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Abstract

:

Environmental concerns are gradually reducing the global yield capacity of agricultural systems, with climate change representing the most significant challenge. Globally, Potatoes are the most essential non-cereal crop. Therefore, understanding the potential impacts of climate change on potato production is crucial for maintaining future global food security. This study aims to explore the roles played by PGPMs in two distinct regions, which are characterized by different climatic conditions, to assess their influence on two potato varieties, namely Siena and Bellini. Inoculation with these strains, particularly the Aureobasidium pullulans strains Ach1-1 and Ach1-2, resulted in significant improvements in growth and yield. In 2018, impressive yields of 194.1 kg/0.05 ha and 186.6 kg/0.05 ha were recorded for the two strains, with the Ain Taoujdate site achieving yields of 157.1 kg/0.05 ha and 151.1 kg/0.05 ha for each of the two strains. Additionally, further observations revealed that the Siena variety is more susceptible to rot than the Bellini variety. However, Ach1-1 and Ach1-2 strains had a significant effect on this rot, showcasing their potential to mitigate this negative issue in the Bellini variety. These promising results underscore the potential of PGPMs to enhance potato production in the Fez–Meknes region of Morocco, contributing to global food security amid climate change.
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1. Introduction


Climate change is significantly impacting agricultural systems worldwide due to its detrimental effects on crop health, particularly those due to elevated temperatures, extreme hot days, and shifts in precipitation patterns [1,2]. These climatic factors have become the primary drivers influencing agricultural practices across the globe [3]. Given the reliance of the agricultural sector on weather patterns, soil conditions, and irrigation, it is particularly vulnerable to climate change-induced phenomena, like droughts, heat stress, floods, rainfall variations, and extreme weather events [4,5,6,7]. As plants are stationary organisms, they must adapt to their specific habitats to survive. Therefore, implementing sustainable development strategies is crucial for mitigating the consequences of climate change on a global scale. Numerous studies highlight the significance of using climate-resilient practices that effectively address the challenges posed by changing climatic conditions [3].



Although potatoes (Solanum tuberosum L.) are a crop that can be irrigated and exhibit efficient water usage, as evidenced by a high harvest index [8], current potato cultivars display a heightened vulnerability to both drought and heat stress [9,10,11]. This cultivation has a significant position worldwide, being the fourth most important agronomic crop globally, following wheat, rice, and maize [12,13]. Together with sugar crops and cereals, potatoes represent one of the leading agricultural products in Morocco, with production amounting to around 1.6 million metric tons in 2021 [14]. The country annually dedicates an area ranging from 50,000 to 60,000 hectares to potato cultivation (1,707,068 metric tons), accounting for approximately 18 to 19% of the total cultivated vegetable crop area [15,16]. The average national yield stands at 29.67 metric tons per hectare [16].



To address the challenges posed by extreme climatic conditions and improve resource use efficiency, sustainable practices and environmentally friendly technologies are crucial [17]. These practices aim to enhance healthy food production, reduce unsustainable inputs, and improve soil health through measures such as sequestering soil carbon and maintaining soil organic matter and nutrient levels [18].



The application of beneficial microbes, particularly plant growth-promoting micro-organisms (PGPM), has been extensively studied with regard to their potential to improve crop growth and development [19,20,21,22,23,24]. They are micro-organisms that live in association with plant roots and can have beneficial effects on plant growth and health [19]. PGPMs can act in various ways, including by producing plant growth hormones, solubilizing soil nutrients, fixing atmospheric nitrogen, and protecting plants against diseases [25]. These rhizobacteria are often used as inoculants for agricultural crops to promote plant growth and reduce the use of chemical fertilizers, insecticides, and associated agrochemicals [26].



However, their implementation in the field remains limited [27]. Incorporating members of the phytomicrobiome into agricultural systems offers a sustainable approach to disease management and nutrient supplementation, reducing the negative impacts associated with excessive chemical inputs, like fertilizers and associated agrochemicals [27]. Additionally, phytomicrobiome members have proven to be effective in mitigating biotic and abiotic stresses that can hinder crop growth and production [20].



To investigate the effectiveness of these micro-organisms, our study aimed to screen the effects of different PGPM strains on potato cultivation under different climatic conditions by assessing the damaged potato tubers and examining the various agronomic characteristics of the potato varieties studied in two distinct regions of Morocco. We aimed to highlight the different cultivation factors of the potato by analyzing the data collected under different climatic conditions, in different localities, and for different varieties.




