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ABSTRACT

Intensive agricultural practices have undeniably reduced soil fertility and crop productivity. Furthermore, alkaline
calcareous soils represent a significant challenge for agricultural production, particularly durum wheat, which is
vital for ensuring food security. It is therefore essential to explore new cereal management strategies to maintain
food production and promote crop sustainability. The application of soil microorganisms, particularly plant
growth—promoting rhizobacteria (PGPR), as inoculants to enhance crop production is a growing area of interest.
This study investigates the effects of the rhizobacteria Paenibacillus polymyxa SGH1 and SGK2, applied both indi-
vidually and in combination, on the growth and productivity of durum wheat in alkaline calcareous soil. We con-
ducted field experiments over two growing seasons using a randomized complete block design with three blocks,
considering four treatments: non-inoculated wheat grains (T0), inoculation with the P. polymyxa SGH1 strain
(T1), inoculation with the P. polymyxa SGK2 strain (T2), and co-inoculation with both strains (T3). The results
clearly showed that SGH1 and SGK2 inoculation improved the morphometric characteristics of wheat plants,
with co-inoculation of both strains that induced more pronounced improvements compared to TO in terms of
collar diameter (+16.9%), tillers plant™" (+89.8%), and SA/RA ratio (+35.5%). Co-inoculation was also the most
effective treatment for improving the wheat grain yield (+41.1% in season I and + 16.6% in season II). In addition,
T3 significantly increased the grain starch content (+220%). T1 determined the highest grain protein content in
both seasons (9.5% in season I and 9.66% DW in season II). This study demonstrated that bacterial inoculation
and co-inoculation strategies can significantly enhance wheat productivity and grain quality in alkaline calcareous
soils while reducing at the same time the ecological footprint of agriculture.

Copyright © 2024 The Authors. Published by Tech Science Press.
@ @ This work is licensed under a Creative Commons Attribution 4.0 International License, which permits

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



mailto:cerny@vulhmop.cz
mailto:aftabses98@gmail.com
https://www.techscience.com/journal/Phyton
http://dx.doi.org/10.32604/phyton.2024.059865
https://www.techscience.com/
https://www.techscience.com/doi/10.32604/phyton.2024.059865

3314 Phyton, 2024, vol.93, no.12

KEYWORDS

Paenibacillus polymyxa; Triticum durum; grain yield; wheat technological quality; microbial inoculation; plant
growth-promoting rhizobacteria

1 Introduction

Durum wheat (Triticum turgidum subsp. durum (Desf.) Husn.) is one of the main cereal crops
worldwide. It plays a vital role in providing sustenance to a substantial portion of the world’s population
[1,2]. Ttaly is the leading producer of durum wheat in the European Union, harvesting 4.2 x 10° Mg from
over 1.2 x 10° ha [3]. However, the persistent global demand for durum wheat, coupled with the
challenges posed by limited arable land and adverse soil conditions, highlights the pressing need for
sustainable strategies to enhance durum wheat yields [4].

The presence of alkaline calcareous soils is one of the most significant challenges for durum wheat
cultivation, particularly in arid and semi-arid areas [5,6]. Actually, Algeria has approximately 9 million ha
of agricultural land, the majority of which consists of calcareous soils that lack essential nutrients such as
phosphorus [7]. Calcareous soils, owing to their high pH levels and abundance of calcium carbonate
(CaCO3;), impose significant constraints on crop growth due to the impairment of soil nutrient availability,
with particular reference to P-fixation and Fe-precipitation [8,9]. Consequently, alkaline calcareous soils
often decrease durum wheat yields, affect grain quality, and enhance the vulnerability to various
environmental stress factors [6]. These challenges may be addressed by innovative agronomic practices,
such as the use of arbuscular mycorrhizal fungi (AMF), which offer a promising solution [10]. AMF, a
relatively common plant symbiotic fungi, demonstrated to affect the stability of community structures and
ecosystems [11]. AMF is currently regarded not only as plant symbionts but also as essential components
for plants and soil [12]. Despite a substantial body of research indicating that AMF inoculation fosters
agroecosystems, the underlying mechanisms by which AMF inoculation, water stress, and density
influence crop growth, biomass allocation, yield formation, and soil quality remain unclear, especially for
rainfed wheat [12].

