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Abstract

Two independent field experiments (2017 and 2019) were conducted to evaluate the effects of plant growth promoting
rhizobacteria (PGPR), arbuscular mycorrhizal fungi (AMF; AMF1: Rhizophagus irregularis strain and AMF2: AMF
consortium) and compost (Comp) in comparison to chemical NPK fertilizers on growth and yield of lettuce plants and soil
properties. The biofertilizers-biostimulants were applied alone or in combinations and increased significantly the lettuce
dry weight (DW), number of leaves, and yield compared to the control. In the first experiment, the highest plant DW was
obtained by NPK, PGPR + AMF2 + Comp and PGPR treatments recording an increase of 109, 109, and 95%, respectively,
compared to the control plants. In the second experiment the highest plant DW was obtained by the NPK (77%), followed
by Comp and PGPR + AMF1 + Comp treatments increasing the plant DW by 52 and 51%, respectively, compared to the
control. Concerning to lettuce yield, in the first experiment, the highest yields were obtained by NPK, PGPR + AMF2,
PGPR + AMF1 + Comp, PGPR, AMF2+ Comp, AMF1 + Comp and AMF2 treatments recording an enhancement of 68,
64, 63, 58, 57, 57, and 55%, respectively. In the second experiment, the application of NPK based fertilizers resulted in
the highest yield (77%), followed by PGPR + AMF1 + Comp, PGPR + AMF2 + Comp, AMF1 + Comp, and AMF2 + Comp
treatments, increasing the yield by 61, 61, 54, and 55%, respectively, compared to the control. Concerning the soil
organic matter (OM), the applied treatments had significantly increased the amount of the OM compared to the control.
The highest amounts of OM were obtained by the PGPR+ AMF2+ Comp treatment in the first experiment and the
PGPR + AMF1 + Comp treatment in the second experiment. The available phosphorus (P) was significantly increased
by the application of all treatments. The highest records were obtained by the application of Comp, PGPR + AMF1 and
PGPR + AMF1 + Comp treatment after the first experiment. In the second experiment, the highest amount of P was obtained
by PGPR + AMF2 + Comp treatment. Application of biofertilizers-biostimulants in combination proved to be beneficial for
the improvement of the tested culture yield.

Keywords Field - Rhizophagus irregularis - Plant growth promoting rhizobacteria - Compost - Growth -
Biofertilizers-biostimulants - Lactuca sativa

04 Abdelilah Meddich
a.meddich@uca.ma

Laboratory of Microbial Biotechnologies, Agrosciences and
Environment (BioMAgE), Labeled Research Unit-CNRST
N°4, Faculty of Sciences Semlalia, Cadi Ayyad University,
PO Box 2390, Marrakesh, Morocco

Laboratory of Agro-Food, Biotechnologies and Valorization Center of Agrobiotechnology and Bioengineering,

of Plant Bioresources (Agrobioval), Faculty of Sciences Research Unit labelled CNRST (Centre
Semlalia, Cadi Ayyad University, PO Box 2390, Marrakesh, AgroBiotech-URL-CNRST-05), Cadi Ayyad University,
Morocco 40000 Marrakesh, Morocco

@ Springer


https://doi.org/10.1007/s10343-021-00604-z
http://crossmark.crossref.org/dialog/?doi=10.1007/s10343-021-00604-z&domain=pdf
http://orcid.org/0000-0001-9590-4405

220 A. Tahiri et al.

Giinstige Auswirkungen von pflanzenwachstumsfordernden Rhizobakterien, arbuskuldren
Mykorrhizapilzen und Kompost auf das Wachstum von Salat (Lactuca sativa) unter Feldbedingungen

Zusammenfassung

In zwei unabhingigen Feldversuchen (2017 und 2019) wurden die Auswirkungen von pflanzenwachstumsfordernden
Rhizobakterien (PGPR), arbuskuliren Mykorrhizapilzen (AMF; AMF1: Rhizophagus irregularis-Stamm und AMF2:
AMF-Konsortium) und Kompost (Comp) im Vergleich zu chemischen NPK-Diingern auf Wachstum und Ertrag von
Salatpflanzen und Bodeneigenschaften untersucht. Die Biodiinger-Biostimulanzien wurden allein oder in Kombinationen
eingesetzt und steigerten das Trockengewicht (DW), die Anzahl der Blitter und den Ertrag von Salat im Vergleich
zur Kontrolle deutlich. Im ersten Versuch erzielten die Behandlungen mit NPK, PGPR + AMF2+ Comp und PGPR die
hochsten DW-Werte der Pflanzen mit einer Steigerung von 109 %, 109 % bzw. 95 % im Vergleich zu den Kontrollpflanzen.
Im zweiten Versuch wurde das hochste Pflanzentrockengewicht durch die NPK-Behandlung (77 %) erzielt, gefolgt von
den Behandlungen Comp und PGPR + AMF1 + Comp, die das Pflanzentrockengewicht um 52 % bzw. 51 % im Vergleich
zur Kontrolle erhohten. Was den Salatertrag betrifft, so wurden im ersten Versuch die hochsten Ertrige mit den Behand-
lungen NPK, PGPR + AMF2, PGPR + AMF1 + Comp, PGPR, AMF2 + Comp, AMF1 + Comp und AMF2 erzielt, die eine
Steigerung von 68 %, 64 %, 63 %, 58 %, 57 %, 57 % bzw. 55 % aufwiesen. Im zweiten Versuch fiihrte die Anwendung von
NPK-Diinger zum hochsten Ertrag (77 %), gefolgt von den Behandlungen PGPR + AMF1 + Comp, PGPR + AMF2 + Comp,
AMF1 + Comp und AMF2+ Compt, die den Ertrag um 61 %, 61 %, 54 % bzw. 55 % im Vergleich zur Kontrolle erhohten.
Was die organische Substanz (OM) im Boden anbelangt, so hatten die angewandten Behandlungen einen signifikant ho-
heren OM-Gehalt als die Kontrolle. Die hochsten OM-Mengen wurden durch die PGPR + AMF2 + Comp-Behandlung im
ersten Versuch und durch die PGPR + AMF1 + Comp-Behandlung im zweiten Versuch erzielt. Der verfiigbare Phosphor (P)
wurde durch die Anwendung aller Behandlungen deutlich erhoht. Die hochsten Werte wurden durch die Anwendung der
Behandlungen Comp, PGPR + AMF1 und PGPR + AMF1 + Comp im ersten Versuch erzielt. Im zweiten Versuch wurde
der hochste P-Gehalt durch die Behandlung PGPR + AMF2 + Comp erzielt. Der kombinierte Einsatz von Biodiingern und
Biostimulanzien erwies sich als vorteilhaft fiir die Verbesserung des Ertrags der getesteten Kulturen.

Schliisselworter Feld - Rhizophagus irregularis - Pflanzenwachstumsfordernde Rhizobakterien - Kompost - Wachstum -
Biodiinger-Biostimulanzien - Lactuca sativa

Introduction

The world population has reached 7.5 billion people, with
a forecast of about 10 billion as the projected global popula-
tion by 2050 (PRB 2017). At the present time, food security
is considered as one of the most serious challenges facing
society, which will further enhance demand on the produc-
tion of global food (Raklami et al. 2019). Therefore, to
increase yields, farmers applied intensively chemical prod-
ucts. The use of these chemicals (herbicides, insecticides
and fungicides) has increased agricultural production (Rak-
lami et al. 2019; Essalimi et al. 2022). However, these prod-
ucts have extremely polluted the soil and water resources
(Riah et al. 2014). The use of pesticides has not only in-
fluenced the level of agricultural production and its sus-
tainability, but also the health of users (mainly farmers),
those living near to farms and consumers of food products
containing pesticides residues (De Jaeger et al. 2012).
Therefore, reliable, environmentally friendly techniques
are needed to sustainably meet growing global food de-
mands. Some plant-microbe interactions like plant growth
promoting rhizobacteria (PGPR), arbuscular mycorrhizal
fungi (AMF) and compost has been widely used to en-
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hance the plant growth by different mechanisms’ action
(Boutasknit et al. 2020, 2021). In fact, PGPR bacteria are
a group of microbes, which colonize the plant roots and
improve the plant growth either directly or indirectly (An-
toun 2013; Ahemad and Kibret 2014). These microorgan-
isms can enhance the plant growth by atmospheric nitrogen
fixation (Dixon and Kahn 2004). They are able to solu-
bilize insoluble P, produce phytohormones such as indole
acetic acid (IAA) and gibberellic acids (GAs), and have
1-aminocycloprapane-1-carboxylic acid (ACC) deaminase
activity (Mehnaz et al. 2010; Rokhbakhsh-Zamin et al.
2011; Sharma et al. 2013; Ahemad and Kibret 2014; Kang
et al. 2014; Vurukonda et al. 2016; Khan et al. 2016).
Moreover, the PGPR bacteria have the ability to produce
suppressive metabolites (hydrogen cyanide, siderophores)
to deleterious pathogen that act indirectly to enhance plant
growth (Rolli et al. 2014; De Souza et al. 2015).

