). Agronomic management of AMF
functional diversity to overcome biotic and abiotic stresses-The role of plant sequence and intact extraradical mycelium. Fungal
Ecol. 40, 72-81. https://doi.org/10.1016/j.funeco.2018.06.001

Brundrett, M., Bougher, N., Dell, B., Grove, T., Malajczuk, N., (1996). Working with mycorrhizas in forestry and agriculture (No. 435-
2016-33680). Canberra: Australian Centre for International Agricultural Research.

. Celebi, S.Z., Demir, S., Celebi, R., Durak, E.D., Yilmaz, I. H., (2010). The effect of Arbuscular Mycorrhizal Fungi (AMF) applications

on the silage maize (Zea maysL.) yield in different irrigation regimes. Eur. J. Soil Biol. 46(5), 302-305.
https://doi.org/10.1016/j.ejsobi.2010.06.002

Chao, C.T,, Krueger, R.R., (2007). The date palm (Phoenix dactylifera L.): overview of biology, uses, and cultivation. HortSci. 42(5),
1077-1082. https://doi.org/10.21273/HORTSCI.42.5.1077

Chapman HD, Pratt PF (1961) Methods of analysis for soils, plants and water. Univ California, Berkeley, CA, USA.

Page 11/16



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Choi, W.J., Jin, S.A,, Lee, S.M., Ro, H.M., Yoo, S.H., (2001). Corn uptake and microbial immobilization of 15N-labeled urea-N in soil
as affected by composted pig manure. Plant Soil. 235, 1-9. https://doi.org/10.1023/A:1011896912888

Cozzolino, V., Di Meo, V., Monda, H., Spaccini, R., Piccolo, A,, (2016). The molecular characteristics of compost affect plant
growth, arbuscular mycorrhizal fungi, and soil microbial community composition. Biol. Fertil. Soils. 52(1), 15-29.
https://doi.org/10.1007/s00374-015-1046-8

Dastager, S.G., Deepa, C.K,, Pandey, A, (2011). Potential plant growth-promoting activity of Serratia nematodiphila NI-0928 on
black pepper (Piper nigrum L.). World J. Microbiol. Biotechnol. 27(2), 259-265. https://doi.org/10.1007/s11274-010-0454-z

Devi, K.A,, Pandey, P, Sharma, G.D., (2016). Plant growth-promoting endophyte Serratia marcescens AL2-16 enhances the growth
of Achyranthes aspera L., a medicinal plant. HAYATI J. Biosci. 23(4), 173-180. https://doi.org/10.1016/j.hjb.2016.12.006
Duponnois, R., Hafidi, M., Ndoye, |., Ramanankierana, H., Ba, A.M., (2013). Des champignons symbiotiques contre la

désertification: écosystéemes méditerranéens, tropicaux et insulaires. IRD edition. Institut de recherche pour le développement.
Marseille.

Duponnois, R., Ouahmane, L., Kane, A, Thioulouse, J., Hafidi, M., Prin Y., Baudoin E., Galiana A., Dreyfus, B., (2011). Nurse shrubs
increased the early growth of Cupressus seedlings by enhancing belowground mutualism and soil microbial activity. Soil Biol.
Biochem. 43(10), 2160-2168. https://doi.org/10.1016/j.s0ilbio.2011.06.020

El Bouhssini, M., Faleiro, J.R., (2018). Date Palm Pests and Diseases: integrated management guide. Lebanon: International
Center for Agricultural Research in the Dry Areas (ICARDA). https://hdl.handle.net/20.500.11766/8914

El Kinany, S., El Hassan, A,, Symanczik, S., Ouzine, M., Oufli, M. H., Haggoud, A., & Bouamri, R. (2021). Characterization of plant
growth-promoting mechanisms of rhizobacteria from the rhizosphere of date palms in tafilalet oases. Journal of Global
Agriculture and Ecology, 12(3), 1-18.