2. Materials and Methods


2.1. Study Site


The two experimental fields present contrasting climatic conditions. The Ain Taoujdate region in the Saïss Plain (Figure 1A) (33°55′50.2″ N 5°16′26.0″ W, altitude: 500 m) features a semi-arid Mediterranean climate, which is marked by consistently hot and dry summers and relatively cool winters, with annual temperatures ranging between 37 and 2.8 °C. On the other hand, the Lannoceur region located in the Middle Atlas Mountains (Figure 1B) (33°41′05.2″ N 4°51′19.9″ W, altitude: 1350 m) is set in stony hamri soil and has average rainfall of 500 mm. Its climatic profile encompasses notably colder winters and summers that, while still dry and experiencing high daytime temperatures, may have cooler periods or nights, with temperature extremes spanning from −7 to 40 °C.




2.2. Plant Material


The potato cultivars, namely Siena and Bellini, used in the experiments were obtained from the University of Tuscia, Italy, in 2018. The potato tubers selected were free of wounds and rots and as homogeneous as possible in terms of size (50 and 100 mm in diameter). The varieties, namely Bellini and Siena, were chosen based on their unique attributes and the differing climates of our two experimental areas. The Bellini variety with pale yellow flesh was selected to be grown in Ain Taoujdate in the Saïss Plain due to its high yield and adaptability to the semi-arid Mediterranean climate. In contrast, the Siena variety with yellow flesh was chosen to be grown in Lannoceur in the Middle Atlas Mountains because of its resilience to fluctuating temperatures and potential fit to Moroccan climates. This pairing allowed us to explore potato cultivation in depth, advancing sustainable agriculture research.




2.3. Bacterial Strains and Culture Conditions


All of the eight PGPMs strains (Table 1) were obtained from the laboratory collection of Phytobacteriology and Biological Control at the National Institute of Agronomic Research in Meknes, Morocco. Our selection process was based on the strains’ proven abilities to promote and protect other crops, as shown in previous studies [29,30,31,32,33]. PGPMs were cultured for 2 days at 28 °C using a YPGA medium (yeast extract, 5 g/L; peptone, 5 g/L; glucose, 10 g/L; agar, 15 g/L). Our large-scale bacterial production process involved culturing the bacteria in the fermenter (Bioengineering pilot 2-7/RALF, Bioengineering, Inc., Somerville, MA, USA) while maintaining precise control over culture parameters, including temperature, pH, dissolved oxygen, and agitation. Bacterial growth was continuously monitored, and concentration adjustments were made at optical density (OD600) intervals using a spectrophotometer. Once the desired cell concentration, which was 108 CFU/mL, was achieved, the bacterial culture could be harvested for subsequent use, such as immersing tubers in baths containing the chosen bacterial suspension.




2.4. Inoculum Preparation and Experimental Approach


In this study, the potato tubers underwent a pre-treatment process using the eight previously mentioned strains before being planted. In addition to the main treatments, two control groups were established: “Control+” and “Control−”. The “Control+” group comprised potato tubers that were not inoculated with any of the tested strains but were given NPK fertilizer. However, the “Control−” group signified potato tubers that remained entirely untreated, with no exposure to biological agents or fertilizers. The treatment procedure involved immersing the tubers in a bucket filled with a suspension of each strain, which was prepared and adjusted to a concentration of 108 CFU/mL. Each strain was immersed for a duration of 30 min. Subsequently, the tubers were planted in rows using the conventional method to perform potato cultivation [36]. The potato plantations in Ain Taoujdate and Lannoceur were initiated on April 20th and May 28th, respectively.



The treatments in this study followed a randomized complete block design (RCBD) [37], which was arranged in a factorial arrangement with three replications. Each plot had a 0.05-hectare surface area and 30 blocks with dimensions of 3 m in terms width and 4 m in terms of length, resulting in a total area of 12 square meters in each block. The distance between the experimental blocks was 1 m. To perform planting, approximately 60 plants were placed in each block, with a distance of 70 cm between rows and individual plants. These planting distances aligned with the recommendations of the Ethiopian Institute of Agricultural Research [38].



The experimental plots received NPK fertilizer at specific rates (nitrogen: 150 units/ha; phosphorus: 165 units/ha; potassium: 175 units/ha), as recommended by the Ministry of Agriculture and Natural Resources [39]. Additionally, all other management practices, including weeding, hoeing, earthing up, and pest control, were uniformly implemented across all plots [40].




