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Abstract

:

A greenhouse experiment was realized to investigate the effects of plant-growth-promoting rhizobacteria (PGPR) and arbuscular mycorrhizal fungi (AMF) on soil quality and the growth, nutrient uptake, and physiological performance of Batavia lettuce (Lactuca sativa L. var. longifolia). For this purpose, six fertilization treatments were applied: (i) inorganic fertilization (I.F.—control, i.e., usual/conventional fertilization), (ii) I.F. + PGPR, (iii) I.F. + PGPR + AMF, (iv) manure (MAN), (v) MAN + PGPR, and (vi) MAN + PGPR + AMF. Soil fertility was influenced by the treatments, and soil respiration (CO2 flux) was significantly increased after applications of PGPR and AMF. Following MAN fertilization in particular, an approximately sixfold higher soil respiration value was recorded following the MAN + PGPR + AMF treatment compared to the control (I.F.). Root, leaf, and total biomass dry weights were significantly affected by the PGPR and AMF applications, mainly following the I.F. treatment. In contrast, K, Mg, and Fe uptake was significantly influenced by PGPR and AMF application following the MAN treatment. The SPAD value, performance index (PI), photosynthetic rate, and stomatal conductance were significantly higher in the I.F. + PGPR + AMF-treated plants compared to the control plants. Overall, these data prove the beneficial roles of PGPR and AMF in soil quality and fertility and the nutrient uptake and physiological performance of lettuce plants. However, further clarification is needed in the near future to test the interaction effects between PGPR, AMF, and the type of fertilizer used (organic or inorganic).
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1. Introduction


Lactuca sativa L. is one of the most economically important leafy vegetable crops; it belongs, to the Asteraceae family and contains polyphenols, flavonoids, vitamins A, C, and E, carotenoids, Ca, Fe, and other nutrients. It is traditionally consumed fresh [1,2,3,4]. It is widely cultivated in temperate areas, and more than 21 million tons are produced annually [3]. Lettuce plants have a quick and short growing period and require high fertilization rates to satisfy their urgent nutritional needs and support their growth rate.



In recent years, there has been an increasing interest in the benefits of sustainable agriculture and a demand for high-quality, healthier fruits and vegetables. Sustainable agriculture not only preserves environmental resources, producing high-quality products and protecting human health [5], but also addresses major environmental and agronomic challenges [6], such as decreases in high inorganic fertilization rates and the enhancement of sustainable crop management [7,8]. In this direction, the use of biofertilizers or microbial fertilizers (e.g., the use of Rhizobium leguminosarum, isolated from Phaseolus vulgaris nodules, or the production of rock biofertilizer that is mixed with organic matter, inoculated with diazotrophic bacteria and the fungus Cunninghamella elegans), proved to be a promising tool for improving nutrient uptake (mainly N and P) and plant growth for some vegetable species, such as lettuce and carrot crops [9,10]. Similarly, the inoculation of lettuce plants with N2-fixing plant-growth-promoting rhizobacteria led to a reduction in crop N fertilizer requirements [11], while the use of native phosphate-solubilizing rhizobacteria enhanced lettuce and tomato crop productivity and sustainability [12].



In the context of sustainable agriculture, plant-growth-promoting rhizobacteria (PGPR), biostimulants, and arbuscular mycorrhizal fungi (AMF) were used in an L. sativa crop and were found to play a crucial role in (i) boosting plant biomass and yield, as well as improving nutritional quality and impact on human health [13,14,15,16], (ii) increasing nutrient (especially N, P, Mg) [15,16] and water uptake (by also ensuring plant adaptation to drought conditions) [17], (iii) increasing plant tolerance to severe salt stress [18,19,20,21], and limiting the detrimental effects of salinity on soil structural stability [22]. The colonization of greenhouse lettuce plants by AMF may induce the accumulation of secondary metabolites, vitamins, and minerals in leaves; thus, AMF could allow the intake of minerals and compounds with antioxidant properties to be enhanced, without increasing the consumption of lettuce by humans [14]. In another study, the inoculation of lettuce plants with AMF was found to increase their yields (by an average of 186%), but resulted in no substantial change in lettuce nutritional quality; in addition, the AMF inoculants did not alter natural soil communities [22]. In contrast, other biostimulants (based on Trichoderma) were found to modulate rhizosphere microbial populations and improve the nutritional quality of leafy vegetables [16].