In recent years, bacterial inoculation and co-inoculation strategies have attracted more interest than the
traditional AMF approaches [13]. This shift reflects a growing recognition of the diverse benefits that can be
gained by using these strategies as an alternative to AMF. Bacterial inoculation is the targeted application of
specific bacterial strains to seeds or soil. This initiates plant-microbe interactions that offer numerous
advantages to the host plant [14]. It stimulates plant growth directly through the promotion of nutrient
acquisition and hormone production, or indirectly by controlling phytopathogens and mitigating plant
stress [15]. Inoculation with phosphate-solubilizing bacterial strains, for example, promotes plant growth
by enhancing P-availability [13]. Co-inoculation, on the other hand, consists of the application of
multiple bacterial strains at the same time to potentially create a powerful combination that will
significantly enhance plant performance [16,17]. Several studies demonstrated substantial improvements
in durum wheat growth, yield, and nutrient utilization when subjected to bacterial inoculation in alkaline
calcareous soils [13,18]. These outcomes prove that it is possible to harness the rhizospheric microbiome
as a powerful tool for sustainable durum wheat cultivation in challenging soil environments.

Paenibacillus polymyxa is the standout species among the plant growth-promoting bacteria (PGPR). It is
a Gram-positive bacterium, renowned for its capacity to form endospores. The nitrogen-fixing potential of
this species was first demonstrated by Von Bredemann [19], but it gained widespread recognition after the
work of Hino et al. [20]. Negi et al. [21] reported that P. polymyxa exhibits the highest nitrogenase
activity in wheat rhizospheres. Furthermore, this species possesses a range of other beneficial traits for
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host plants. P. polymyxa can produce compounds that solubilize phosphate [22], antibiotics against plant
pathogens [23], and growth-promoting substances [24].

P polymyxa is an excellent candidate for the study of the PGPR/wheat association thanks to its
adaptability to the rhizosphere, nitrogen-fixing capabilities, production of growth-promoting substances,
exopolysaccharides, antibiotics, and phosphate solubilization. Research on the topic demonstrated that
inoculating wheat with P. polymyxa strains significantly influences plant growth, productivity, and
nitrogen utilization [21,25]. For instance, the inoculation of spring wheat (7. aestivum) with P. polymyxa
promoted seedling growth and induced positive effects on wheat nutritional status, growth, and
development [26] due to the ability of P. polymyxa to invade plant roots and form biofilms in the wheat
rhizosphere [27]. The efficacy of seed inoculation with single or multiple PGPR strains on spring wheat
yield was assessed in several studies [28,29]. It was also demonstrated that the inoculation with P
polymyxa induced biochemical alterations in wheat plants and developed resistance against water stress
[30]. The isolate Paenibacillus sp. S7, identified as P. polymyxa, was found to significantly enhance
spring wheat growth [31].

Achieving high yields hinges on aligning the phenological phases of yield components with the
availability of water, nitrogen, phosphorus, and potassium. Nitrogen is of particular significance in wheat
cultivation, considering that wheat grains contain approximately 12% to 13.5% of proteins [32]. Thus,
ensuring a continuous supply of nitrogen to wheat plants through the biological nitrogen fixation operated
by P. polymyxa may represent a potential tool for enhancing wheat productivity.

In this context, the inoculation and co-inoculation of efficient P. polymyxa strains on wheat grains
immediately after sowing represents a cost-effective alternative to the extensive use of mineral fertilizers.
This study builds upon existing research to elucidate the unique contributions of P. polymyxa strains
SGHI1 and SGK2, applied both individually and in combination, to enhance the growth and productivity
of durum wheat in alkaline calcareous soils. It was hypothesized that the co-application of these strains
may ensure a complementarity activity and consequently result in significant improvements in wheat
yield and nutrient utilization. In contrast to previous studies, our research was performed over two
growing seasons, thus providing a more comprehensive and detailed analysis of the effects of these
PGPR strains on durum wheat. Furthermore, our research is distinguished by the comprehensive analysis
of the specific mechanisms underlying the interaction between these PGPR strains and wheat. The final
objective of this study is to reduce the reliance on chemical fertilizers, thereby preserving agroecosystems
and ensuring the long-term sustainability of durum wheat in alkaline calcareous soils.