Estefan G, Sommer R, Ryan J (2013) Methods of soil, plant, and water analysis. A manual for the West Asia and North Africa
region. ICARDA 3:170-176. https://hdl.handle.net/20.500.11766/7512

Gao, X., Guo, H., Zhang, Q., Guo, H., Zhang, L., Zhang, C., Gou, Z., Liu, Y., Wei, J., Chu, Z., Chu, Z., (2020). Arbuscular mycorrhizal
fungi (AMF) enhanced the growth, yield, fiber quality and phosphorus regulation in upland cotton (Gossypium hirsutumL.). Sci.
Rep. 10(1), 1-12. https://doi.org/10.1038/s41598-020-59180-3

Ghazy, N., El-Nahrawy, S., (2021). Siderophore production by Bacillus subtilis MF497446 and Pseudomonas koreensis
MG209738 and their efficacy in controlling Cephalosporium maydis in maize plant. Arch. Microbiol. 203(3), 1195-1209.
https://doi.org/10.1007/s00203-020-02113-5

Goémez-Godinez, L.J., Fernandez-Valverde, S.L., Romero, J.C.M., Martinez-Romero, E., (2019). Metatranscriptomics and nitrogen
fixation from the rhizoplane of maize plantlets inoculated with a group of PGPRs. Syst. Appl. Microbiol. 42(4), 517-525.
https://doi.org/10.1016/j.syapm.2019.05.003

Gryndler, M., Hréelov4, H., Sudova, R., Gryndlerova, H., Rezagova, V., Merhautov4, V., (2005). Hyphal growth and mycorrhiza
formation by the arbuscular mycorrhizal fungus Glomus claroideum BEG 23 is stimulated by humic substances. Mycorrhiza.
15(7), 483-488. https://doi.org/10.1007/s00572-005-0352-7

Hailemariam, M., Birhane, E., Asfaw, Z., Zewdie, S., (2013). Arbuscular mycorrhizal association of indigenous agroforestry tree
species and their infective potential with maize in the rift valley, Ethiopia. Agrofor. Syst. 87(6), 1261-1272.
https://doi.org/10.1007/s10457-013-9634-9

Hazzoumi, Z., Moustakime, Y., Joutei, K.A., (2015). Effect of arbuscular mycorrhizal fungi (AMF) and water stress on growth,
phenolic compounds, glandular hairs, and yield of essential oil in basil (Ocimum gratissimum L). Chem. Biol. Technol. Agric. 2(1),
10. https://doi.org/10.1186/s40538-015-0035-3
Igual, J., Valverde, A., Cervantes, E., Veldzquez, E., (2001). Phosphate-solubilizing bacteria as inoculants for agriculture: use of
updated molecular techniques in their study. Agronomie, EDP. 21, 561-568. https://doi.org/10.1051/agro:2001145
Igbal, R., Raza, M.A.S., Valipour, M., Saleem, M.F,, Zaheer, M.S., Ahmad, S., Nazar, M.A,, (2020). Potential agricultural and
environmental benefits of mulches - A review. Bull. Natl. Res. Cent. 44, 1-16. https://doi.org/10.1186/s42269-020-00290-3
Jabran, K., (2019). Mulches for enhancing biological activities in soil. In Role of Mulching, in Pest Management and Agricultural
Sustainability. Springer, Cham., pp. 41-46. https://doi.org/10.1007/978-3-030-22301-4
Jackson ML (1958) Boron determination for soil and plant tissues. Soil Chemical Analysis. Constable Ltd. Co., London, pp 370-
387

Page 12/16



37. Jaradat, A.A,, (2011). Biodiversity of date palm. Encyclopedia of life support systems: Land use, land cover and soil sciences.
Eolss Publishers, Oxford, UK. 31.