2.5. Data Collection


To assess the impacts of the eight PGPMs studied on potato cultivation at each experimental site, various parameters were taken into account. Measurements were taken for five randomly selected plants within the experimental plot when they were at a flowering rate of 50%. Plant height was measured from the soil surface to the tip of the main stem using a ruler. The number of stems originating from the mother tuber was recorded, along with the quantification of the leaves and leaflets. A chlorophyll meter (SPAD, Reference: 20210036_0042, Maximum size: 63.5 × 42.33 cm/300 dpi) was used to measure each plant’s chlorophyll content. After harvesting, tubers were weighed using a balance, and their weights were recorded in terms of kilograms/plot (kg/0.05 ha). Tubers weighing 25 g or more, which were undamaged by mechanical factors, diseases, and pests, were considered to be marketable, while those weighing less than 25 g that were damaged or rotten were classified as non-marketable. The total tuber yield was calculated by combining the weights of marketable and non-marketable tubers [41]. Plant vigor was evaluated using a pre-defined scale. Measurements were made on a scale ranging from 1 to 5. Each value on this scale corresponded to a distinct degree of plant vitality. These assessments were entirely visual in nature, with a rating of 1 being assigned to plants with few or no leaves, and the scale progressively increased to 5, which denoted plants with leaves at their peak vigor.




2.6. Data Analysis


In this study, the agronomic data collected were analyzed using a multi-factor analysis of variance (ANOVA) via the statistical analysis software SPSS 21. This approach enabled the assessment of differences between various factors, including treatment, site, and variety. To determine statistical significance, a p-value of less than 0.05 was utilized as the threshold for interpreting the results. Additionally, these findings were analyzed through grouping using principal component analysis (PCA).





3. Results


3.1. Field Observation


According to field observations, the potato crop cycle varies between the two experimental fields. In the Ain Taoujdate site located in the heart of the Saïss plain, which was characterized by a semi-arid Mediterranean climate, the crop cycle is short (4 months, ranging from 20 April 2018 to 29 July 2018). In this zone, summers are hot and dry, winters are cool, and the average precipitation rate reaches 25.2 mm per trial period (Figure 2A). On the other hand, Lannoceur site located in the Middle Atlas Mountains, which was characterized by cold winters, dry summers, and high temperatures (average of 6.6 mm of precipitation per trial period), and the crop cycle was longer than that of the first experimental field (from 28 May 2018 to 26 September 2018) (Figure 2B).



According to the climatic conditions identified at the two stations, the phenological cycle of potatoes at Lannoceur exhibits a remarkably higher temperature than that of the site of Ain Taoujdate, especially during the elongation stage, and gradually decreases until the harvesting stage. As a result, the cycle at Lannoceur is longer than that at Ain Taoujdate. In contrast, the temperature at the Ain Taoujdate site shows variation, with an increase between the elongation and maturation stages, followed by a decrease at the harvesting stage, making the phenological cycle shorter at the Ain Taoujdate site that at the Lannoceur site.



Regarding precipitation at Lannoceur, it is significantly lower than that of the site of Ain Taoujdate, which influences the early stages of growth and potentially affects seed germination and initial plant development (planting and elongation). As the phenological cycle progresses towards the maturation and harvesting stages, precipitation levels at Lannoceur increase, providing potential moisture during these developmental stages, which increases the risk of rot compared to that recorded at Ain Taoujdate. This increase in precipitation at the Lannoceur site is primarily due to the mountainous thunderstorms that characterize in the region.




3.2. Agronomic Parameters


Agronomic data, including measurements of plant vigor, height, the number of stems, the number of leaves, the number of leaflets, and chlorophyll content, were collected for both varieties of potatoes, namely Siena and Bellini, at the two experimental sites, namely Ain Taoujdate and Lannoceur (Figure 3). These measured parameters served as quantitative indicators of plant growth and their responses to applied treatments (Table S1). An increase in these values implies a positive effect, indicating that the treatment enhances plant growth.