The mycorrhizal symbiosis is particularly important for
improving the uptake of relatively immobile and insolu-
ble phosphate ions in the soil (Fitter et al. 2011; Abdel-
Salam et al. 2018). AMF can secrete phosphatases to hy-
drolyze phosphate from organic compounds (Koide and
Kabir 2000; Li et al. 2015), and thus improve the crop pro-
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ductivity under P deficiency conditions (Smith et al. 2011;
Ergin and Giilser 2016). AMF not only improve the plant
nutrition (biofertilizers), but also interfere with the plant’s
phytohormones synthesis balance, thereby influencing the
plant development (bioregulators) and mitigating the ef-
fects of environmental stress (bioprotectors) (Ben-Laouane
et al. 2020a; Toubali et al. 2020). This leads to increased
biomass and yield, as well as changes in different quality
parameters (Antunes et al. 2012). In addition to the above-
mentioned benefits, AMF provide other important benefits
such as environmental stress tolerance (Garg and Chandel
2011; Jayne and Quigley 2014; Rouphael et al. 2015; Ben-
Laouane et al. 2020b; Anli et al. 2020).

However, the compost helps to fight against the degrada-
tion of the soil (Bresson et al. 2001), it provides to the plant
the major nutrients essential for its growth, and improves
the soil’s water balance (Anli et al. 2021). Indeed, compost
improves the soil fertility sustainably and effectively by pro-
viding the essential elements, such as nitrogen, P, potassium
and calcium (Barje et al. 2016; Ben-Laouane et al. 2020a,
b; Raklami et al. 2020; Anli et al. 2020; Boutasknit et al.
2020). The beneficial effects of the composts on soil fertil-
ity include the accumulation of organic carbon included in
the humin, humic and fulvic acids fractions (Gobat et al.
2010). These humic acids can positively influence the plant
growth (Ekin 2019).

Recently, there are many researches concerning the ap-
plication of different types of composts, as organic soil
amendments, PGPR bacteria or AMF, as biostimulants, in
different types of cultivation systems (field and greenhouse
cultures) (Flores-Félix et al. 2013; Avio et al. 2017; Vuko-
bratovic et al. 2018; Raklami et al. 2019; Anli et al. 2020;
Toubali et al. 2020). However, to our knowledge there is
no reference dealing with different combination effects of
PGPR bacteria, AMF and compost on open field cultivated
lettuce.

Lettuce (Lactuca sativa L.) is a very popular vegetable
all over the world with a worldwide production of more than
29 million tons grown each year (FAOSTAT 2019). In Mo-
rocco, lettuce production is at 5505 tons (FAOSTAT 2019).
From a nutritional point of view, lettuce has an important
place as it contains vitamins A, B (folic acid), C, E, and
minerals such as calcium and iron (Govedarica-Lucic and
Perkovic 2015). Due to its high content of vitamin C, let-
tuce is known for its resistance to infections and its ability
to fight anemia. The phytochemicals of the plant L. sativa
belong mainly to secondary metabolites that are synthe-
sized during the normal growth of plants or in response to
a number of environmental conditions. The plants have been
used in traditional medicine since many decades for many
ailments including inflammation, pain, stomach problems
including indigestion and lack of appetite, bronchitis, and
urinary tract infections (Ismail and Mirza 2015). Different

reports documented the scientific evidence of its biological
activities including antimicrobial, antioxidant, and neuro-
protective (Noumedem et al. 2017).

Accordingly, this study aims at investigating the im-
pact of selected biofertilizers-biostimulants: PGPR bacte-
ria, AMF, compost in comparison to recommended NPK
based fertilizers doses on the growth, the yield, and the soil
physico-chemical properties after harvest of lettuce crop
under field conditions.

Material and Methods
Study Sites and Experimental Design

To assess the effects of the selected biofertilizers-biostimu-
lants on growth and yield of lettuce, two independent field
experiments were performed:

e The first experiment was performed in 2017 growing
season. The field is located at 13 km south-west of Mar-
rakesh (Commune Tassultant, Marrakesh region, Mo-
rocco), the geographical coordinates of the study site are
the following: 31°32/30”N, 08°01'14”W and 511m
above sea level. The soil of this field had a sandy loam
texture, pH: 8.12, EC: 0.138 mS cm!, total organic car-
bon: 0.5%, organic matter: 0.87%, NTK: 0.67% and
P-Olsen: 58 mg kg! (Table 1).

e The second experiment was performed in 2019 grow-
ing season. The field is located 15km west of Marrakesh
(Commune Essaada, Marrakesh region, Morocco). The
geographical coordinates of the study site are the follow-
ing: 31°37'39.5” N, 08°07 46.7” W and 449 m above the
sea level. The soil of this field had a sandy clay loam
texture, pH: 8.09, EC: 1.065mS cm™!, total organic car-
bon: 1.53%, organic matter: 2.64%, NTK: 0.952% and
P-Olsen: 74 mg kg! (Table 1).

The climate of the two field experiments is semi-arid
with an average annual temperature of 19.6°C (from
September to June) and an average annual rainfall of
250 mm (Boutasknit et al. 2020).

A completely randomized block design with four blocks,
each block contains thirteen treatments, and each treatment
is consisted of a plot of land of 1.2m? (1.5%0.8m) of
surface containing 8 plants of lettuce. For the same plot
the distance between the two drip lines was 40cm and be-
tween each two internal drippers. The drip hose used was
equipped with suitable internal drippers (sheath), which re-
leased 8 L/h of water. The distribution of treatments within
each block, was conducted randomly. The different applied
treatments were as follows:
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Table 1 Physicochemical pa-

rameters of the two field soils Physicochemical parameters ~ Experiment 1 soil Experiment 2 soil Compost
and compost before the two field ~ Sand (%) 67.04 51.56 -
experiments Silt (%) 16.34 24.13 -
Clay (%) 16.62 24.31 -
pH 8.12+0.06 8.09+0.01 7.74+0.01
EC (mS cm™) 0.138+0.01 1.065+0.015 5.460x0.2
NTK (%) 0.670+0.16 0.952+0.01 1.316+0.01
NH¢* (%) - - 0.088+0.002
NOs™ (%) - - 0.307+0.002
TOC (%) 0.50+0.08 1.53+0.14 5.72+0.45
OM (%) 0.87+0.14 2.64+0.24 9.86+0.78
C/N - - 7.49
NH4/*/NO3s~ - - 0.29
P-Olsen (mg Kg™!) 58.21+3.61 74.64+2.63 489.95+20.29
Na* (mg Kg™') - - 2110+50
K* (mg Kg™') - - 5590+ 150

Ca** (mg Kg™!)