38. Jones Jr, J.N.,, Moody, J.E,, Lillard, J.H., (1969). Effects of tillage, no tillage, and mulch on soil water and plant growth. Agron. J.
61(5), 719-721. https://doi.org/10.2134/agronj1969.00021962006100050020x

39. Juhaimi, F.A,, Ghafoor, K., Ozcan, M.M., (2014). Physicochemical properties and mineral contents of seven different date fruit
(Phoenix dactylifera L.) varieties growing from Saudi Arabia. Environ. Monit. Assess. 186(4), 2165-2170.
https://doi.org/10.1007/s10661-013-3526-3

40. Kang, S.M., Adhikari, A, Lee, K.E., Park, Y.G., (2019). Gibberellin producing rhizobacteria Pseudomonas koreensis MU2 enhance
growth of lettuce (Lactuca sativa) and Chinese cabbage (Brassica rapa, chinensis). J. Microbiol. Biotechnol. Food Sci. 9(2).
https://doi.org/10.15414/jmbfs.2019.9.2.166-170

41. Karlidag, H., Esitken, A,, Turan, M., Sahin, F,, (2007). Effects of root inoculation of plant growth promoting rhizobacteria (PGPR)
on yield, growth and nutrient element contents of leaves of apple. Sci. Hortic. 114(1), 16-20.
https://doi.org/10.1016/j.scienta.2007.04.013

42. Kavino, M., Harish, S., Kumar, N., Saravanakumar, D., Samiyappan, R., (2010). Effect of chitinolytic PGPR on growth, yield and
physiological attributes of banana (Musa spp.) under field conditions. Appl. Soil Ecol. 45(2), 71-77.
https://doi.org/10.1016/j.aps0il.2010.02.003

43. Kumar, A, Dewangan, S., Lawate, P, Bahadur, |, Prajapati, S., (2019). Zinc-solubilizing bacteria: a boon for sustainable
agriculture. In Plant Growth Promoting Rhizobacteria for Sustainable Stress Management. Springer, Singapore. pp. 139-155.
https://doi.org/10.1007/978-981-13-6536-2_8

44. Kumar, S., Nei, M., Dudley, J., Tamura, K., (2008). MEGA: a biologist-centric software for evolutionary analysis of DNA and protein
sequences. Brief. Bioinform. 9(4), 299-306. https://doi.org/10.1093/bib/bbn017

45, Latef, A AH.A, Chaoxing, H., (2011). Effect of arbuscular mycorrhizal fungi on growth, mineral nutrition, antioxidant enzymes
activity and fruit yield of tomato grown under salinity stress. Sci. Hortic. 127(3), 228-233.
https://doi.org/10.1016/j.scienta.2010.09.020

46. Li,H., Qiu, Y, Yao, T, Ma, Y., Zhang, H., Yang, X., (2020). Effects of PGPR microbial inoculants on the growth and soil properties of
Avena sativa, Medicago sativa, and Cucumis sativus seedlings. Afr. J. Microbiol. Res. 199, 104577.
https://doi.org/10.1016/j.still.2020.104577

47. Liy, S., Guo, X,, Feng, G., Maimaitiaili, B., Fan, J., He, X., (2016). Indigenous arbuscular mycorrhizal fungi can alleviate salt stress
and promote growth of cotton and maize in saline fields. Plant Soil. 398(1-2), 195-206. https://doi.org/10.1007/s11104-015-
2656-5

48. Manaut, N., Sanguin, H., Ouahmane, L., Bressan, M., Thioulouse, J., Baudoin, E., Galiana, A., Hafidi, M., Prin, Y., Duponnois, R.,
(2015). Potentialities of ecological engineering strategy based on native arbuscular mycorrhizal community for improving
afforestation programs with carob trees in degraded environments. Ecol. Eng. 79, 113-119.
https://doi.org/10.1016/j.ecoleng.2015.03.007

49. Meena, 0.P, Maurya, B.R., Meena, V.S., (2013). Influence of K-solubilizing bacteria on release of potassium from waste mica.
Agric. Sust. Dev. 1, 53-56.