The Ain Taoujdate site shows more vitality and branching than the Lannoceur site, with the Siena variety appearing to be more vigorous than the Bellini variety. Moreover, Ach1-1 and Ach1-2 strains exhibit notable results not only across the two sites, but also in both varieties. On average, Siena’s vigor is measured as 4.3 ± 0.6 and 4 ± 0.6 for these strains, while for Bellini, it is measured as 3 ± 0.6 at the Ain Taoujdate site. At the Lannoceur site, these strains’ results average out at 4 ± 0.6 and 3.7 ± 0.6 for the Siena variety and 3 ± 0.6 and 2.7 ± 0.6 for the Bellini variety. The strains GAJ222 and GAB111 also stand out, showing exceptionally high vigor at the Ain Taoujdate site compared to other strains.



Plant height and the number of stems, leaves, and leaflets rapidly increased before decreasing towards the end of this study in comparison to the Lannoceur site and the Bellini variety. These observations revealed variations in the proportion of height and the number of stems, leaves, and leaflets throughout the study period, encompassing the stages of plantation, elongation, flowering, maturation, and harvest. These variations can be partially attributed to plant defoliation during the agricultural campaign. Likewise, chlorophyll content exhibited a more remarkable development at the Ain Taoujdate site and in the Siena variety than at the Lannoceur site and in Bellini variety.



Our results convincingly demonstrate that inoculation with PGPMs significantly stimulates the agronomic characteristics of potato tubers compared to the non-inoculated control group. The experimental results varied considerably between the different sites and potato varieties. The Ain Taoujdate site showed superior results to the Lannoceur site, and the Bellini variety outperformed the Siena variety.



The bacterial treatments Ach1-1 and Ach1-2 (A. pullulans) exhibited a remarkable increase, indicating the potential of these strains to improve plant growth and health. These strains produced remarkable results for all measured parameters (height; the number of stems, leaves, and leaflets; and chlorophyll content).



Inoculation using the two strains, namely Ach1-1 and Ach1-2 (A. pullulans), resulted in an observable growth in plant height compared to plants that were not inoculated. Specifically, for the Siena and Bellini varieties, the average heights identified at the Ain Taoujdate site were recorded as 63.7 ± 2.2 and 61.4 ± 2.2 and 53.7 ± 2.2 and 51.4 ± 2.2 respectively. On the other hand, at the Lannoceur site, the average heights were lower, with 37.9 ± 2.2 and 36.1 ± 2.2 recorded for the Siena variety and 27.9 ± 2.2 and 26.1 ± 2.2 recorded for the Bellini variety, respectively.



The data also demonstrated a correlation between leaf count and plant growth, with leaves being crucial for enabling photosynthesis and food production. More stems were found on both Siena and Bellini plants at the Ain Taoujdate site, ranging from 6.7 ± 0.9 and 6.3 ± 0.9 for Siena plants to 5.7 ± 0.9 and 5.3 ± 0.9 for Bellini plants. These values were slightly lower at the Lannoceur site, which had an average stem count of 4.35 ± 0.9 for both plant varieties. The average leaf count per plant at the Ain Taoujdate site was higher for the Siena variety (25.35 ± 1.3) than the Bellini variety (15.35 ± 1.3). In contrast, at the Lannoceur site, the Siena variety had an average of 16.65 ± 1.3 leaves, while the Bellini variety had a considerably lower leaf count of 6.65 ± 1.3. In terms of leaflets, both the Siena and Bellini varieties displayed an average count of 322.65 ± 21.5 at the Ain Taoujdate site. At the Lannoceur site, the Siena variety had slightly more leaflets (326 ± 21.5) than the Bellini variety (226.15 ± 21.5). For all treated potatoes, compared to the control group, a statistically significant increase (p-value < 0.001) was recorded (Table S2).



The results clearly show the beneficial impacts of the evaluated plant growth-promoting micro-organisms (PGPMs) on the tubers of both the Siena and Bellini varieties. Notably, the A. pullulans strains had a significant effect on the increase in the chlorophyll content. In the Ain Taoujdate location, we observed an increase of 45.6 ± 2.4 SPAD units for the Siena variety and 35.6 ± 2.4 SPAD units for the Bellini variety, while in the Lannoceur location, the increase was 28.05 ± 2.4 SPAD units for the Siena variety and 35.6 ± 2.4 SPAD units for the Bellini variety, with all measures being made in comparison to the control group. This outcome implies their ability to enhance photosynthesis and boost plant growth.




3.3. Biological Control and Effects of PGPMs on Yield and Damaged Tubers


The results obtained at the Ain Taoujdate site were particularly promising, revealing a significant increase in crop yield compared to the Lannoceur site and the Bellini variety.