2 Materials and Methods

2.1 Location, Climate and Soil

Field experiments were conducted over two growing seasons (2019/2020 and 2020/2021), which will
henceforth be referred to as season I and season II, at the Institute of Agronomy in Medea, located in the
north-western region. The western zone of the Titteri region is situated to the north of the Tellian Atlas in
Algeria. It has an elevation of 1187 m above sea level and it is located at 35°54'31" N, 2°23'16" E. The
region is predominantly cultivated with cereal crops, with durum wheat being the most prevalent species.
The climate of the zone is semi-arid, with an average annual rainfall of approximately 300 mm and
average air temperatures of 20°C. The mean air temperatures recorded during season I showed the typical
seasonal pattern of the region, characterized by mild winters (minimum temperatures never fell below
0°C) and high temperatures during the summer months, with the highest temperature recorded in July
(34.3°C) (Fig. 1a and b). Season Il showed a significant increase of temperature in April. May recorded
the highest maximum temperature (23.9°C), followed by below-average temperatures in June and July
(20.1°C and 17.3°C, respectively). The monthly rainfall patterns were similar across the two growing
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seasons (Fig. 1), with the highest rainfall levels falling in January (550.5 mm in season I and 655.5 mm in
season II). The total rainfall during the crop cycle was 1503.5 mm in season I and 1593.5 mm in season II.
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Figure 1: Climatic data (monthly air temperatures and monthly rainfall) from the experimental station
located in the field experiments over the two growing seasons: (a) Season I, 2019/2020; (b) Season II,
2020/2021

The soil in this region is typic Mollisols, as defined by the USDA (United States Department of
Agriculture) Soil Taxonomy classification. Soil samples were collected at a depth of 15 cm following a
zigzag model within a homogeneous 30 m?® area, in order to perform physio-chemical analyses in
accordance with the standard laboratory procedures set out by Jones [33]. The soil in the experimental
site was classified as silty-clay-sandy, calcareous, and alkaline with 7.9 pH (Table 1).

Table 1: Physical and chemical soil characteristics (10 cm depth) at Medea region (Algeria)

Soil characteristic Unit of measurement Value
Coarse sand % 13.5
Fine sand % 7.0
Coarse silt % 23.8
Fine silt % 17.4
Clay % 38.3
Permeability ecmh! 7.52
Organic matter % 1.8
Total carbon % 1.04
Total nitrogen % 0.2
C/N ratio / 5.2
Assimilable P,Os g kg™ 0.0116
Exchangeable K,O g kg 0.261
CaCO; % 9.3

(Continued)
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Table 1 (continued)

Soil characteristic Unit of measurement Value
Electrical conductivity dSm™' 0.31
Cation exchange capacity cmol kg ! 17.25
pH / 7.9

Note: Values are the means of three replicates.

2.2 Experimental Design and Cultural Practices

Soil seedbed was prepared with a manual weeding followed by the addition of dry organic manure
(1 kg m™?). Then, the soil was ploughed 12 days before sowing and leveled. In season I, soil seedbed
preparation was performed on 22 November 2019 and sowing occurred on 4 December 2019. In season
II, the seedbed was prepared on 15 November 2020 and sowing took place on 2 January 2021. In both
seasons, wheat seeds were sourced from a certified, untreated seed lot of the durum wheat cultivar Waha
(2014 harvest, Tiaret, Algeria). The main characteristics of this cultivar are plant height at maturity,
80-90 cm; ear color, light amber to red; size, medium to large; cold tolerance; resistance to rust diseases;
sensitivity to spring frosts; sowing dose, 100120 kg ha™'; optimal grain yield, 4.5 t ha '; thousand-grain
weight (TGW), medium; semolina quality, quite good. The quality of this cultivar makes it a highly
sought-after product on the Algerian market.

The field experiments were carried out using a randomized complete block (RCB) design with three
blocks (Fig. 2a—c). Four treatments were considered: non-inoculated wheat grains (T0), inoculation with
the P. polymyxa SGHI1 strain (T1), inoculation with the P. polymyxa SGK2 strain (T2), and co-inoculation
with the two strains (T3). The elementary plots measured 1 m?, resulting in a total net experimental area
of 12 m? (12 plots). The distance between two adjacent elementary plots was 0.5 m, while the blocks
were separated by an alley of 1 m. The seeds were planted by hand in six rows, with a distance of 16 cm
between the rows and 0.5 cm between the grains on the line. Forty-three grains were planted per line,
resulting in an expected maximum density of 260 seeds m > per plot. The control plots were planted first
to prevent contamination by bacterial inoculum.

Figure 2: Pictures of the experimental area at three different durum wheat growth stages: (a) plant
emergence; (b) tillering; and (c) maturity stage

Irrigation was performed by the field capacity: considering the soil texture and a depth of 30 cm, a bulk
density of 1.5 g cm > and a retention capacity of 35 g of water 100 g~ of fine dry soil, soil retention was
157.5 mm, calculated as follows: 300 x 1.5 x 0.35 = 157.5 mm. Irrigation water had a pH range of 6.5-8, a
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turbidity range of 0-5 NTU, and a chlorine concentration of 0 mg L™'. One week after plant emergence, each
plot was irrigated with 20 L of water.