50. Mia, M.A.B., Shamsuddin, Z.H., Wahab, Z., Marziah, M., (2005). High-yielding and quality banana production through plant
growth-promoting rhizobacterial (PGPR) inoculation. Fruits. 60(3), 179-185. https://doi.org/10.1051/fruits:2005024

51. Mohamed, 0.Z., Yassine, B., El Hassan, A, Abdellatif, H., Rachid, B., (2020). Evaluation of compost quality and bioprotection
potential against Fusarium wilt of date palm. Waste Manage. 113, 12-19. https://doi.org/10.1016/j.wasman.2020.05.035

52. Mohite, B., (2013). Isolation and characterization of indole acetic acid (IAA) producing bacteria from rhizospheric soil and its
effect on plant growth. J. Soil Sci. Plant Nutr. 13(3), 638-649. http://dx.doi.org/10.4067/S0718-95162013005000051

53. Muleta, D., Assefa, F., Nemomissa, S., Granhall, U., (2008). Distribution of arbuscular mycorrhizal fungi spores in soils of
smallholder agroforestry and monocultural coffee systems in southwestern Ethiopia. Biol. Fertil. Soils. 44(4), 653-659.
https://doi.org/10.1007/s00374-007-0261-3

54. Mummey, D.L., Antunes, PM., Rillig, M.C., (2009). Arbuscular mycorrhizal fungi pre-inoculant identity determines community
composition in roots. Soil Biol. Biochem. 41(6), 1173-1179. https://doi.org/10.1016/j.s0ilbio.2009.02.027

Page 13/16



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Naser, H.M., Hanan, E.H., Elsheery, N.1., Kalaji, H.M. (2016). Effect of biofertilizers and putrescine amine on the physiological
features and productivity of date palm (Phoenix dactylifera, L.) grown on reclaimed-salinized soil. Trees. 30(4), 1149-1161.
https://doi.org/10.1007/s00468-016-1353-1

Oehl, F, Sieverding, E., Ineichen, K., Maeder, P, Wiemken, A., Boller, T., (2009). Distinct sporulation dynamics of arbuscular
mycorrhizal fungal communities from different agroecosystems in long-term microcosms. Agric. Ecosyst. Environ. 134(3-4), 257-
268. https://doi.org/10.1016/j.agee.2009.07.008

Okon, I.E., Solomon, M.G., Osonubi, 0., (2010). The effects of arbuscular mycorrhizal fungal inoculation and mulch of contrasting
chemical composition on the yield of cassava under humid tropical conditions. Sci. World J. 10, 505-511.
https://doi.org/10.1100/tsw.2010.59

Omara, A.E.D., Elbagory, M., (2018). Enhancement of plant growth and yield of wheat (Triticum aestivum L.) under drought
conditions using plant-growth-promoting bacteria. Annu. Res. Rev. Biol. 1-18. https://doi.org/10.9734/ARRB/2018/44181

ONCA (2021). https://onca.gov.ma/EBook-Le-palmier-dattier

Orhan, E., Esitken, A,, Ercisli, S., Turan, M., Sahin, F,, (2006). Effects of plant growth promoting rhizobacteria (PGPR) on yield,
growth and nutrient contents in organically growing raspberry. Sci. Hortic. 111(1), 38-43.
https://doi.org/10.1016/j.scienta.2006.09.002

Ouahmane, L., Hafidi, M., Plenchette, C., Kisa, M., Boumezzough, A., Thioulouse, J., Duponnois, R., (2006). Lavandula species as
accompanying plants in Cupressus replanting strategies: effect on plant growth, mycorrhizal soil infectivity and soil microbial
catabolic diversity. Appl. Soil Ecol. 34(2-3), 190-199. https://doi.org/10.1016/j.aps0il.2006.02.002

Ou-Zine, M., El Hilali, R., Haggoud, A., Achbani, E. H., Bouamri, R. (2022). Effects and relationships of compost dose and organic
additives on compost tea properties, efficacy against Fusarium oxysporum and potential effect on endomycorrhization and
growth of Zea mays L. Waste Biomass Valorization. 1-15. https://doi.org/10.1007/s12649-022-01795-w

Ou-Zine, M., Symanczik, S., Rachidi, F,, Fagroud, M., Aziz, L., Abidar, A., Ali Abidar, aul Mader, P. Achbani, EH., Haggoud, A,
Abdellaoui, M., Bouamri, R. (2021). Effect of organic amendment on soil fertility, mineral nutrition, and yield of majhoul date palm
cultivar in Draa-tafilalet region, Morocco. J. Soil Sci. Plant Nutr. 21, 1745-1758. https://doi.org/10.1007/s42729-021-00476-2
Phillips, J.M., Hayman, D.S., (1970). Improved procedures for clearing roots and staining parasitic and vesicular-arbuscular
mycorrhizal fungi for rapid assessment of infection. Trans. Brit. Mycol. Soc. 55(1), 158-161.