37380+ 1840

Data presented are means+ SD from three repetitions
EC electrical conductivity, NTK total Kjeldahl nitrogen, TOC total organic carbon, OM organic matter,

C/N carbon to nitrogen ratio

1. Control plants without inoculation nor amendment
(Control),

2. Plants amended with compost (Comp),

3. Plants inoculated with pure AMF strain (Rhizophagus
irregularis) (AMF1),

4. Plants inoculated with AMF1 in combination with com-
post (AMF1 + Comp),

5. Plants inoculated with the AMF consortium alone
(AMF2),

6. Plants inoculated with AMF2 in combination with com-
post (AMF2 + Comp),

7. Plants inoculated with PGPR bacteria (BS14+ BS36)
alone (PGPR),

8. Plants inoculated with PGPR bacteria in combination
with compost (PGPR + Comp),

9. Plants inoculated with PGPR bacteria and AMF1
(PGPR + AMF1),

10. Plants inoculated with PGPR bacteria and AMF1 and
amended with compost (PGPR + AMF1 + Comp),

11. Plants inoculated with PGPR bacteria and AMF2
(PGPR + AMF2),

12. Plants inoculated with PGPR bacteria and AMF2 and
amended with compost (PGPR + AMF2 + Comp),

13. Plants fertilized with recommended NPK based fertiliz-
ers doses (NPK)

The seedlings of lettuce (Lactuca sativa L. ‘Batavia’)
were transferred to the field at the rate of eight plants of
lettuce per plot in two rows. The planting distance was 0.4 m
between plants and 0.2m between the two rows. Each two
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plots were spaced by 0.4m to avoid any possible contami-
nation.

After two months, plants were harvested. Fresh weight,
plant height and number of leaves were determined to assess
plant growth. Samples of the harvested plants were frozen
in liquid nitrogen and conserved at —20 °C for the biochem-
ical analysis. The rest of the vegetal material was dried at
80°C until constant weight for dry weight and nutrient de-
termination. As lettuce is a leafy vegetable, the plant yield
was evaluated by the fresh weight of the aerial part in tons
hal.

PGPR Bacteria

The bacterial inoculum consisted of two PGPR bacteria:
BS14 (Acinetobacter sp.) and BS36 (Rahnella aquatilis)
strains isolated from the rhizosphere of bean plants (Vicia
faba L.) in Ait Ourir region (31°46’01”N, 07°67' 65" W).
The inoculum was prepared by multiplication of the strains
in Tryptic Soy Broth (TSB) medium and shacked for 2 to
3 days at 28°C to obtain an optical density (OD=1) at
600nm (about 109 colony forming unit (CFU) mL"). The
inoculation of the plants was carried out by spraying 4 mL.
of the bacterial suspension formed from the two above men-
tioned strains into equal volumes as close as possible to the
roots using a micropipette. A second inoculation (booster)
was carried out after 15 days by spraying 8 mL of the bac-
terial suspension on the plant roots, to increase the rate of
these bacteria in the soil and ensure the new formed roots
infection.
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Table2 PGPR properties of the tested rhizobacteria

Strain Phosphate Potassium Exopolysaccharides Siderophores IAA produc- HCN pro- Dinitrogen
solubilization solubilization production (ug eq production tion (ug mL™") duction fixation
CR/ODs00)
BS36 ok - 152.31+£0.58 - 12.69+0.30 - +
BS14 ook HorE 77.49+3.65 - 195.64+15.05 - -

Data presented are means + SD from three repetitions
CR Congo red, IAA indole acetic acid, HCN hydrocyanic acid
* Low, ** medium, *** High, — absence, + presence

The quantification in vitro of the plant growth promoting
traits of the used strains were examined by standard proto-
cols. Phosphate and potassium solubilization as described
by Alikhani et al. (2006), siderophores production (Schwyn
and Neilands 1987), exopolysaccharides production (Lee
et al. 2007), TAA production (Bano and Musarrat 2003),
HCN production (Lorck 1948) and atmospheric nitrogen
fixation (Onyeze et al. 2013). The PGPR characteristics of
the two bacterial strains are listed in Table 2.

Arbuscular Mycorrhizal Fungi

Two types of AMF were used: (i) pure AMF strain (AMFI1,
Rhizophagus irregularis), kindly provided by Dr. Hijri (Re-
search Institute of Plant Biology, University of Quebec,
Montreal, Canada) and (ii) consortium of arbuscular my-
corrhizal fungi (AMF2). The used AMF consortium was
isolated from the Tafilalet palm grove located at 500 Km
southeast of Marrakesh, it contains a mixture of native
species: (i) Glomus sp. (15 spores/g of soil), (ii) Sclero-
cystis sp. (9 spores/g soil) and (iii) Acaulospora sp. (one
spore/g of soil) (Meddich et al. 2015). Corn (Zea mays L.)
plants were used as a host plant to trap and multiply the
native mycorrhizal complex naturally associated with date
palm and G. irregularis species.

During transplantation, seedlings were inoculated with
2g of sand containing spores and corn roots pre-mycor-
rhized by the above AMF. While, non-AMF plants received
the same weigh of autoclaved inoculums. After harvest, the
AMF frequency (F%) of lettuce roots was determined by
the technique described by Phillips and Hayman (1970).
Root tissues were cleared by 10% KOH and stained with
0.05% trypan blue in lactic acid (v/v). The AMF frequency
was calculated according to the following formula:

Infected t t
AMF frequency (F) (%) = ( nfected root segmen s)

Total roots segments
x 100

Compost and NPK Based Fertilizers

The compost used in this work was obtained from the
composting unit of the Faculty of Sciences Semlalia Mar-

rakesh (FSSM) (Marrakesh, Morocco). Compost was pro-
duced from green waste selectively collected from gardens
pruning. The compost was amended at the rate of 10 tons
ha~! (Boutasknit et al. 2021). Their main characteristics are
reported in Table 1.

For the NPK based fertilizers, we used the mixture
of N-P-K respecting the recommended doses: 80-60-
190Kg/ha (Pandorf et al. 2020) using for nitrogen (N)
supplementation the Ammonitrate 33.5% at the rate of
28.65g per plot (1.2m?), for P fertilization we used the
lime superphosphate 18% at the rate of 40g per plot and
for potassium (K) application we used the potassium sul-
phate 48% at the rate of 47.5 g per plot.

Biochemical Analyses

For sugar and protein content determination, extracts were
prepared by grinding 0.5 g of the fresh leaves with 10 mL of
80% ethanol and centrifuged at 4000rpm for 20min. The
extraction was done three times to have a final volume of
30mL for each extract. The soluble proteins were deter-
mined according to the Bradford (1976) method. Briefly,
SmL of Bradford reagent was supplemented with 0.1 mL
of the ethanolic extract. After homogenization, the reac-
tion mixture was placed for 30min at 30°C. Then the ab-
sorbance was read at 595nm. The total sugar content was
determined following the colorimetric method. For that, to
0.2mL of supernatant, 200puL of phenol (5%) and 1 mL
of H,SO, were added and stirred. After cooling, the ab-
sorbance at 485nm was read (Dubois et al. 1956).

Polyphenol content was measured using the method de-
scribed by Yamamoto et al. (1977) with slight modifica-
tions. One g of fresh leaves was ground in 8 mL of methanol
(80%). To ensure a maximum extraction, two supplemen-
tary extraction was done by washing the residues with
methanol (80%). The mixture of the filtrate and additional
filtration were centrifuged at 1000g for S5min. 0.2mL of
the supernatant was supplemented to 0.4mL Folin-Denis
reagent and distilled water in a total reaction mixture of
3mL. After 3min, 1 mL of Na,COs saturated aqueous solu-
tion was added at ambient temperature for 1 h to complete
the reaction. After that, the absorbance was determined at
765 nm using Gallic acid as standard.
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Mineral Analyses

The sodium (Na¥), potassium (K*), calcium (Ca?*) and P de-
termination was carried out after plant material mineraliza-
tion. Briefly, 0.5 g of plant shoot material (dry weight) was
mineralized at 550°C in a muffle furnace for 6h. Then
the samples were soaked for 1h in 3mL hydrochloric acid
(5N), filtered and diluted with distilled water up to 25 mL.
P was determined according to Olsen et al. (1954). Na*, K*
and Ca* elements were determined by flame photometer
(AFP 100 flame photometer).

Total nitrogen content in plants was determined using
0.5g of dry matter. The samples were analyzed by the
Kjeldahl method as described by Baize (2000). Briefly,
0.5g dry weight was mixed with 0.5g of a catalyst mix-
ture (K,SO,, CuSO4.5H,0 and Se) and treated with 5mL of
sulfuric acid (98%). After mineralization, the volume was
adjusted to 100mL with distilled water; 40 mL of the so-
lution were transferred to Kjeldahl bottles containing few
drops of NaOH (40%), and the resulting was distilled. The
distillate was titrated with 0.02 N sulfuric acid. The nitrogen
content was expressed as mg of nitrogen/plant.