Apart from AMF and PGPR, the organic production of lettuce has relied on the application of organic materials, such as manures, humus-rich composts, and seaweed extracts (in foliar applications), in order to boost plant growth and yield, increase nutrient uptake and mycorrhizal colonization, and improve the antioxidant responses of L. sativa [23,24,25]. In addition, urban waste compost application improved soil properties and increased lettuce production [26]. In another comparative study, organic amendments applied to lettuce and orchardgrass were shown to supply adequate levels of N while resulting in good productivity [27]. Other studies focused on the mineral nutrition of lettuce plants grown under hydroponic conditions in a recirculating nutrient solution [28].



Despite the significant effects of manure and PGPR application and AMF inoculation on the stimulation of the growth, nutrient uptake, and nutritional quality of L. sativa plants, to the best of our knowledge, no attention has been systematically paid to their combined application until now, and almost no comparative studies have been conducted on the inorganic and organic fertilization of Batavia lettuce. In addition, the influence of AMF inoculation and PGPR application on lettuce productivity and physiological performance, in relation to soil health and fertility, has not been studied.



Thus, the aims of our research were as follows: (i) to investigate the effects of PGPR and AMF on soil health and Batavia lettuce productivity, nutrient uptake, and plant physiology under inorganic and cow manure regimes and (ii) to perform a comparative study on the effects of inorganic and organic fertilization on soil respiration and lettuce growth, nutrient uptake, photosystem II activity (Fv/Fm ratio; performance index), photosynthetic and transpiration rates, and intrinsic water use efficiency (WUEi). Batavia (also known as French) lettuce was chosen for study since it is one of the most economically important leafy green genotypes for salads with good tolerance to heat and contains significant quantities of vitamins A and C, antioxidants, and K, Ca, and Fe.




2. Materials and Methods


2.1. Plant Material and Conditions of Experimental Greenhouse


The plant material consisted of Batavia lettuce plants (L. sativa L. var. longifolia), which were grown inside a plastic-covered experimental greenhouse at Perrotis College of the American Farm School (AFS) in Thessaloniki (latitude, 40.341134°; longitude, 22.592796°; altitude, 65 m above sea level), Macedonia, Northern Greece. The plants were obtained as seedlings and randomized based on the initial number and surface of leaves. They were divided into six groups coinciding with the six fertilization treatments described below and were transplanted into 0.60 × 3.30 m plots containing 65 plants. The lettuce plants were grown inside the experimental greenhouse under natural light conditions for 65 days (from the middle of October to the middle of December 2019). During the experiment, the lettuce plants were irrigated with an automated drip irrigation system (for one hour to reach a soil moisture level of approximately 70% of its water-holding capacity) twice per week, providing them with high-quality tap water (0.72 mS/cm). The minimum and maximum temperatures during the experiment were 7 °C (in early December) and 24 °C (in early November), respectively, while the average temperature for the whole experimental period was approximately 17 °C. Finally, the relative humidity inside the greenhouse ranged from 65% to 77%.




2.2. Treatments and Methodology of PGPR and AMF Application


Six treatments were applied: (i) inorganic fertilization (I.F.—control, i.e., usual/conventional fertilization), (ii) I.F. + PGPR, (iii) I.F. + PGPR + AMF, (iv) manure (MAN), (v) MAN + PGPR, and (vi) MAN + PGPR + AMF. Each treatment consisted of 65 plants with an area of 2 m2. In the I.F. treatments, a 25-10-0 (N-P-K) fertilizer (300 kg/ha N and 120 kg/ha P) was combined with a 0-0-30 (N-P-K) fertilizer (275 kg/ha K) in each of the treatments receiving inorganic fertilizer; the fertilizers were mixed with soil and incorporated at a 20 cm depth before the initiation of the experiment. For the organic fertilizer applications, well-digested and composted cow manure (MAN) (2 ton/ha), was incorporated at a 20 cm depth before the initiation of the experiment. The nutrient composition of the cow manure (MAN), as well as the initial and final fertility of the greenhouse soil (GS) are described in Table 1.