Pirlak, L., Kose, M., (2009). Effects of plant growth promoting rhizobacteria on yield and some fruit properties of strawberry. J.
Plant Nutr. 32(7), 1173-1184. https://doi.org/10.1080/01904160902943197

Plouznikoff, K., Declerck, S., Calonne-Salmon, M., (2016). Mitigating abiotic stresses in crop plants by arbuscular mycorrhizal
fungi. In Belowground Defence Strategies in Plants. Springer, Cham. pp. 341-400. https://doi.org/10.1007/978-3-319-42319-7_15
Querejeta, J.1,, (2017). Soil water retention and availability as influenced by mycorrhizal symbiosis: consequences for individual
plants, communities, and ecosystems. In Mycorrhizal mediation of soil. Elsevier. pp. 299-317. https://doi.org/10.1016/B978-0-12-
804312-7.00017-6

Rayment GE, Higginson FR (1992) Australian laboratory handbook of soil and water chemical methods. Inkata Press, Melbourne,
Australian soil and land survey handbook.

Regvar, M., Vogel-Miku$, K., Severkar, T., (2003). Effect of AMF inoculum from field isolates on the yield of green pepper, parsley,
carrot, and tomato. Folia Geobot. 38(2), 223. https://doi.org/10.1007/BF02803154

Rillig, M.C., Mummey, D.L., (2006). Mycorrhizas and soil structure. New Phytol. 171(1), 41-53. https://doi.org/10.1111/j.1469-
8137.2006.01750.x

Shahid, M., Hameed, S., Zafar, M., Tahir, M,, ljaz, M., Tarig, M., Hussain, K., Ali, A, (2019). Enterobacter sp. strain Fs-11 adapted to
diverse ecological conditions and promoted sunflower achene yield, nutrient uptake, and oil contents. Braz. J. Microbiol. 50(2),
459-469. https://doi.org/10.1007/s42770-019-00061-x

Shukla, A, Kumar, A, Jha, A, Dhyani, S. K., Vyas, D., (2012). Cumulative effects of tree-based intercropping on arbuscular
mycorrhizal fungi. Biol. Fertil. Soils. 48(8), 899-909. https://doi.org/10.1007/s00374-012-0682-5

Singh, R.P, Jha, P, Jha, PN,, (2015). The plant-growth-promoting bacterium Klebsiella sp. SBP-8 confers induced systemic
tolerance in wheat (Triticum aestivum) under salt stress. J. Plant Physiol. 184, 57-67.
https://doi.org/10.1016/j.jplph.2015.07.002

Page 14/16



74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

Sivasakthi, S., Usharani, G., Saranraj, P, (2014). Biocontrol potentiality of plant growth promoting bacteria (PGPR)-Pseudomonas
fluorescens and Bacillus subtilis. A review. Afr. J. Agric. Res. 9(16), 1265-1277. https://doi.org/10.5897/AJAR2013.7914

Souna, F, Chafi, A,, Chakroune, K., Himri, I, Bouakka, M., Hakkou, A., (2010). Effect of mycorhization and compost on the growth
and the protection of date palm (Phoenix dactylifera L.) against Bayoud disease. Am. Eurasian J. Sustain. Agric. 4(2), 260-267.

Tolk, J.A., Howell, TA,, Evett, S.R., (1999). Effect of mulch, irrigation, and soil type on water use and yield of maize. Soil Tillage
Res. 50(2), 137-147. https://doi.org/10.1016/S0167-1987(99)00011-2

Trouvelot, A., Kough, J.L., Gianinazzi-Pearson, V., (1986). Mesure du taux de mycorhization VA d'un systéme radiculaire.
Recherche de méthode d'estimation ayant une signification fonctionnelle. In Physiological and genetical aspects of mycorrhizae:
proceedings of the 1st european symposium on mycorrhizae, Dijon, 1-5 July 1985. pp. 217-221.