Soil Physicochemical Properties

The soil physicochemical properties were analyzed before
and after the field experimentations as follow: pH and elec-
trical conductivity (EC) of soil samples (1:4; w:v) were
estimated using a digital pH (pH21, Hanna Instruments,
Romania) and conductivity meter (LF92, WTW, France),
respectively. Soil texture was determined by Robinson’s
method (Baize 2000). Total organic carbon (TOC) in the
soil samples was estimated using 1N potassium dichro-
mate and then, back titrated with 0.5N ferrous ammonium
sulphate (Baize 2000). The available form of P was de-
termined with 1 M acidic ammonium fluoride (Olsen et al.
1954) using colorimeter (VR-2000 Spectrophotometer, Se-
lecta, Spain).

Statistical Analyses

The obtained results were analyzed statistically with the Co-
Stat software version 6.400 (Copyright © 1998-2008 Co-
Hort Software). The statistical treatments include an analy-
sis of the variances (ANOVA) followed by a comparison of
the means with the Least Significant Difference (LSD) test
at P<0.05. The principal component analyses (PCA) using
XLStat software was performed by analyzing correlation
between applied treatments and the measured parameters.

Results
Properties of PGPR Strains

The two tested strains showed significant PGPR activities
(Table 2). They solubilized tricalcium phosphate. BS14 can
also solubilize potassium. While, BS36 was able to fix at-
mospheric nitrogen. Furthermore, the rhizobacterial strains
were able to produce exopolysaccharides up to 152.31 mg
of Congo red/OD600 (BS36) and IAA of 12.69 ug/mL for
BS36 and 195.64 pg/mL for BS14. However, no strain was
able to produce siderophores and HCN.

Mycorrhization Frequency

The effectiveness of the AMF mycorrhization was demon-
strated by computing the infection frequency of lettuce root
system after inoculation with Rhizophagus irregularis strain
(AMF1) or with the AMF consortium (AMF2), alone or in
various combinations with the PGPR bacteria and the com-
post. The findings showed the pre-existence of natural and
autochthonous AMF in the non-inoculated plants with a fre-
quency of 8.66 and 12.33% for the first experiment and the
second experiment, respectively. However, all treatments
amended with the AMF1 or the AMF2 alone or in com-
bination with the PGPR bacteria and/or the compost had

Fig. 1 Effects of biofertilizers- e o
biostimulants on the AMF 1004 1= “xp*’r"“w‘ah s 1004 ORI SXpIey
frequency of lettuce root system. = b \“ . § : § . s
(Bars for each experiment < W N LN <
sharing the same letters are g § 2 § § § § § § g
not significantly different at 5 \ % § \ \ \ \ \ z
. S £ 507 YRR YN NN = 501

P<0.05 using Least significant = % § % § § § § § &

neans s N NNNRENRNRN
sFrain, AMF2 AMF consor- e&i@:‘{é&}\i&e&:(};@ ?:,\‘:E’@i_{;@? ‘\3\'- ; o"‘e\g 0@3‘3\{:‘(\}@ ‘3\;;;-/04\: C:Q:; 04\;? i\°°:?§§ XEP“‘Q ..:S“'
tium, PGPR PGPR bacteria C & ¢ ELEEE C & ¢ ELLEE
(BS14+BS36), NPK recom- =T FESTES S F FETES
mended NPK based fertilizers chq' c;lq' @1@ e &

doses)
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a mycorrhizal frequency higher than 60%, this proves that
the used AMF were more infectious than the native one. For
the two field experiments, we noted that the co-inoculation
of the AMF consortium and the PGPR bacteria resulted in
the highest AMF frequency exceeding 94%. However, the
application of compost reduced the AMF frequency in all
treatments (Fig. 1).

Growth Parameters and Yield

In the current study, we assessed the effects of PGPR
bacteria, AMF, composts and an NPK based fertilizers
on growth and yield of lettuce. In regards to lettuce total
fresh weight (TFW), the obtained results showed that the
biofertilizers-biostimulants (PGPR, AMF and compost)
application had a positive and significant effect (P<0.001).

All the applied treatments resulted in a significant increase
(P<0.05) in the TFW compared to the control. In the
first experiment, the highest TFW was recorded in NPK,
PGPR + AMF2, PGPR+ AMFI1+ Comp, AMF1+ Comp,
AMF2 and AMF2+Comp treatments with an increment
up to 67% (Table 3). However, in the second experiment
the highest TFW was obtained by the NPK fertilization en-
hancing the TFW by 77% over the control, followed by the
two tripartite combinations and the double combinations
(AMF1 + Comp and AMF2+ Comp) with an enhancement
up to 61% (Table 3).

As for TFW, the biofertilizers-biostimulants use had
a positive and significant effect (P<0.001) on the total
dry weight (TDW) with a significant increase (P<0.05)
by the application of the different treatments compared
to the control (Table 3). In the first field experiment, the

Table 3 Effects of tested biofertilizers-biostimulants on growth parameters of lettuce

TFW TDW Plant height Leaves number Yield
(g plant™!) (g plant™) (cm plant™!) (tons ha™!)
First Control 483.92+35.25f 12.95+0.82 i 33.67+1.51h 33.83+2.56 h 31.04+£2.19¢
emngt“' Comp 715.08+109.19 bed  21.18+1.50 cdef  40.92+0.66 a 51.33£2.16 fg 45.68+7.31 be
AMF; 586.38+38.17 ¢ 16.73+£2.00 h 38.17+0.98 cd 58+5.29 abed 37.14+2.72d
AMF; + Comp 757.85+36.08 abc 22.25+3.67 cde 36.17+0.75 ef 60.33+2.07 ab 48.80+2.42 abc
AMF> 744.25+61.19 abed 18.39+1.89 gh 36141 ef 56.50+0.84 cde 48.15+4.07 abc
AMF> + Comp 761.35+79.09 abc 20.89+2.66 defg  34.33+0.82 gh 58.33+2.88 abc 48.92+5.32 abc
PGPR 771.02+44.75 ab 25.32+2.44 ab 40+ 1.55 ab 56.83+2.23 bede 49.27+2.89 ab
PGPR + Comp 692.80+60.21 cd 22.89+1.22 bed 39.33+0.52 be 50.83+2.14 g 44.37+4.07 ¢
PGPR + AMF; 715.65+69.09 bed 19.71+1.48 fg 34.50+1.05 gh 5417+ 1.17 efg 45.85+4.72 be
PGPR + AMF; + 789.17+34.43 a 23.47+1.37 be 33.83+041h 54.33+1.51 defg 50.77+2.34 a
Comp
PGPR + AMF> 792.37+£52.27 a 19.82+ 1.41 efg 37+0.89 de 56.33+2.58 cde 51.05+3.49a
PGPR + AMF>+ 685.27+23.61d 27.11+2.72a 35.08+1.56 fg 61.50+5.39 a 44.33+1.51¢
Comp
NPK 810.23+82.75a 27.09+2.94 a 39.50+1.05b 55+6.32 cdef 52.19+546a
Second Control 489.48+4.59 f 29.17+0.82 h 36x141¢g 3550+ 1.52h 32.63+0.31 f
;’:g;:i' Comp 731.75+113.86 cd 44.38+191b 41.83+0.75 ab 53.33+1.21¢g 48.78+7.59 cd
AMF; 576.38+18.79 ¢ 36.80+1.36 de 38.33+0.82 def 60+2.83 cd 3843+1.25¢
AMF;+ Comp 757.85+36.08 be 37.95+1.36d 40.42+1.11 be 62.67+1.21 ab 50.52+2.41 be
AMF> 585.92+2.76 ¢ 31.58+0.76 g 37.67+2.16 fg 58+1.41de 39.06+0.18 ¢
AMF 2+ Comp 761.35+£36.43 be 3527+ 1.64 ef 39.83+0.75 bede 63.17+1.72 ab 50.76+£2.43 be
PGPR 554.35+15.15¢ 34.83+2.14 f 38.17+£0.75 ef 58.17+1.72 de 36.96+1.01e
PGPR + Comp 692.80+60.21 d 40.03+0.75 ¢ 39.50+2.17 cdef 55+3.22 fg 46.19+4.01d
PGPR + AMF; 715.65+69.09 cd 31.78+0.99 ¢ 39.50+ 1.05 cdef 57+2ef 47.71+4.61 cd
PGPR + AMF; + 789.17+34.43 b 44.05+1.03 b 40.33+0.82 bed 61.50+1.87 be 52.61£2.29b
Comp
PGPR + AMF> 685.27+23.63d 31.28+1.14 ¢ 38.67+4.72 cdef 58.33+1.37 de 45.68+1.58d
PGPR + AMF>+ 792.37£52.27b 39.85+1.19¢ 40+1.26 bede 64.83+2.32a 52.82+3.48b
Comp
NPK 870.23+10.32 a 46.50+2.43 a 42.50+£1.05a 64.67+3.27 a 58.02+0.69 a