In order to study the influence of PGPR and AMF on the nutrition and physiological performance of the Batavia lettuce plants, the following commercial products were used: (a) Micoseeds Plus, 1 kg (powder of mycorrhiza fungi, containing the mycelium and seeds of the AMF Glomus sp. enriched with beneficial microorganisms, Trichoderma sp., Bacillus spp., Streptomyces sp., and Pseudomonas sp.), provided by Comerco Agrotechnology (Athens, Greece); (b) Clonotri, 0.25 mL (a commercial liquid product provided by Comerco Agrotechnology containing rhizospheric bacteria, PGPR, and other beneficial microorganisms;; (c) Strepse, 0.25 mL (provided by Comerco Agrotechnology; a liquid product, containing rhizospheric bacteria, PGPR, and other beneficial microorganisms); and (d) Nutryaction, 1 L (an activator of microorganisms and a biostimulant of plant growth; provided by Comerco Agrotechnology).



The PGPR containing the commercial products Clonotri, Strepse, and Nutryaction were prepared as follows: 50 mL of Clonotri, 50 mL of Strepse, and 150 mL of Nutryaction were mixed with a limited volume of water (2–3 L) at room temperature (20–25 °C). The three products were stirred very well and allowed to stand for 2 h in order for the microorganisms to be activated. The ratio of Clonotri, Strepse, and Nutryaction in the final volume solution was 2:2:6 (i.e., 2 mL/L Clonotri, 2 mL/L Strepse, and 6 mL/L Nutryaction). Τhe rhizosphere of each lettuce seedling was soaked in this final solution for a few seconds before the establishment of the experiment. The same solution was prepared and added by fertigation 7 days after the initiation of the experiment. To investigate the additional effects of AMF, the lettuce seedlings were first soaked in the PGPR solution, and a small quantity (1–2 g) of granular Micoseeds Plus was added on the rhizosphere of each seedling prior to their transplantation.




2.3. Soil Sampling, Manure Nutrient Composition, and Lab Analyses


A composite soil sample from the upper 20 cm of the soil surface of the experimental area was collected and analyzed, and its chemical properties are shown in Table 1. A composite sample from well-digested and composted cow manure, produced at the American Farm School, was analyzed. Its nutrient composition is presented in Table 1. Soil samples were dried at room temperature, stones were removed, and the samples were sieved to pass through a 10-mesh screen; the screened samples were sent to the Soil and Water Resources Institute’s lab (ELGO DIMITRA) for chemical analyses of the following parameters: pH, organic matter, % CaCO3 content, NO3-N, available P, exchangeable cations (Ca, Mg, and K) and micronutrients (Fe, Mn, Zn, Cu, and B). The parameters were determined as follows: pH was determined in a 1:1 soil—distilled water paste [29]; particle size was analyzed according to the Bouyoucos method [30]; organic matter was determined using potassium dichromate [31]; the NO3-N concentration was determined according to the VCl3/Griess method [32]; and available P was determined according to the Olsen method [33]. The exchangeable cations were extracted using CH3COONH4 [34]; Fe, Mn, Zn, and Cu were extracted using a DTPA solution at a pH of 7.3 [35]; and the B concentration was determined according to the method described by Wolf [36]. Finally, the % CaCO3 content was determined according to the acid neutralization method [37]. Potassium, Ca, Mg, Fe, Mn, Zn, and Cu concentrations were measured by ICP spectrometry (OPTIMA 2100 DV optical emission spectrometer, Perkin Elmer, Waltham, MA, USA) [38].