2.3 Grain Preparation

Non-stained seeds of a normal physiognomy were weighed and categorized into weight classes ranging
from 30 to 77 mg. A grain weight frequency histogram revealed that the modal class was between 45 and
47 mg. Consequently, this weight class was retained for the purposes of our study, representing 14.2% of
the total grains used in all experiments. The use of seeds of the same weight class ensured uniform
seedling growth and exudation.

2.4 Bacterial Strains

In a study carried out by Athmani-Guemouri et al. [34], it was demonstrated that the diversity of P.
polymyxa strains isolated from the rhizosphere of durum wheat cultivated in the highlands of Algeria for
less than 70 years showed notable phenotypic and genotypic variability. Therefore, over time, durum
wheat plants were able to select only the most suited P. polymyxa strains from a pool of different strains.
In order to ascertain their potential impact on the plant, we inoculated durum wheat with a strain
belonging to the “group of most adapted strains” (SGK2), which is capable of hindering the development
of nine phytopathogenic fungi, and a strain belonging to the “group of the least adapted strains” (SGH1),
which has a high nitrogen fixation capacity. The P. polymyxa strains (SGH1 and SGK2) employed in this
study were previously isolated from durum wheat rhizosphere in the Tiaret area, a region with a history
of cereal farming dating back to the Roman era. The strains were isolated using an immuno-enzyme
immuno-trapping method, as described by Guemouri [35]. The assessment of strain identification and
diversity was carried out through the API (Analytical Profile Index) method, the RFLP (Restriction
Fragment Length Polymorphism) method, and by sequencing the 16S rRNA gene [34,36].

Based on the Enterobacterial Repetitive Intergenic Consensus Polymerase Chain Reaction (ERIC-PCR)
method, these bacterial strains are classified within the ERIC-PCR group 1. SGK2 showed the ability to
degrade xyloglucan and to impede the in vifro development of several phytopathogenic fungi, including
F. graminearum, F. culmorum, F. verticillioides, and M. nivale, agents of fusarium wilt of durum wheat.
Both SGH1 and SGK2 strains have the capacity to produce high levels of indole-3-acetic acid (IAA),
with yields of 161 and 134.96 ug mL™', respectively. Furthermore, they are capable of secreting
exopolysaccharides (EPS) and solubilizing inorganic phosphates. The SGK2 strain displays a greater
capacity for phosphate solubilization (tricalcium and monocalcium) than SGHI1, with the degree of
monocalcium phosphate solubilization by the two bacterial strains exceeding that of tricalcium.

2.5 Preparation of Bacterial Inoculum and Bacterization of Grains

The bacterial inoculates were prepared following the methodology described by Chabot et al. [37]. The
selected bacteria (SGH1 and SGK2) were cultivated in 250 mL Erlenmeyer flasks containing 50 mL of LB
medium on a rotary shaker at 100 rpm min ' at 30°C for 48 h. Then, the bacterial cells were concentrated
through centrifugation at 5000 rpm for 15 min, washed thrice with a sterile phosphate buffer solution,
and suspended in 500 mL of sterile physiological water. A total of 780 mL of bacterial suspension was
applied to each plot at durum wheat sowing, resulting in a concentration of 108 germs mL™"' of inoculum,
equivalent to an optical density (OD) of 0.5, in accordance with Pradhan et al. [38]. Each seed was
inoculated with 3 mL of bacterial suspension.

2.6 Durum Wheat Measurements
The sample for durum wheat measurements comprised three plants per elementary plot, for a total of
nine plants assessed for each parameter. Sampling was performed at various growth stages of plant
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development. The following parameters were measured: collar diameter, number of short roots (roots < 1 cm
in length, which play a crucial role in ectomycorrhizal symbiosis), and mass of adhering soil (rhizosphere
forming a matrix of soil adhering to roots), SA/RA ratio (weight of rhizospheric soil/dry weight of roots),
number of tillers plant ', number ears plant ', number of grains ear ', mean 1000 seed weight. Crop
harvest was carried out on 01 August 2020 and 28 August 2022 for season I and season II, respectively.
The grain yield was quantified as the weight of grains harvested within the plot.

2.7 Starch Analysis of Durum Wheat Grain
Starch analysis was carried out on 100 g of dry plant material corresponding to 100 g of grain powder

(semolina). The starch is dosed calorimetrically in accordance with the methodology proposed by McCready
et al. [39]:

Reagent: Anthrone or “9-oxo-10-dihydroanthracene” is the tautomeric form of anthranol. Anthrone
appears light yellow if dissolved in a concentrated sulfuric medium and blue-colored with carbohydrate
solutions, with a fairly luminous range from green to blue-green depending on the concentration of these
solutions.