Values in the same column and in each experiment sharing the same letters are not significantly different at P<0.05 using Least Significant
Difference (LSD) test. Data presented are means+ SD from six repetitions
TFW total fresh weight, TDW total dry weight, Comp compost, AMF; pure AMF strain, AMF, AMF consortium, PGPR PGPR bacteria
(BS14+ BS36), NPK recommended NPK based fertilizers doses
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highest TDW was obtained in plants treated by NPK,
PGPR + AMF2 + Comp and PGPR treatments recording an
enhancement up to 109% over the control plants. However,
in the second experiment the highest TDW was obtained by
the NPK (59% of increase than the control plants), followed
by the Comp and the PGPR + AMF1 + Comp treatments in-
creasing the TDW by 52 and 51%, respectively (Table 3).

Regarding the plant height, we found a significant ef-
fect (P<0.01) of the biofertilizers-biostimulants use in
the two field experiments. Except the AMF2+ Comp,
PGPR+ AMF1 and PGPR+ AMFI1+Comp treatments in
the first experiment and AMF2 treatment in the second ex-
periment that had no significant effect on the plant height
compared to the control plants, all the other treatments
significantly (P<0.05) enhanced this parameter (Table 3).
The maximum plant height was recorded by the compost
amendment (21% of increase than the control plants) in
the first experiment. In the second experiment, NPK and
Comp treatments resulted in an increased plant height (18
and 16%, respectively).

Concerning the leaf number, the use of biofertilizers-
biostimulants had a significant effect (P<0.001) on this
parameter. All the studied treatments had significantly
(P<0.05) increased the leaf number than the control
plants (Table 3). The highest increase of leaf number
was recorded by the application of PGPR + AMF2 + Comp,
AMF1 +Comp, AMF2+Comp and AMFI treatments in
the first experiment exceeding the control plants by up
to 81%. In the second experiment, the high leaf num-
ber was obtained by the NPK, PGPR+ AMF2+ Comp,
AMF2 + Comp and AMF1 + Comp treatments reaching up
to 82% of enhancement (Table 3).

The application of the biofertilizers-biostimulants had
a significant effect (P<0.001) on the yield. As shown in Ta-
ble 3, in all treatments there was a significant and positive
effect (P<0.05) of the applied biofertilizers-biostimulants
alone or in the different combinations on the final yield of
lettuce compared to the non-inoculated plants. In the first
experiment, the highest yields were obtained from the ap-
plication of NPK, PGPR + AMF2, PGPR + AMF1 + Comp,
PGPR, AMF2+ Comp, AMFI1+Comp and AMF2 treat-
ments, enhancing the yield over the control plants by 68,
64, 63, 58, 57, 57, and 55%, respectively. In the second ex-
periment, the application of NPK based fertilizers resulted
in the highest yield (77% of increment over the control
plants), followed by the two tripartite combinations and the
double combinations (AMF1+ Comp and AMF2+ Comp)
(Table 3). Comparing the two experiment yields, we noted
that the second experiment resulted in higher yields than
the first experiment.

@ Springer

Biochemical Analyses

Sugar, protein and polyphenol concentrations were mea-
sured in leaves. We found a significant effect (P<0.001) of
the applied treatments.

The sugar content was significantly (P<0.05) enhanced
by the applied biofertilizers-biostimulants in the both ex-
periments, except the AMF1 treatment in the second ex-
periment, which had no significant difference compared to
the control plants (Fig. 2). In the first experiment, AMF1 +
Comp, AMF2 + Comp, PGPR, PGPR + AMF1 + Comp,
PGPR + AMF2 and NPK treatments resulted in the highest
sugar content with an increment up to 103% (Fig. 2). In the
second experiment, the AMF1 + Comp, AMF2 + Comp,
PGPR, PGPR + AMF1 + Comp, PGPR + AMF1, PGPR +
AMF2 and NPK treatment had resulted in the high soluble
sugar content (Fig. 2).

Determination of protein content revealed that the ap-
plied biofertilizers-biostimulants significantly (P < 0.05) en-
hanced this parameter during the both experiments com-
pared to the control plants (Fig. 2). Plants inoculated with
the PGPR bacteria presented the highest protein content in
the two experiments (Fig. 2; 96 and 55% over the control
in the first experiment and the second experiment, respec-
tively).

As for the two biochemical parameters, the polyphe-
nols content was significantly (P<0.05) enhanced over
the control plants. In the first experiment, the NPK,
PGPR+ AMF1+Comp and PGPR+AMF2 treatments
showed the highest polyphenols content recording an en-
hancement up to 69%. However, in the second experiment,
PGPR, NPK, the double combinations (AMF2+ Comp,
AMF1 + Comp, PGPR + AMF2) and the two triple combi-
nations showed the highest polyphenols content recording
an enhancement up to 81% (Fig. 2).

Mineral Analyses

The analysis of plants mineral status showed that the
applied treatments had a positive and significant effect
on the P (P<0.001), N (P<0.001), Na* (P<0.001), K+
(P<0.001) and the Ca* (P<0.01) after the two experi-
ments.

The P content of the lettuce plants was significantly
(P<0.05) enhanced by the applied treatments after the two
field experiments, except in plants inoculated with AMF1,
which had no significant difference compared to the con-
trol plants (Table 4). The NPK based fertilizers resulted in
the high P content under the two experiments increasing
this mineral element by 162 and 118% in the first exper-
iment and the second experiment, respectively (Table 4).
The PGPR bacteria allowed the second high P content in
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Fig.2 Effects of biofertiliz- 30
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and polyphenol content of
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experiment sharing the same
letters are not significantly
different at P<0.05 using Least
significant (LSD) test. Data
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the first experiment with an increment of 134% over the
control (Table 4).

Determination of the total nitrogen (N) using the Kjel-
dahl procedure showed that all treatments significantly
(P<0.05) increased the N content of plants (Table 4). As for
the P content, the NPK based fertilizers resulted in the high-
est N content with an increment of 127 and 147% in the first
experiment and the second experiment, respectively, fol-
lowed by PGPR, PGPR + AMF1, PGPR + AMF1 + Comp,
PGPR+AMF2 and PGPR+ AMF2+Comp treatments,
which increased the N content up to 114% in the first
experiment (Table 4). In the second experiment, PGPR
bacteria and the two tripartite combinations presented the
second high N level reaching an enhancement up to 114%
(Table 4).

The concentration of three mineral elements (Na*, K*
and Ca?") was measured in lettuce leaves. The findings dis-
played that the applied biofertilizers-biostimulants signifi-
cantly (P<0.05) enhanced these three elements compared
to the control plants, except the AMF1 treatment in the first
experiment and Comp and AMF1 treatments in the second

experiment, which had no significant effect on the Ca?
content compared to the control plants (Table 4). The high-
est Na* amount was recorded by the application of PGPR,
PGPR + AMF1 + Comp, PGPR+AMF2 and NPK treat-
ments in the both field experiments (Table 4). Regarding
the K* content, the highest values were recorded by the ap-
plication of PGPR, PGPR + AMF1 + Comp, PGPR + AMF2,
PGPR + AMF2 + Comp and NPK treatments in the first ex-
periment (Table 4). However, in the second experiment
the high K* level was recorded by the inoculation of
PGPR bacteria in combination with compost (Table 4).
With regard to Ca’t, the high values were recorded by
the PGPR + AMF1 + Comp, PGPR + AMF2 and NPK treat-
ments in the first experiment (Table 4). In the second
experiment, in addition to the aforementioned treatments
the PGPR treatment resulted in high Ca?" content (Table 4).