2.4. Methodology of Soil Respiration Rate Measurement


Soil respiration (Rs) was measured in situ in each of the six treatments using a LI-COR LI-6800 soil CO2 flux chamber (LI-COR, Lincoln, NE, USA). A PVC collar (with a 19.5 cm inner diameter and a height of 11.5 cm) was inserted into the soil to a depth of 5 cm in each location at least 24 h prior to the measurements, and it was kept in place for the duration of the experiment. Each measurement was obtained in triplicate and comprised a 90 s measurement, including a 25 s dead-band measurement and a 45 s post-purge measurement. For each location soil temperature and soil moisture were simultaneously measured using a Li-COR Stevens probe (LICOR, Lincoln, NE, USA).




2.5. Plant Growth Measurements


At the end of the experiment, all plants were harvested and separated into root systems and leaves to determine the total plant, root, and leaf biomass values and leaf/root ratio. After weighting all the plant tissues separately and determining their fresh weight (F.W.), they were washed twice (with high-quality tap water followed by distilled water) and dried at 75 °C for 72 h to determine their dry weight (D.W.) values. By adding the leaf and root dry weights, the total plant D.W., i.e., the total plant biomass, was calculated.




2.6. Nutrient Uptake and Tissue Nutrient Concentrations


The dried vegetal tissues were ground to a fine powder and passed through a 30-mesh screen. A 0.5 g. portion of the fine powder of each sample was dry-ashed in a muffle furnace at 515 °C for 5 h. The ash was dissolved in 3 mL of 6 N HCl and diluted with double-distilled water up to 50 mL. Phosphorus, K, Ca, Mg, Fe, Mn, Zn, and Cu concentrations were determined by ICP spectrometry (OPTIMA 2100 DV optical emission spectrometer, Perkin Elmer, Waltham, MA, USA) [38], while those of N and B were determined by the Kjeldahl and azomethine-H methods, respectively [39,40]. Macronutrient concentrations were expressed in % D.W., while those of micronutrients were expressed in mg kg−1.




2.7. Chlorophyll Fluorescence, Gas Exchange Measurements, and Intrinsic Water Use Efficiency (WUEi)


At the end of the experiment, the following parameters were determined using a PAM-2000 fluorometer (HeinzWalz GmbH, Effeltrich, Germany): Fv/Fm, the maximum quantum yield of primary photochemistry; F0, the minimum fluorescence; Fm, the maximum fluorescence; and Fv = Fm − F0, the variable fluorescence. In addition, the performance index (PI) was determined, reflecting the functionality of both photosystems I and II and providing quantitative information on the current state of plant performance under stress conditions [41]. The above-mentioned parameters were determined on the youngest mature, fully expanded plant leaves. Before performing the measurements with the fluorometer, the leaves were preconditioned under dark conditions for 20 min [42].



For the gas exchange measurements, i.e., photosynthetic and transpiration rates, stomatal conductance, and the intercellular CO2 concentration, an LC PRO portable gas-exchange-measuring system (ADC Bioscientific Ltd., Hoddesdon, UK) was used. All the measurements were carried out during the time period from 10:00 to 12:00 a.m. (under natural light intensity) on the youngest mature, fully expanded leaves. Finally, the intrinsic water use efficiency (WUEi, showing the water efficiency at the plant level) was determined as the net photosynthetic rate per stomatal conductance.




2.8. Statistical Analysis


The experimental design consisted of a 6 × 1 completely randomized factorial with six treatments and one plant species. In each of the six treatments, 10 plant replicates were randomly selected for analyses (thus, the total number of experimental plants was 60). For the determination of final soil fertility, three sample replicates were included per treatment. The data were statistically analyzed via a one-way ANOVA using the SPSS statistical program (version 28, IBM, Armonk, NY, USA); for the comparison of mean values among the treatments, Duncan’s multiple range test, with p ≤ 0.05, was used.





3. Results


3.1. Initial and Final Soil Fertility


The properties and nutrient contents of the cow manure used, as well as the initial and final soil fertility, are shown in Table 1.