Preparation: 1 g of anthrone is dissolved in 500 mL of 96% sulfuric acid, prepared by adding 1 L of pure
sulfuric acid and 40 mL of distilled water.

Procedure: 1 mL of wheat grains extract is placed in a test tube, covered with 2 mL of the sulfuric
reagent anthrone, shacked for homogenization, and put for at least 10 min in a rack at 100°C. Then, the
optical density of the solution is measured with a spectrophotometer at 630 nm. The calibration curve is
derived from a diluted solution of glucose. The result is expressed in g of starch 100 g ' dry weight
(DW) of wheat seeds.

2.8 Protein Analysis of Durum Wheat Grain

Protein determination was conducted calorimetrically via the Bradford method [40] on 100 g of grain
powder (semolina). The Bradford method is a commonly used colorimetric assay for measuring protein
concentration, based on the binding of Coomassie Brilliant Blue dye to proteins.

Reagents: Bradford Reagent purchased from Sigma-Aldrich (Algeria).

BSA Standard Curve: Prepare a series of BSA dilutions to create a standard curve for protein
concentration.

Procedure: 100 mg of grain semolina was homogenized in 5 mL of 0.1 M phosphate buffer (pH 7.0) to
extract the protein. They were homogenized thoroughly to ensure an efficient extraction. Then, the mixture
was centrifugated at 12,000x g for 12 min and the supernatant containing the extracted proteins was
collected. For the Bradford assay, 100 pL of the supernatant was diluted with 10 mL of distilled water,
followed by the addition of 5 mL of Bradford reagent and a gentle mixing at room temperature for 5 min.
Absorbance was measured at 595 nm using a spectrophotometer. Protein concentration was quantified
against a BSA standard and expressed as mg 100 g ' DW.

2.9 Statistical Analysis

Data were subjected to a factorial two-way analysis of variance (ANOVA) model, considering the
‘treatment’, the ‘growing season’, and their interactions as fixed factors. Homoscedasticity was verified
using Bartlett’s test, and normality was assessed by inspecting the residuals, which showed no significant
deviations. Pairwise mean comparisons were conducted using Tukey’s HSD test at a = 0.05. The
ANOVA was performed with the CoStat™® ver. 6.003 software (CoHort, Monterey, CA, USA).
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3 Results

3.1 Durum Wheat Morphological Traits

Except for collar diameter, all morphological traits of durum wheat plants were mostly affected by the
inoculation treatment. The ‘treatment x growing season’ interaction was significant for tillers plant ', short
roots plant !, and SA/RA ratio (Table 2). The mean values for collar diameter across the two growing seasons
revealed that co-inoculation (T3) and inoculation with the P polymyxa SGHI strain (T1) significantly
increased this trait by 16.9% and 21.3% compared to TO, respectively (Table 3). Additionally, collar
diameter was higher in season I than in season II (+10.8%), while no significant effects were observed for
the other morphological traits across the two growing seasons.

Table 2: F-values of main factors and interactions derived from the two-way analysis of variance (ANOVA)

Parameter Source of variation

Treatment (T) Season (S) (T) x (S)
Collar diameter 8.4 ** 13.0 ** 1.4 ns
N. tillers plant ™' 54.8 *x* 0.9 ns 6.8 **
N. short roots plant ™’ 74.4 *** 2.1 ns 5.1°%
Mass adherent soil 28.5 *** 1.3 ns 1.0 ns
SA/RA ratio 46.1 *** 3.9 ns 6.0 **
Grain yield 25.3 #** 147.2 *** 7.0 **
N. ears plant ' 79.0 *** 90.3 *** 12.5 ***
N. grains ear ' 31.9 *xx* 8.0* 8.9 **
Thousand-grain weight 30.5 *H* 5.0%* 7.6 **
Grain starch content 20.5 *** 8.6 ns 3.6 %
Grain protein content 403.3 *** 5.4 ns 6.6 **
Degrees of freedom 3 1 3

Note: Values are given as F of Fisher. ***, ** and * indicate significant at p <0.001, p <0.01 and p < 0.05, respectively (Tukey’s HSD test); ns, not
significant.