The two specific bacterial strains, namely Ach1-1 and Ach1-2, notably enhanced the crop yield. Compared to the Lannoceur site and the Bellini variety, potatoes treated with these strains displayed a substantial increase in yield. The improvements were quantified with an average yield value of 19.45 ± 1.1 and 18.45 ± 1.1 for the Siena and Bellini varieties, respectively, at the Ain Taoujdate site. Meanwhile, at the Lannoceur site, the same strains resulted in an average yield of 13.3 ± 1.1 for the Siena variety and 12.3 ± 1.1 for the Bellini variety. These results clearly emphasize the effectiveness of PGPMs, especially A. pullulans strains, in terms of optimizing the growth and yield conditions of potato crops.



Furthermore, the study highlighted a remarkable effect of the A. pullulans strains, namely Ach1-1 and Ach1-2, in terms of protecting potato tubers against rot. In comparison to the control group that received no treatment, tubers treated with these strains showed a substantial decrease in the number of rot-affected tubers. Specifically, the decrease was 1.85 ± 1.1 for the Siena variety and 1 ± 1.1 for the Bellini variety at the Ain Taoujdate site, as well as 3.3 ± 1.1 for the Siena variety and 2.3 ± 1.1 for the Bellini variety at the Lannoceur site. This outcome demonstrates the effectiveness of PGPMs in terms of preventing fungal diseases and their beneficial roles in preserving the quality and health of potato crops (Figure 4 and Table 2).



The use of principal component analysis (PCA) allowed us to study the treatments, highlighting significant differences between them and revealing their distinct characteristics. As a statistical method, PCA was employed to reduce the dimensionality of the data while retaining the most important variations. This approach provided essential insights that enabled a better understanding of the impacts of different treatments throughout the study, as well as identifying distinct clusters in the space of principal components. These results contribute to a deeper understanding of the differences between treatments and open up new research perspectives.



However, at both sites, the treatments Ach1-1 and Ach1-2 prominently stand out as having higher yields (Figure 5A), suggesting their effectiveness in terms of promoting potato growth and development. These strains clearly exhibit advantages by promoting plant health, enhancing nutrient availability, and stimulating tuber growth. On the other hand, treatments 2066-7, 2332-A1, and 2515-3 and the control group (Figure 5B) showed less favorable results, with a higher percentage of damaged tubers, i.e., rot, and lower yields. These findings suggest that these treatments were less effective in terms of protecting potato tubers from damage, which could be attributed to various factors, such as unfavorable interactions with the soil, increased competition with other micro-organisms, or less active growth-promoting mechanisms.





4. Discussion


The purpose of this study was to compare the levels of damaged tubers and assess the potential influence of environmental and management factors on potato decay in two different regions—Lannoceur and Ain Taoujdate—during the 2018 agricultural campaign. Additionally, we examined two distinct potato varieties, namely Bellini and Siena, to analyze the rate of exposure of potatoes to rot under the experimental conditions. Moreover, we evaluated the impacts of eight different strains on potatoes, considering various parameters.



Throughout the duration of the study, it was observed that the potato yield at the Ain Taoujdate site was significantly higher than that at the Lannoceur site. This variation in yield rate can be attributed to several factors, especially environmental conditions, such as temperature, humidity, and precipitation.



It is worth noting that during this agricultural campaign, the Lannoceur station received a higher average precipitation rate of 500 mm, whereas Ain Taoujdate received precipitation of 470 mm. This disparity in precipitation levels may have influenced the percentage of tuber damage, consequently influencing the observed variation in yield between the two sites.



Besides climatic conditions, soil composition also plays a crucial role in potato production and differs between locations [42,43,44,45]. A stony Hamri soil type characterizes the Lannoceur site, while the Ain Taoujdate site consists of clayey, limestone, and brown alluvial soils. This difference in soil composition may provide an explanation for the variation in yield between the two locations. According to the previous study findings, potato cultivation was greatly influenced by soil and climatic conditions, which had a significant impact on crop yields. This study revealed that potatoes displayed a preference for lighter soil types typically found at higher altitudes, where they received greater amounts of rainfall. Both temperature and precipitation were identified as crucial factors affecting potato yield formation, with precipitation having a greater impact than temperature [46]. Moreover, Karim et al.’s (2018) [47] findings contribute to our understanding of the complex relationship between climatic conditions, soil moisture, and potato yields. The study found that different climatic conditions could have a significant impact on potato yields. Under dry and normal conditions, potato yields were higher on terraced fields. In contrast, the yields were higher on non-terraced fields under wet conditions. The study also found that soil moisture content during the growing season is critically important to crop growth, and a lack of soil moisture in the early part of the growing season can negatively affect the number and size of potato tubers.