As indicated by the results in Table 1, the MAN was a good source of nutrients (particularly NO3-N, P, K, and micronutrients), contributing highly to the enrichment of the GS with organic C. At the end of the experiment (final fertility), high amounts of nutrients were removed (compared to the initial soil fertility), as indicated in Table 1. Significantly higher NO3-N concentrations were determined in the IF treatments compared to the organic (MAN, MAN + PGPR, and MAN + PGPR + AMF) ones. Similarly, for the Olsen-determined P, significantly higher concentrations were recorded following the IF and IF + PGPR + AMF treatments compared to the MAN and MAN + PGPR treatments. The highest exchangeable K concentration was found in soil receiving the IF treatment (298 mg kg−1), and it was significantly higher than those determined following the other two IF treatments, MAN and MAN + PGPR + AMF (Table 1). Regarding micronutrients, the highest Fe concentration (1.74 mg kg−1) was recorded for the MAN + PGPR + AMF treatment, followed by the IF treatment (1.04 mg kg−1). These concentrations were significantly higher than those found in soil following the MAN, MAN + PGPR, and IF + PGPR + AMF treatments (Table 1). Similar to Fe, the highest Mn and Zn concentrations were determined in the MAN + PGPR + AMF treated soil (4.39 mg kg−1 and 2.20 mg kg−1, respectively). Finally, the B concentration was significantly higher in the MAN + PGPR-treated soil (1.17 mg kg−1) compared to the inorganic treatments (IF, IF + PGPR, and IF + PGPR + AMF) (Table 1).




3.2. Soil Respiration Data


Figure 1 presents soil respiration data among the six treatments. As shown for the organic fertilization (MAN) treatments, significantly higher CO2 emissions were recorded compared to the relevant (with or without PGPR and AMF application) inorganic treatments. For both fertilization regimes (either inorganic or organic), PGPR and AMF significantly and synergistically boosted CO2 emissions; the highest CO2 emission was determined for the MAN + PGPR + AMF treatment (Figure 1).




3.3. Plant Growth


From Table 2, it can be concluded that the addition of PGPR and AMF to inorganic fertilizer (I.F.) positively influenced the dry weights of the roots, leaves, and total biomass. In particular, between IF and the IF + PGPR + AMF treatment, significant differences in the three dry weights were recorded. In the ΜAΝ treatments, only PGPR application (i.e., MAN + PGPR) positively influenced the dry weights of the roots, leaves, and total biomass, while AMF addition (i.e., MAN + PGPR + AMF) had a negative effect (Table 2).




3.4. Plant Tissue Nutrient Concentrations


Leaf and root nutrient concentrations among treatments are shown in Table 3 and Table 4. Nitrogen and P concentrations were not significantly influenced among the treatments, whereas significant differences in K concentration were found in the organic fertilization regime between the MAN and MAN + PGPR + AMF treatments (Table 3). The lowest leaf Mg concentration was observed in the MAN treatment (0.39% D.W.); significant differences in Mg uptake were only found between the (i) MAN and (ii) MAN + PGPR, MAN + PGPR + AMF treatments (Table 3).



In both the I.F. and organic (MAN) fertilization regimes, PGPR and AMF application significantly increased leaf Fe concentrations (Table 3). Despite the beneficial role of PGRP and AMF in Fe uptake, a similar influence was not found for the other micronutrients. In the IF regime, for example, foliar Mn, Zn, Cu, and B concentrations were significantly decreased after PGPR and/or AMF application, while in the MAN regime, the addition of PGPR and AMF did not significantly affect the uptake of these micronutrients (Table 3).