Tuure, J., Rdsanen, M., Hautala, M., Pellikka, P, Makela, PS.A., Alakukkuy, L., (2021). Plant residue mulch increases measured and

modelled soil moisture content in the effective root zone of maize in semi-arid Kenya. Soil Tillage Res. 209, 104945.
https://doi.org/10.1016/j.still.2021.104945

Van der Heijden, M.G., Klironomos, J.N., Ursic, M., Moutoglis, P, Streitwolf-Engel, R., Boller, T., Sanders, I.R., (1998). Mycorrhizal
fungal diversity determines plant biodiversity, ecosystem variability and productivity. Nature. 396(6706), 69-72.
https://doi.org/10.1038/23932

Walkley A, Black CA (1934) Estimation of organic carbon by chromic acid and titration method. Soil Sci 37:28-29.

Wang, X, Fan, J,, Xing, Y., Xu, G., Wang, H., Deng, J., Li, Z., (2019). The effects of mulch and nitrogen fertilizer on the soil
environment of crop plants. Adv. Agron. 153, 121-173. https://doi.org/10.1016/bs.agron.2018.08.003

Weisburg, W.G., Barns, S.M., Pelletier, D.A,, Lane, D.J., (1991). 16S ribosomal DNA amplification for phylogenetic study. J.
Bacteriol. 173(2):697-703. https://doi.org/10.1128/jb.173.2.697-703.1991

Yang, Y, Yy, K, Feng, H., (2018). Effects of straw mulching and plastic film mulching on improving soil organic carbon and
nitrogen fractions, crop yield and water use efficiency in the Loess Plateau, China. Agric. Water Manag. 201, 133-143.
https://doi.org/10.1016/j.agwat.2018.01.021

Yin Z, Shi F, Jiang H, Roberts DP, Chen S, Fan B (2015). Phosphate solubilization and promotion of maize growth by Penicillium
oxalicum P4 and Aspergillus niger P85 in a calcareous soil. Can. J. Microbiol. 61(12), 913-923. https://doi.org/10.1139/cjm-
2015-0358

Zafar M, Abbasi MK, Khan MA, Khalig A, Sultan T, Aslam M (2012). Effect of plant growth-promoting rhizobacteria on growth,
nodulation and nutrient accumulation of lentil under controlled conditions. Pedosphere. 22(6), 848-859.
https://doi.org/10.1016/S1002-0160(12)60071-X

Zhou Z, Zeng X, Chen K, Li Z, Guo S, Shangguan Y, Qin Y (2019). Long-term straw mulch effects on crop yields and soil organic
carbon fractions at different depths under a no-till system on the Chengdu Plain, China. J. Soils Sediments. 19(5), 2143-2152.
https://doi.org/10.1007/s11368-018-02234-x

Figures

u 2018 2015

a a a a 100
A A A

k- I -

m 2018 2019
100

H 1=

80
80

a a
A A
b
o &0 I h L
B B
= I
40 40
20 20
0 0

Compost Compost+N.  Compost+  Compost+ N. Compost Compost + N. Compost + PGPR Compost + N.
plant PGPFR plamt + PGPR plant plant + PGFR

Intensity %

Frequency %

Figure 1

Page 15/16



Colonization of date palms by arbuscular mycorrhizal fungi (AMF) in 2018 and 2019. Data with the same letter are not statistically
different according to Duncan test at P= 0.05. Data represent means +/- standard deviations (n=3).
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Figure 2

AMF spore density in the organic farms during the two growing season. Data with the same letter are not statistically different
according to Duncan test at P= 0.05. Data represent means +/- standard deviations (n=3).
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Figure 3

AMF colonization frequency and intensity of sorghum roots. Data with the same letter are not statistically different according to

Duncan test at P= 0.05; lowercase letters for frequency and uppercase letters for intensity. Data represent means +/- standard
deviations (n=3).
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