Table 3: Effect of treatment and growing season on durum wheat collar diameter (CD), number of tillers
(nT), number of short roots (SR), the mass of adherent soil (Mas), SA/RA ratio, grain yield (GY), number of
ears (nE), number of grains (nG), thousand grain weight (Tgw), grain starch content (Sc), and grain protein
content (Pc)

Variable Unit of Inoculation treatment Growing season
measurement
TO T1 T2 T3 I I

CD mm 31+0.1b 38+02a 3.5+0.1ab 36+04a 37+02a 33+£02b
nT No. plant ™' 47+0.1c¢ 64+04b 83+0.7a 84+12a 69+08a 71+04a
SR No. plant ™' 614+£26c 856£55D 106.7+142a 862+59b 86.6+64a 834+57a
Mas g plant ™! 162+1.5b 173+£14b 208+ 1.8a 205+1.2a 184+10a 190+15a
SA/RA 139+13c¢c 155+14b 174+19a 172+1.6a 157+16a 162+14a
GY tha ' 44+04c¢ 54+1.5ab 51+14b 58+t14a 58+1.1a 45+06D

(Continued)
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Table 3 (continued)

Variable Unit of Inoculation treatment Growing season
measurement
TO T1 T2 T3 I I

nE No. plant ™' 3.0+£0.1¢ 39+£03b 40£0.1b 55+05a 47+02a 36+02b
nG No. ear ' 340+03b 423+20a 36.7+1.1b 414+22a 376+09b 396+19a
Tgw g 525+35b 58.0+37a 58.0+30a 59.6+38a 576=+3.1a 564+34b
Sc g100g ' DW 225+120c 36.83+693b 2083+10lc 71.5+350a 352+23a 40.7+42a
Pc g100g 'DW 535+040c 9.58+1.58a 6.00+065¢c 8.02+1.11a 720+08a 7.28+1.1a

Note: Values are means (n = 3) + standard deviation. Values within a row followed by different letters are significantly different at p < 0.05 (Tukey’s
HSD test). TO: non-inoculated wheat grains; T1: inoculation with Paenibacillus polymyxa SGHI1 strain; T2: inoculation with P. polymyxa
SGK2 strain; T3: co-inoculation with the two strains; I: 2019/2020; II: 2020:2021.

Except for T1 for the mass of adherent soil, all inoculation treatments resulted in enhanced
morphological traits (Table 3). Notably, T2 and T3 caused the most pronounced increase of tillers plant ',
short roots plant !, mass of adherent soil, and SA/RA ratio. Concerning the number of tillers plant
T3 and T2 showed the highest increase (+89.8% and +71.5%, respectively, compared to TO) in season I,
followed by T1 (+42.8%) (Fig. 3). Although to a lesser extent, season Il showed a similar trend to season
I, with T3 and T2 that respectively enhanced tillers plant ' by 41.1% and 39%, compared to TO.

(a) Number of tillers (©) Number of short roots (e) SA/RA ratio
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Figure 3: Two-way analysis of variance of (a, b) number of tillers, (c, d) number of short roots, and (e, f)
SA/RA ratio (weight of thizospheric soil/dry weight of roots) of durum wheat var. Waha. Vertical bars are the
standard deviation (n = 3). The histograms followed by the same letter are not significantly different at
o = 0.05 (Tukey’s HSD test). TO: non-inoculated wheat grains; T1: inoculation with Paenibacillus
polymyxa SGHI strain; T2: inoculation with P. polymyxa SGK2 strain; T3: co-inoculation with the two
strains; season I: 2019/2020; season II: 2020/2021

Concerning the short roots plant™', T2 elicited the most pronounced increases in both season I (+98.2%)
and season II (+52.5%), compared to TO (Fig. 3). Furthermore, T1 and T3 also increased the number of short
roots plant ' in comparison to TO. Similarly to tillers plant™', T3 and T2 determined the highest increase in

the SA/RA ratio in both season I (+35.5% and +35.8%, respectively) and season II (+15.3% and +15.7%,
respectively).
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3.2 Durum Wheat Yield and Productive Traits

The main factors under study and their interaction significantly affected all durum wheat
productive traits (Table 2). The ANOVA revealed that the growing season had the greatest impact on
the overall variance for grain yield and ears plant . Conversely, the inoculation treatment had the
greatest influence on the majority of the variance observed for grains ear ' and thousand-grain weight. As
shown in Table 3, the co-inoculation treatment (T3) induced the highest enhancements for all
productive traits. Except for grains ear ', season I showed higher values than season II for all productive
traits.