The Principal Component Analysis (PCA)

Principal component analysis (PCA) showed the score plot
of PCA for the applied treatments for two experiments: the
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Table 4 Effects of tested biofertilizers-biostimulants on total phosphorus content, total nitrogen content (NTK) and K*, Ca** and Na* content of

lettuce
P (mg plant™") N (mg plant™!) Na* (mg Kg™) K* (mg Kg™) Ca’ (mg Kg™)
First Control 25.69+145¢ 265.65+9.52 f 121.37+0.88 h 290.63+5.55 ¢ 224.26+9.41 h
;’:ep;:i' Comp 44.65+3.15¢ 454.51+6.02d 136.94+3.95 g 394.68+7.12 ¢ 246.5+4.62 ¢
AMF; 30.89+1.47f 330.60+4.42¢ 131.1£1.52 ¢ 320.15+8.84 f 223.94+7.71 h
AMF;+ Comp  52.15+£2.69 cd 460.86+1.49d 156.02+8.35 cd 519.39+4.91 be 281.59+4.83 cd
AMF> 32.09+4.14 f 468.82+7.16d 146.98+3.47 f 511.29+10.69 cd 267.95+3.03 ef
AMF2+ Comp  5297+4.21cd 465.31+5.99d 154.95+8.29 cde 526.3+3.89b 279.31+1.76 cde
PGPR 60.16+1.82 b 557.91£9.72 be 164.52+1.39 ab 537.79+3.33a 294.72+5.36 b
PGPR+ Comp  55.08+1.79 ¢ 543.86+3.80 ¢ 148.42+1.81 ef 502.08+11.19d 273.19+2.68 def
PGPR+AMF; 50.88+1.64d 548.78+10.71 be 151.21+5.31 def 518.94+1.32 be 267.05+£2.57 f
PGPR+ AMF;+ 51.53%1.69 cd 568.83+2.25b 165.69 + 3.69 ab 541.73+£2.06 a 307.11£7.61 a
Comp
PGPR+AMF; 51.59+2.48 cd 557.00+5.50 be 165.75+1.71 ab 54294+ 148 a 313.44+9.33a
PGPR+ AMF2+ 54.81+1.57 cd 556.63+9.34 be 160.76+3.75 be 538.16x2.51 a 287.19+9.14 be
Comp
NPK 67.36+0.89 a 604.81+£39.09 a 168.74+£2.55 a 546.16x1.12a 311.18+12.99 a
Second Control 3574+1.50 f 269.77+3.98 i 13145+1.02 g 301.97+747 g 236.25+8.00 e
;’l‘;’;tﬁ' Comp 5491273 d 469.37+2.03 g 147.06+3.86 f 403.37+£9.09 ¢ 256.76+4.37 de
AMF; 40.80+1.33 ef 339.7+5.06 h 141.17+1.60 f 330.18+8.75 234.06+7.55¢
AMF;+ Comp  62.02+3.01 bc 470.54+1.15¢ 166.17+8.38 ¢ 528.84+4.02 cd 292.08+4.53 be
AMF> 42.18+4.06 ¢ 481.33+1.66 f 156.72+3.34 ¢ 521.88+9.61d 279.06+2.61 cd
AMF>+ Comp  62.30+3.83 bc 473.67+6.56 fg 165.52+8.55 cd 536.12+3.93 ¢ 289.77+2.20 ¢
PGPR 61.55+6.90 be 573.48 £ 8.09 be 174.67+1.74 ab 548.56+3.71b 337.14+54.80 a
PGPR+ Comp  62.58+2.79 bc 557.01£6.98 ¢ 158.98+2.03 de 605.49+7.01 a 291.34+6.98 be
PGPR+AMF; 60.54x1.57 ¢ 560.75+11.42 de 158.13+3.67 ¢ 529.55+0.92 cd 277.85+1.63 cd
PGPR+ AMF;+ 61.97+2.11 be 579.47£2.92b 176.79+2.48 ab 552.01+£2.84b 317.48+7.39 ab
Comp
PGPR+AMF>  61.52+2.04 bc 568.19+5.20 cd 176.31+1.98 ab 553.19+1.03 b 32549+9.51 a
PGPR+ AMF>+ 65.97+1.89b 570.89+3.99 be 171.30£3.92 be 551.63+4.58b 295.87+6.31 be
Comp
NPK 78.15+1.56 a 667.53+£7.61 a 179.20+£2.24 a 557.36+1.74 b 328.01+2.17 a

Values in the same column and in each experiment sharing the same letters are not significantly different at P<0.05 using Least Significant

Difference (LSD) test. Data presented are means+ SD from three repetitions

P plant phosphorus content, NTK plant total nitrogen content, Comp compost, AMF; pure AMF strain, AMF> AMF consortium, PGPR PGPR
bacteria (BS14+ BS36), NPK recommended NPK based fertilizers doses

first experiment (a) and the second experiment (b), accord-
ing to the different measured variables (Fig. 3). For the
PCA of the first experiment, the first two principal com-
ponents are significant and explain 73.27% of the total in-
ertia. PC1 presents 59.56% of the total inertia, whereas
PC2 presents 13.71%. For the PCA of the second experi-
ment, the first two principal components are significant and
explain 72.88% of the total inertia. PC1 presents 57.09%
of the total inertia, whereas PC2 presents 15.79%. Most
of the treatments (in bold and surrounded by a rectangle)
were pointed to the right of PC1 of the two PCAs, meaning
that the applied treatments had large positive loadings on
PC1. On the other hand, Control, AMF1, AMF2 and Comp
treatments are presented on the left of PC1, meaning that
they had large negative loadings on PC1. According to pa-
rameters contribution, plant fresh weight, plant dry weight,
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yield, sugar content, protein content and mineral contents
could be considered as markers of the impact of the se-
lected biofertilizers-biostimulants. Moreover, the PCA has
revealed a distinct separation between the treatments ac-
cording to their impact on the studied parameters. The PCA
showed that treatments with higher growth, nutrition and
yields were on the right, they corresponded to NPK, double
and triple combinations between PGPR, AMF and compost
(Fig. 3). Lower growth, nutrition and yield levels were on
the left, they corresponded to the control without inocula-
tion followed by AMF1, AMF2 and Comp treatments.

Physicochemical Properties of the Soil

Several soil parameters (pH, EC, TOC, OM and P-Olsen)
were measured in soil fraction associated to the roots of
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Fig. 3 Principal component a 15
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all treatments (Table 5). In the first experiment, the appli-
cation of compost alone or in the different combinations
resulted in a decrease in the pH values of soil (P<0.05;
Table 5). Moreover, the PGPR inoculation alone or in com-
bination with the AMF2 decreased the pH value compared
to the control. In the second experiment, only the Comp and

-4 -2 0 2 4 6 8

10
PC1 (57,09 %)

PGPR + AMF1 + Comp decreased (P<0.05) the pH values
than the control (Table 5).

The EC of soil after the experiments was significantly
(P<0.05) enhanced by the applied treatments compared
to the control, except the EC in the soil inoculated with
the AMF1 alone or in combination with PGPR bacte-
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Table 5 Physico-chemical properties of soil before field experiment and after harvest