3.5. Physiological Performance (SPAD, Performance Index-PI, Photosynthetic Rate, Intercellular CO2, and Water Use Efficiency—WUEi) of Lettuce Plants


As shown in Figure 2, significantly higher values of SPAD were determined for the combined application of PGPR and AMF in the I.F. regime compared to the control (inorganic fertilization only). Similarly, the highest value for the performance index (PI) was recorded for the I.F. + PGPR + AMF treatment, and it was significantly higher than the values determined for the single I.F. and MAN applications (Figure 3B). The photosynthetic rate was significantly higher in the MAN + PGPR treatment group compared to the single MAN and I.F. applications as well as the I.F. + PGPR treatment (Figure 4A). Stomatal opening was significantly higher following the combined application of PGPR and AMF in the I.F. regime compared to the single applications of I.F. and MAN as well as the I.F. + PGPR and MAN + PGPR treatments (Figure 4B). Water use efficiency (WUEi) was significantly higher following the single MAN application compared to the MAN + PGPR + AMF treatment (Figure 4E).





4. Discussion


As shown in Table 1, it is clear that cow manure (MAN) was a good organic source of nutrients (particularly NO3-N, P, K, and micronutrients), contributing highly to the enrichment of the greenhouse soil (GS) with organic C. In terms of final soil fertility, significantly higher NO3-N concentrations were determined for the IF treatments compared to the organic ones (MAN, MAN + PGPR, and MAN + PGPR + AMF) (Table 1). This could be ascribed to the slow N mineralization rate of organic matter and agrees with other published data [43]. Similar conclusions can be drawn for the Olsen-determined P (lower concentrations were determined in the organic treatments compared to the IF ones) (Table 1). The differences in the Olsen-determined P concentrations between the inorganic and organic (MAN) regimes are probably due to the direct application of the 25-10-0 fertilizer in the IF treatment before the experimentation combined with the slow organic P mineralization rate in the MAN treatments, something which is also in agreement with other published data [44].



PGPR and AMF applications boosted soil respiration (CO2 flux); in the organic fertilization (MAN) regime in particular, differences among the three treatments were significant, and the highest CO2 flux was recorded for the simultaneous application (co-application) of PGPR and AMF (the MAN + PGPR + AMF treatment) (Figure 1). This is in agreement with other studies, which concluded that PGPR application boosted soil respiration [45,46]. Both the above-mentioned studies concluded that the combined application (co-application) of PGPR and organic fertilizers had a positive impact on soil quality. The boost in soil respiration after the combined application of biochar and PGPR was found to be dependent on soil type (a 100% increase in soil respiration in acidic soils and an approximately 50% increase in calcareous soils) [45]. In our study, approximately three- and sixfold higher soil respiration values were determined after the combined application of PGPR and AMF in the IF and MAN fertilization regimes, respectively, compared to the control (Figure 1), which is quite impressive. In contrast to the above data, it was found that PGPR application did not significantly influence soil respiration in Ginger (Zingiber officinale Rosc.) plantations compared to the application of a simple NPK fertilizer [47]. The differences in the effect of PGPR on soil respiration data in the above studies could possibly be ascribed to the different genera/species of PGPR used for experimentation.



PGPR and AMF additions in the inorganic fertilization (IF) regime positively influenced root, leaf, and total biomass dry weights. In particular, between the IF and IF + PGPR + AMF treatments, significant differences in the three dry weights were recorded (Table 2). Although other studies concluded that the simultaneous application of PGPR and organic fertilizers positively influenced plant growth and biomass [45,46], there seems to be a lack of published data on the co-application of inorganic fertilizers and PGPR as well as on the co-application of IF with PGPR and AMF. From this point of view and to the best of our knowledge, our study is the first one showing that the combined application of inorganic fertilizer with PGPR and AMF can have a significant impact on the leaf d.w. and total biomass of lettuce plants (Table 2). This was not observed in the organic fertilization (MAN) regime, in which the combined application effect of MAN, PGPR, and AMF was not significant compared to the MAN application only (Table 2). In contrast, significantly lower root, leaf, and total biomass dry weights were recorded for the MAN + PGPR + AMF treatment compared to the MAN + PGPR treatment (Table 2), indicating that the single application of PGPR with MAN was more beneficial than the one with PGPR and AMF combined. This result is quite interesting and needs to be further investigated in the near future. Other studies have shown that treatments involving biochar applications (at doses of 3 t ha−1) resulted in a 70% decrease in AMF infection [45]. It seems possible that a similar mechanism could be responsible in our case, i.e., MAN fertilization could have impeded root system infection by AMF. Of course, this hypothesis needs to be further investigated in the near future.