Fig. 4 shows the two-way interactions of durum wheat productive traits. Concerning grain yield,
T3 determined the greatest increase compared to TO, with a rate of +41.1% in season I and +16.6% in
season I, followed by T1 and T2. Furthermore, in comparison to the control, T3 caused the highest
number of ears plant”', particularly in season II (+121.0% vs. +59.8% in season I). Conversely, the
increase in the number of ears plant ' caused by T1 and T2 was more pronounced in season I than in
season II. Concerning the number of grains ear ', no significant differences were observed between the
inoculation treatments in season I. However, in season II, only T2 did not show any stimulatory effect.
The results for thousand-grain weight showed a comparable pattern across both growing seasons, with all
the inoculation treatments demonstrating a comparable degree of enhancement for this trait with
respect to TO.
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Figure 4: Two-way analysis of variance of (a, b) grain yield, (¢, d) number of ears, (e, f) number of grains,
and (g, h) thousand seed weight of durum wheat var. Waha. Vertical bars are the standard deviation (n = 3).
The histograms followed by the same letter are not significantly different at a = 0.05 (Tukey’s HSD test). TO:
non-inoculated wheat grains; T1: inoculation with P. polymyxa SGHI1 strain; T2: inoculation with P.
polymyxa SGK2 strain; T3: co-inoculation with the two strains; season I: 2019/2020; season II: 2020/2021

3.3 Durum Wheat Technological Quality

The inoculation treatments had a significant influence on both grain starch and protein content, as shown
in Table 2. On the average of growing seasons (Table 3), T3 induced the highest increase in grain starch
content (+217.8% compared to TO), while T2 was the most effective treatment for grain protein content
(+79.1% than T0), even if not statistically different from T3. The growing season did not affect durum
wheat technological quality, whereas the ‘treatment x growing season’ interaction was significant for both
technological characteristics. T3 caused the highest grain starch content in both seasons, with values of
63 g 100" ¢ DW in season I and 80 g 100 ' g DW in season II. T2, on the contrary, did not influence
the grain starch content. Concerning the grain protein content, only T1 significantly promoted it in season
I (+48.4% compared to TO). In season II, an improvement in the grain protein content was induced by T1
(+124.8%) and T3 (+112.4%) (Fig. 5).

4 Discussion

The results of this study indicate that inoculation and particularly the co-inoculation of two P. polymyxa
strains selected from Algerian soils had a beneficial impact on the morphology, yield, and technological grain
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quality of durum wheat cultivated on alkaline and calcareous soils. Concerning the plant growth, co-
inoculation of the SGH1 and SGK2 strains (T3) significantly increased the mean collar diameter (+20.3%
in season I and +12.1% in season II) and the number of tillers plant ' (+89% in season 1 and +41% in
season 2) compared to the control, denoting the synergistic action of these strains. Co-inoculation, in
alignment with previous studies using diverse microbial strains, provides further evidence to support the
potential of microbial agents in optimizing plant growth and development [41,42]. SGH1-SGK2 co-
inoculation leverages the ability of beneficial rhizobacteria to enhance wheat growth by facilitating
nutrient uptake and alleviating the stressors associated with alkaline calcareous soils, including via
hormone production [18,23]. For example, some PGPR such as Azospirillum brasilense are able to
produce indole-3-acetic acid (IAA), a plant growth hormone that stimulates root and shoot growth [43]. It
is reasonable to hypothesize that SGH1-SGK2 co-inoculation may have stimulated IAA production, thus
enhancing wheat collar diameter. It has been demonstrated that both P. polymyxa strains and their
exopolysaccharides (EPSs) can promote wheat growth by increasing root and shoot length and root and
shoot dry weight [44]. Similarly, another study reported significant growth-promoting effects on wheat
plants treated with the antagonistic bacterium P. polymyxa ZYPP18 [23]. Jabborova et al. [45]
additionally indicated that co-inoculation with multiple strains of microorganisms, such as Pseudomonas
putida NUUS, can exert a more pronounced influence on soybean growth than single inoculation.
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Figure 5: Two-way analysis of (a, b) grain starch content and (c, d) grain protein content of durum wheat
var. Waha. Vertical bars are the standard deviation (n = 3). The histograms followed by the same letter are not
significantly different at o= 0.05 (Tukey’s HSD test). TO: non-inoculated wheat grains; T1: inoculation with
Paenibacillus polymyxa SGHI1 strain; T2: inoculation with P. polymyxa SGK2 strain; T3: co-inoculation with
the two strains; season I: 2019/2020; season II: 2020/2021

Strain-specific results have been here observed. For example, the inoculation of P. polymyxa SGK2 had a
notable impact on the number of wheat short roots compared to the uninoculated plants. These findings
suggest that the SGK2 strain may possess distinctive characteristics that selectively promote short-root
development, thereby enhancing ectomycorrhizal associations in the specific context under study. P
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polymyxa strains are known for their capacity to solubilize and mobilize soil nutrients, including phosphorus
and iron, thus increasing their uptake by plants [22]. The enhanced nutrient availability can stimulate root
development, including the formation of short roots, as the plant seeks to maximize nutrient uptake [46].
Furthermore, some P. polymyxa strains show biocontrol properties and can suppress soil-borne pathogens
and nematodes [23]. When plants are protected from diseases and pests, their root systems tend to
develop more vigorously, potentially leading to an increased number of short roots.