pH EC (mS cm™) TOC (%) OM (%) P-Olsen (mg kg™)
First Control 7.88+0.09 ab 0.178+0.006 h 0.64+0.06 k 1.11+0.10k 106.16+6.77 h
emngt“' Comp 7.49+0.03 def 0.424+0.003 b 1.02+0.06 fg 1.76+0.10 fg 249.95+ 1.66 ab
AMF; 7.9+0.08 ab 0.114%0.004 i 0.88+0.10 hi 1.52+0.18 hi 157.38+11.29 f
AMF; + Comp 7.52£0.22 de 0.301+0.013 d 1.19%0.10 de 2.06+0.18 de 21549+1.22¢
AMF> 8.03+0.03 a 0.098+0.004 0.75+0.06 jk 1.28+0.10 jk 191.35+0.92d
AMF: + Comp 7.64£0.03 cd 0.313+0.010 ¢ 1.37%0.06 be 2.36+0.10 be 219.53+12.19 ¢
PGPR 7.66+0.02 cd 0.2710.006 e 0.78£0.10 ij 1.34%0.18 ij 173.30£4.39 ¢
PGPR + Comp 7.39£0.01 ef 0.461+0.003 a 1.13+0.06 ef 1.94+0.10 ef 243.58+13.14 b
PGPR + AMF; 7.72+0.03 be 0.194+0.003 g 1.06+0.06 fg 1.82+0.10 fg 248.94+7.98 ab
PGPR + AMF + 7324029 f 0.237+0.009 f 1.27+0.06 cd 2.18+0.10 cd 25743+12.19a
Comp
PGPR + AMF> 7.68+0.07 cd 0.116=0.003 i 1.40%0.10b 242+0.18b 160.03+4.21 f
PGPR + AMFz+ 7.64+0.13 cd 0.453+0.004 a 1.75+0.06 a 3.02+0.10 a 222.13%5.74 ¢
Comp
NPK 7.80£0.05 be 0.426+0.001 b 0.95+0.06 gh 1.64%0.10 gh 12235+542 ¢g
Second Control 8.04+0.01 a 0.296+0.002 i 1.53+0.14h 264024 h 68.67=1.99 hi
emngt“' Comp 7.89+0b 0.566+0.004 b 2.65+0.14 ¢ 4.56+0.24 ¢ 91.89+3.19d
AMF; 8.07+0.01a 0.415+0.007 f 2.09+0.14 g 3.60£0.24 g 74.6421.99 g
AMF; + Comp 7.74+0.01 ab 0.565+0.003 b 2.93+0.14d 5.04+0.24d 90.57+4.34 de
AMF> 8.07+0.02 a 0.264 % 0.006 j 1.95+0g 3.36+0g 72.32+3.04 gh
AMF> + Comp 7.86+0 ab 0.396+0.009 g 3.20+0.14 ¢ 5524024 ¢ 94.88+1.52d
PGPR 7.87+0.02 ab 0.349+0.018 h 237+0.14 f 4.08+0.24 f 67.01+1.52i
PGPR + Comp 7.79+0.05 ab 0.492+0.002 d 3.76+0.14 b 6.48+0.24 b 108.15+1.52 ¢
PGPR + AMF1 7.75+0.03 ab 0.4410.029 e 2.09+0.14 g 3.60£0.24 g 93.55+1.99d
PGPR + AMF + 7.870b 0.532%0.006 ¢ 459+0.14a 7.92+024a 123.41+434b
Comp
PGPR + AMF> 7.76+0.01 ab 0.314£0i 237+0.14 f 4.08+0.24 f 85.92+1.15 ef
PGPR + AMF2+ 7.86+0.04 ab 0.586+0.004 a 3.76+0.14 b 6.48+0.24 b 135.02+5.66 a
Comp
NPK 8.04+0.02a 0.452+0.018 ¢ 1.53+0.14h 2.64+0.24h 82.60+3.59 f

Values in the same column and in each experiment sharing the same letters are not significantly different at P<0.05 using Least Significant

Difference (LSD) test. Data presented are means + SD from three repetitions

EC electrical conductivity, TOC total organic carbon, OM organic matter, Comp compost, AMF; pure AMF strain, AMF> AMF consortium,
PGPR PGPR bacteria (BS14 + BS36), NPK recommended NPK based fertilizers doses

ria and the soil treated with the tripartite combination
(PGPR + AMF1 + Comp) in the first experiment and the
soil amended with AMF2 alone or in combination in the
second experiment (Table 5). The highest EC values were
recorded in the soil treated with the double combination
between PGPR + Comp and the triple combination between
PGPR + AMF2+ Comp in the first experiment. However,
under the second experiment only the triple combination
(PGPR + AMF2 + Comp) resulted in the high EC value
(Table 5).

Concerning the TOC% and the OM%, the applied treat-
ments had significantly (P<0.05) increased the amount of
the TOC and the OM than the control, except the soil inoc-
ulated with the AMF2 in the first experiment and the soil
fertilized with the NPK based fertilizers in the second ex-
periment, which had no significant effect compared to the
control (Table 5). In the first experiment, the high amounts
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of TOC and OM were obtained by the tripartite combina-
tion between the PGPR + AMF2 + Comp. However, in the
second experiment the highest amount was recorded by the
PGPR + AMF1 + Comp treatment.

The available P (P-Olsen) was significantly (P<0.05)
increased by the application of all treatments, except
that one obtained by the application of AMF2 in the
second experiment (Table 5). The highest records were
obtained by the application of Comp, PGPR+ AMFI1
and PGPR+ AMFI1+ Comp treatment after the first ex-
periment. In the second experiment the high amount of
P-Olsen was obtained by the triple combination between
PGPR + AMF2 + Comp (Table 5).
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Discussion

Biofertilizers-biostimulants based on PGPR bacteria, AMF
and compost are promising strategies for integrated solu-
tions to agro-environmental problems because inoculants
and amendments possess the capacity to promote the plant
growth, enhance the nutrient availability and uptake, and
support the plants health (Gharib et al. 2008; Bouizgarne
et al. 2015; De Souza et al. 2015; Meddich et al. 2015;
Barje et al. 2016; Carnot et al. 2017; Anli et al. 2020;
Toubali et al. 2020). They are widely known for their posi-
tive effect when applied to plants. In this context, this study
was conducted to elucidate the impact of selected biofer-
tilizers-biostimulants alone or in different combinations on
the growth, yield and quality of lettuce grown in field and
on the soil physico-chemical properties after harvest.

The tested rhizobacterial strains showed significant
PGPR activities (Table 3). They can solubilize tricalcium
phosphate and potassium. These PGPR activities may im-
prove the plant growth and development by providing
the essential nutrients such as nitrogen, P, and potassium.
Furthermore, the tested rhizobacterial strains were able to
produce exopolysaccharides and IAA, which can modulate
the plant growth and maintain the water film necessary for
the photosynthetic activity and the plant growth (Vurukonda
et al. 2016; Khan et al. 2016).

Moreover, the applied AMF in our study are effective
and they are adapted to the studied culture, with a high my-
corrhization frequency when AMF were applied in combi-
nation with PGPR bacteria. The combined inoculation of
plants with PGPR bacteria and AMF enhanced root colo-
nization. Comparable results were found by Aalipour et al.
(2020) who reported that the double inoculation of Pseu-
domonas fluorescens and the AMF induced a high AMF
colonization (60%). Visen et al. (2017) showed that the
simultaneous inoculation with PGPR bacteria considerably
stimulates the AMF colonization of litchi plants in compari-
son to the mono-AMF inoculated plants. Similarly, Raklami
et al. (2019) had also reported that the co-inoculation with
rhizobacteria and AMF enhanced the AMF efficiency by
over 90%. The mechanisms implicated in this phenomenon
seem to be related to the PGPR ability to synthesize cell
wall-degrading enzymes, which help in the establishment of
AMEF symbiosis (Visen et al. 2017; Diagne et al. 2020). In
contrast, the application of compost reduced AMF coloniza-
tion. This could result from the nutrient input provided by
the compost, which could allow the plant to be less depen-
dent on the AMF symbiosis to acquire sufficient amounts of
nutrients (Biicking et al. 2012). The decrease of AMF root
colonization by the compost supplementation has been re-
ported by other researches (Ben-Laouane et al. 2020b; Ait-
El-Mokhtar et al. 2020). The AMF structures formation
can be influenced by the soil characteristics. The organic

amendments application like compost, a source of mineral
nutrients like P generally decrease AMF root colonization.
This could be explained by the release of mineralized P
in the soil, which can reduce colonization (Baslam et al.
2011). In disagreement with our results, Ben-Laouane et al.
(2020a) showed that the application of compost increased
the AMF frequency and intensity, with higher mycorrhiza-
tion rate were recorded in the inoculated plants with AMF
and rhizobia among the use of the compost, reaching 147
and 241% of increment in the frequency and intensity, re-
spectively.