Research findings have emphasized the varying sensitivity of the Bellini potato variety compared to other potato varieties [48,49]. Throughout both sites, it was observed that the Siena variety exhibited a higher susceptibility to tuber damage than the Bellini variety. This discrepancy in susceptibility may be attributed to genetic variations between these two varieties. Additionally, the study’s results emphasized the notable disparity in rot percentages observed between the Ain Taoujdate and Lannoceur sites.



The results reported by Tsror et al. (2012) [50] revealed significant differences in the proportion of decayed tissue observed in infected tubers between various potato cultivars. Among the cultivars tested, Bellini exhibited a comparatively lower level of tuber deterioration. These results are consistent with the results reported by Adesemoye and Kloepper (2009) [51], who documented a moderate incidence of disease in the Bellini potato variety.



Microbial inoculants offer promising solutions to agro-environmental challenges, as they have the ability to stimulate plant growth, enhance nutrient availability and uptake, and promote overall plant health [52].



Our study demonstrated that the Ach1-1 and Ach1-2 strains effectively enhanced the yield of the samples, outperforming the other treatments. The positive effects of these strains can be attributed to mechanisms such as increased nitrogen fixation, improved phosphorus solubilization, growth-promoting hormone synthesis, or the suppression of pathogens. Previous research has already recognized the potential of A. pullulans, which is a yeast-like fungus, as a biofertilizer due to its ability to promote plant growth [53]. In their study, Kour et al. (2019) [54] explored the capacity of A. pullulans to improve plant growth and highlighted inter-strain variability in its plant growth-promoting traits. Furthermore, Achbani et al., 2005 [55] evaluated the capacity of various plant growth-promoting rhizobacteria genera and found a remarkable ability in phosphate solubilization, highlighting their potential to improve soil fertility and plant growth. A. pullulans has exhibited a remarkable antagonistic potential, displaying a protective effect surpassing 90% against diverse pathogens, including soft rot [56,57]. Furthermore, extensive research has revealed that strains of A. pullulans have shown robust antagonistic behaviors, effectively protecting against crucial post-harvest pathogens on various other crops [58,59,60,61,62].



This study’s outcomes underscore the promising possibilities associated with the various strains tested. Strains GAJ222 and GLM10 also displayed remarkable efficacy across the board, as measured based on various agronomic parameters. This approach included an enhancement in plant vigor, an increase in the plant’s overall height, and an increase in the number of both stems and leaves, along with their leaflets. However, the demonstrated potency of these strains goes beyond these primary growth characteristics. It also significantly boosts the yield of potato crops and, most importantly, offers a layer of protection against decay, thus safeguarding the produce’s quality and longevity.



Plant growth-promoting micro-organisms (PGPMs), including those found within the genera Pseudomonas, and Klebsiella, are known for their dual functionality. They not only stimulate plant growth, but also act as natural protectors against plant diseases [63,64,65,66,67,68].



Numerous studies have provided compelling evidence of Pseudomonas’ abilities in terms of promoting plant growth. This versatile micro-organism exhibits a number of advantageous traits, including the ability to break down vital nutrients, like phosphorus, potassium, and nitrogen, thus making them more accessible to plants. Additionally, Pseudomonas can synthesize antibacterial substances, such as antibiotics, extracellular hydrolases, and a range of secondary metabolites [69,70,71,72]. These attributes play crucial roles in bolstering the plant’s defense mechanisms, effectively shielding it from the harmful impacts of pathogenic bacteria [73]. The subgroup P. koreensis may exhibit fewer biocontrol properties than other strains, but it is uniquely characterized with a rich assortment of phytostimulatory attributes. These attributes include the modulation of plant hormones and a pronounced ability to enhance plant nutrition [74,75].