Arbuscular mycorrhizal fungi and bacteria play important roles in enhancing plant growth and nutrient
acquisition, but they work through different mechanisms and interactions. Both AMF and bacteria are
essential for sustainable agricultural practices thanks to their complementary roles in enhancing plant
growth and resilience, as demonstrated for instance by Pandino et al. [47]. While AMF primarily
enhances phosphorus and nitrogen uptake through their extensive hyphal networks [48], several bacterial
species, including those of the Bacillus genus, promote plant growth by nutrient solubilization,
phytohormones production, and pathogens suppression [49]. Moreover, the rhizobacterial community is
known to enhance the effectiveness of AMF when co-inoculated [49].

This study also demonstrated that P. polymyxa SGK2 and co-inoculation markedly enhanced the soil
mass adhering to the roots. This phenomenon is consistent with previous findings indicating that P
polymyxa, by virtue of enhancing soil mass adhesion to plant roots, leads to a more porous soil structure
and therefore to enhanced water retention and nutrient availability [44]. The P polymyxa SC2 strain
showed comparable outcomes [50]. Furthermore, the SA/RA ratio was found influenced by the
inoculation and co-inoculation treatments, indicating alterations in the composition of rhizodeposition. It
is plausible that this increase can be attributed to the capacity of P. polymyxa to produce biofilms or EPS,
which facilitate the aggregation and adherence of soil particles to roots [51,52].

In accordance with the observed results on the morphological characteristics of durum wheat, co-
inoculation induced also the highest grain yield, outperforming the inoculation with the P polymyxa
SGHI strain. Conversely, the SGK2 strain had a negligible effect on grain yield, likely due to the lower
average grain weights. A review of the literature revealed that the co-inoculation of P. polymyxa strains
with other microbial strains such as A4. brasilense, can result in enhanced plant growth-promoting effects
and increased grain yields [53]. This indicates that the interactions between different microbial strains
may contribute to the optimization of the benefits for the host plant. Moreover, the efficacy of microbial
inoculants, including P. polymyxa strains, can vary depending on the specific strain employed [26]. It can
therefore be hypothesized that co-inoculation with specific P polymyxa strains may have a more
pronounced effect on grain yield in wheat, in comparison to single-strain inoculation or co-inoculation
with other microbial strains. This increase was corroborated by a notable rise in the number of ears
plant™' and grains ear ', which are indicative of enhanced flower fertility [54]. Furthermore, co-
inoculation and SGH1 inoculation determined the highest 1000 seed weights, suggesting that these
treatments enhance grain filling and grain weight. These effects can be attributed to the improved nutrient
availability, and hormonal signals, as well as to the activation of synthetic enzymes responsible for grain
starch and protein production [55].

In fact, we found that microbial inoculation and co-inoculation enhanced the levels of grain starch and
protein. As observed for the productive traits, the inoculation with P. polymyxa SGH1 strain induced a
considerable increase of the grain starch (+85% compared to control) and protein (+124.65%) contents,
whereas the inoculation with P. polymyxa SGK2 strain did not produce a statistically significant
difference. This suggests a strain-specific effect of microbial inoculation on durum wheat technological
characteristics and emphasizes the importance of strain selection for crop improvement strategies [56].
This increase may be attributed to an improved nitrogen supply to the plants, which may potentially
activate synthetic enzymes and subsequently enhance starch accumulation. Moreover, the improved
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nutrient availability and hormonal signals can trigger the activation of synthetic enzymes responsible for
starch and protein production in grains [57]. Furthermore, microbial inoculation can activate specific plant
metabolic pathways, thus leading to an increased synthesis of storage compounds such as starch and
proteins [58].

5 Conclusions

The findings of this study demonstrated that the co-inoculation of durum wheat with P. polymyxa
SH1 and SGK2 strains had positive effects on the crop’s morphological, productive, and technological
attributes. This is consistent with the hypothesis that bacterial inoculants should comprise a mixture of
strains, thus ensuring a synergistic activity. Based on these results, it can be concluded that P. polymyxa
co-inoculation represents a promising approach for durum wheat cultivation in alkaline and calcareous
soils, thereby facilitating its cultivation in deprived areas and supporting food security. However, further
research is needed to investigate other rhizobacterial strains across different pedo-climatic conditions.
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