The inoculation with PGPR and/or AMF and/or com-
post amendment improve the plant growth and productiv-
ity of lettuce plants, compared to non-inoculated and non-
amended plants. However, the best results were obtained
by the application of the double and tripartite combina-
tion, which recorded the highest improvements in total fresh
biomass, dry biomass, plant height, leaves number and yield
of L. sativa plants. Our results are in agreement with those
obtained by Anli et al. (2020), who reported that the amend-
ment of compost alone or in combined use with AMF/PGPR
bacteria increases the plant growth performance. This im-
provement of growth traits could be due to the growth pro-
moting mechanisms employed by AMF and PGPR bacteria
such as production of phytohormones and solubilization of
minerals (Raklami et al. 2019; Anli et al. 2020; Toubali
et al. 2020). Previous studies have shown that plants inocu-
lated with AMF/PGPR bacteria and amended with compost
accumulate more N and P in the leaves than non-inocu-
lated and non-amended plants (Baslam et al. 2014; Rak-
lami et al. 2019; Anli et al. 2020). These results could be
explained by the ability of PGPR bacteria to act by their
direct and indirect mechanisms on plants (Sharma et al.
2013; Ahemad and Kibret 2014; Kang et al. 2014; Rolli
et al. 2014; De Souza et al. 2015). They have been de-
scribed as solubilizing agents for the complex P sources,
which is mostly unavailable for plants (Kang et al. 2009;
Behera et al. 2017). Moreover, bacteria are considered as
able agents to modulate the crop growth by the release of
phytohormones (auxin, cytokinins) or other antimicrobial
and/or antifungal substances for the control of the harm-
ful effects of pathogens (Kang et al. 2009, 2014; Ahemad
and Kibret 2014; Bouizgarne et al. 2015; De Souza et al.
2015). Some studies showed that PGPR could stimulate the
growth and yield of some vegetable crops such as tomato,
lettuce, and broccoli (Yildirim et al. 2008, 2011). Moreover,
the AMF have the ability to improve the plants water and
mineral status (Carnot et al. 2017), by developing an exten-
sive hypha network that supply plants with water and nutri-
ents, and thereby, enhance the soil structure (Raklami et al.
2019). They are able to solubilize P and mobilize macro-
elements and micro-elements (Rouphael et al. 2015). In ad-
dition, compost is used as a soil amendment in agriculture
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to improve the supply of organic carbon and increase the
storage capacity of water and nutrients in the soil, result-
ing in increased photosynthetic activity, growth and yields
(Gharib et al. 2008; Anli et al. 2020; Ben-Laouane et al.
2020a, b). On the other hand, Bharti et al. (2016) stud-
ied the effect of combined application of AM fungus Glo-
mus intraradices (Gi) and halotolerant plant growth promot-
ing bacterium Dietzia natronolimnaea STR1 in promoting
the plant growth under saline conditions along with the
effect of vermicompost (VC) on the growth of Ocimum
basilicum plants. They found that the combined applica-
tion of STR1, Gi and VC improved the plant growth by
53% under non-saline conditions and recorded doubly in-
creased fresh weight under saline conditions in comparison
to the control (non-inoculated) and the bipartite applica-
tions of STR1, Gi, and VC. The combined application of
STR1+ Gi+ VC recorded maximum herb yield under both
conditions; non saline and saline conditions.

The tested biofertilizers-biostimulants increased the lev-
els of sugars, proteins and polyphenols content of L. sativa
plants compared to the control, especially the double and
triple combination between the applied biofertilizers-bios-
timulants. Accordingly, Anli et al. (2020) demonstrated
that the application of biofertilizers-biostimulants based
on PGPR, AMF and composts increased the amount of
sugar and protein. The triple combination between the
aforementioned biofertilizers-biostimulants resulted in the
high protein and sugar (Anli et al. 2020). Similarly, Toubali
et al. (2020) noted clearly that PGPR, AMF and com-
post alone or in the different combinations significantly
increased the amount of sugar compared to the control
plants. The highest sugar concentrations were recorded
in the plants treated with the two tripartite combinations
(PGPR + AMF1 + Comp and PGPR+ AMF2+ Comp) with
an enhancement of 73 and 71% respectively (Toubali et al.
2020). Our results are in agreement with those obtained
by Raklami et al. (2019) and Boutasknit et al. (2020) who
reported increased sugar and protein levels in bean, wheat
and garlic under field conditions.

Our results showed an increase in the mineral elements
concentration in the plants. The application of PGPR alone
or in combination with AMF and/or with compost increased
the amount of N, P, K, Na and Ca. This can be attributed
to the richness of the compost in N and P (Table 1) and
the effective phosphates solubilization of the PGPR strains
used in this study. AMF are widely known for their ability
to enhance the mineral nutrition of 80% of vascular plants
(Smith and Read 2008). Other study showed that the radish
seeds inoculation with PGPR bacteria EY37 and EY43 sig-
nificantly increased concentration of P and N in the plants
leaves (Yildirim et al. 2008). Phosphate solubilizing and
N, fixing bacteria can improve the nitrogen and the P nu-
trition of plants and stimulate the plant growth (Raklami
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et al. 2019; Anli et al. 2020). In the same way, results
obtained by Anli et al. (2020) showed clearly and signifi-
cantly the positive effect of the applied treatments on P and
N content of date palm plants, especially the double and
triple combination between composts (C1: grasses waste
compost or C2: green waste compost) AMF (AMF1: exotic
AMF strain or AMF2: native AMF consortium) and PGPR
consortia (B1 or B2). The treatments, which increased the
N and P concentrations in this previous study were the
following: C1+B1, AMF1, AMFI+B2, AMF1+Cl1+Bl,
AMF2, AMF1+B1+Cl1AMF2+C1+B2, and AMF2+C2
(Anli et al. 2020). Similarly, Raklami et al. (2019) showed
that the application of PGPR, AMF and especially their
combination increased the N, P, K, Na and Ca concentra-
tions of faba bean cultivated under field conditions.

Our study revealed the improvement of physicochemical
properties of soil after harvest. The application of biofertil-
izers-biostimulants, especially compost increased the qual-
ity of soil. In addition, the application of compost reduces
soil pH. The application of compost alone or in the dif-
ferent combination resulted in a decrease in the pH val-
ues of soil. Moreover, PGPR inoculation alone or in com-
bination with AMF2 decreased the pH value compared
to the control. In the second experiment, only the Comp
and PGPR + AMF1 + Comp decreased the pH values than
the control. Under alkaline pH, the P is complexed with
Ca?* (McLaughlin et al. 2011). By their produced organic
acids, PGPR, solubilize complex P while releasing Ca? and
available P (Behera et al. 2017). AMF may also promote
P uptake by increasing its solubility in soil through pH
changes or by exudation of P mobilizing compounds like
organic acids and phosphatases (Sharif and Claassen 2011).
Our results are in accordance with those obtained by Anli
et al. (2020) who revealed a decrease in the pH values
after biofertilizers-biostimulants application. Significant in-
crements in the OM and available P, especially with the
application of compost alone or in combination with PGPR
or AMF, were noted and resulted from the high content of
OM and available P in the compost. Gaiotti et al. (2017)
recorded similar results, showing that inoculation with mi-
croorganisms and compost application were very effective
in improving the soil quality especially in OM and min-
eral nutrients (P and N). An increase in the organic matter
was observed by the use of compost from vineyard prun-
ing and compost from cattle manure, while the control un-
amended stayed similar to those recorded at the beginning
of the experiment (Gaiotti et al. 2017). Our results are in
accordance with those found by Lashari et al. (2013), they
showed that the use of Biochar-poultry manure compost
(BPC) increased soil available P content. The available P
was seen increased under BPC treatment by over 100%
compared to the un-amended soil. Similar results were ob-
tained by Toubali et al. (2020) who worked on date palm
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vitroplants, they revealed the positive effect of the applica-
tion of compost, AMF and PGPR alone or in combined use
by improving the quality of soil.

Conclusion

The two conducted field experiments after assessing the
impacts of the biofertilizers-biostimulants on growth, yield
and nutrition of lettuce crop and soil properties, allowed us
to conclude that the organic and biological fertilizers used
in our study gave noticeable results compared to the con-
trol plants. They increased the growth parameters of lettuce
plants. Indeed, the amended compost, PGPR bacteria (BS14
and BS36) and AMF, alone or in the different combinations
increased the yield and growth parameters and gave similar
results to those obtained by the use of NPK based fertiliz-
ers. In light of the results obtained in this work, the tested
biofertilizers-biostimulants can be a better alternative that
is well adapted to reduce the use of chemical fertilizers.
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