5. Conclusions


In conclusion, this study has highlighted yield variations between the sites, highlighting the influence of site-specific factors on potato productivity. Additionally, this study emphasized the importance of considering variability when assessing the impacts of bacterial treatments. Strains Ach1-1 and Ach1-2 (Aureobasidium pullulans) have shown promising potential to improve potato yield. Furthermore, the variation in the percentage of damaged tubers between the two potato varieties indicates the involvement of other factors beyond PGPM treatments. However, further research is needed to understand and elucidate the underlying mechanisms of the efficacy of these bacteria. Investigating the differential sensitivities of the Bellini and Siena varieties to rot and studying the impacts of biological treatments on their incidence would also be valuable for potato disease management.
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Figure 1. Experimental stations of the National Institute of Agricultural Research at the (A) Ain Taoujdate and (B) Lannoceur sites [28]. 
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Figure 2. Climatic conditions in the 2018 agricultural campaign (A) at the Ain Taoujdate and (B) at Lannoceur sites. 
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Figure 3. Agronomic parameters of the two potato varieties collected from the two sites—Control+: Strain-/NPK+; Control−: Strain-/NPK-. 
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Figure 4. The effects of different strains on yield and damaged tubers for both potato varieties and at both sites—Control+: Strain-/NPK+; Control−: Strain-/NPK-. 
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Figure 5. Classification of treatments according to yield and damaged tubers at two sites—(A): Ain-Taoujdate; (B): Lannoceur; (a): highest yield; (b): tubers severely damaged. 
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Table 1. Strains tested on potato tubers.
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	Strain Code
	Specie
	Origin
	N2
	PS
	KS
	ZnS
	IAA
	Sider
	Reference





	GAJ222
	Pseudomonas koreensis
	Rhizosphere of Phoenix dactylifera
	+
	+
	−
	+
	++
	++
	[34]



	GAB111
	Serratia nematodiphila
	Rhizosphere of Phoenix dactylifera
	+
	+
	+
	+
	+
	+
	[34]



	2066-7
	Pantoea agglomerans
	Olea europea

(Picholine variety)
	−
	−
	−
	−
	+
	+
	[32]



	Ach1.1
	Aureobasidium pullulans
	Apple tree washing

(var. Golden Delicious)
	−
	+
	−
	+
	−
	+
	[35]



	Ach1.2
	Aureobasidium pullulans
	Apple tree washing

(var. Golden Delicious)
	−
	+
	−
	+
	−
	+
	[35]



	GLM10
	Klebsiella sp.
	Rhizosphere of Phoenix dactylifera
	+
	−
	+
	−
	+
	+
	[34]



	2332-A1
	Rahnella aquatilis
	Apple tree
	+++
	−
	−
	−
	+++
	−
	[33]



	2515-3
	Bacillus subtilis
	Apple tree
	−
	+
	−
	−
	+
	+
	[33]







N2: non-symbiotic nitrogen fixation; PS, KS and ZnS: phosphorus, potassium, and zinc solubilization, respectively; Sider: siderophore production; IAA: 3-indol acetic acid production. (+++): high activity, (++): moderate activity, (+): low activity, and (−): non-detected activity.













 





Table 2. Analysis of variance (ANOVA) for yield and damaged tubers.
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Yield

	
Damaged Tubers




	

	
Type III SS

	
ddl

	
D

	
Sig.

	
Type III SS

	
ddl

	
D

	
Sig.






	
Site

	
364.705 ***

	
1

	
104.911

	
0.000

	
53.333 ***

	
1

	
15.348

	
0.000




	
Variety

	
29.008 **

	
1

	
8.345

	
0.005

	
26.133 **

	
1

	
7.520

	
0.008




	
Treatment

	
282.294 ***

	
9

	
9.023

	
0.000

	
386.467 ***

	
9

	
12.357

	
0.000




	
Site—Variety

	
0.000

	
1

	
0.000

	
0.992

	
0.033

	
1

	
0.010

	
0.922




	
Site—Treatment

	
134.043 ***

	
9

	
4.284

	
0.000

	
2.500

	
9

	
0.080

	
1.000




	
Variety—Treatment

	
0.103

	
9

	
0.003

	
1.000

	
0.700

	
9

	
0.022

	
1.000




	
Site—Variety—Treatment

	
0.038

	
9

	
0.001

	
1.000

	
0.800

	
9

	
0.026

	
1.000




	
Error

	
278.107

	
80

	

	

	
278.000

	
80

	

	








**, *** Significance determined at p-value < 0.01 and p-value < 0.001, respectively.
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