Significant differences in K uptake were found in the organic fertilization regime between the MAN and MAN + PGPR + AMF treatments (Table 3). The increase in K uptake after the simultaneous application of PGPR and AMF led to an increase in stomatal opening (Figure 4B), photosynthetic (Figure 4A) and transpiration (Figure 4D) rates. Potassium nutrition affects stomatal opening and photosynthetic and transpiration rates, as shown by other researchers [48,49]. In addition, significant differences between the (i) MAN treatment and the (ii) MAN + PGPR and MAN + PGPR + AMF treatments were found in Mg uptake (Table 3). Magnesium is part of the chlorophyll molecule; thus, the differences in Mg concentrations among the three organic (MAN) treatments could have led to differences in chlorophyll content, which could possibly explain the differences in the photosynthetic rate (Figure 4A). This hypothesis is also confirmed by the significantly higher SPAD values determined following the co-application of the PGPR and AMF treatments in the IF regime (Figure 2). Thus, the previous data may explain the beneficial effect of PGPR and AMF co-application on K and Mg uptake (in the organic (MAN) fertilization regime), as well as on SPAD (Figure 2), the photosynthetic rate (Figure 4A), and stomatal opening (Figure 4B). Of course, further research is needed to test this hypothesis regarding the influence of PGPR and AMF on Mg uptake by Batavia lettuce plants, as well as on their chlorophyll content and photosynthetic rates. In other studies with L. sativa [15,16], applications of AMF and Trichoderma sp. biostimulants showed increased N, P, and Mg uptake, which is in partial disagreement with our data. Maybe the differences between our results and those of the other researchers [15,16] could be ascribed to differences in the growth experimental conditions among the three studies (greenhouse soil experimentation with organic or inorganic fertilization and PGPR and AMF applications, a soilless system with sub-optimal P, and greenhouse experimentation with sub-optimal, optimal, and supra-optimal levels of N, respectively).



Τhe significant increase in Fe uptake after PGPR and AMF addition could influence SPAD values (Figure 2) since Fe plays a crucial role in chlorophyll synthesis without being part of its molecule. The enhanced SPAD values following the PGPR and AMF treatments could influence the photosynthetic rate of lettuce plants (Figure 4A); however, further investigation is needed into the roles of PGPR and AMF in Fe uptake and its subsequent effect on chlorophyll content and photosynthesis. The co-application of Azolla compost, Azolla biochar, and PGPR (P. fluorescens) has been found to increase most nutrient concentrations in rosemary plant tissues (shoot and root nutrient concentrations), while the highest shoot and root nutrient concentrations were determined in plants following the Azolla biochar + PGPR treatment [46], which is in partial agreement with our results, especially those concerning Fe (Table 3 and Table 4).



Although non-significant differences were found among the treatments in the Fv/Fm ratio, the performance index (PI) was a more reliable index, showing quicker reactions of PSII to various stresses, as also shown in previous studies [50]. In our study, the co-application of PGPR and AMF in the IF regime positively influenced the PI, causing significant a difference in its values between the IF and IF + PGPR + AMF treatments (Figure 3B). In contrast, in the MAN fertilization regime, the addition of PGPR and AMF did not significantly increase the PI (Figure 3B). Thus, it seems that PGPR and AMF co-application did not work as efficiently in the MAN fertilization regime as it worked in the IF regime, something that also confirms our plant growth data (Table 2). Similar to the PI, the photosynthetic rate showed a significant increase after PGPR and AMF co-application only in the IF regime and not in the MAN fertilization regime; in that case, only PGPR addition positively influenced the photosynthetic rate of the plants (Figure 4A). The conclusions for stomatal conductance, in which the influence of PGPR and AMF co-application was significant only in the IF and not in the MAN fertilization regime, were similar (although the addition of both PGPR and AMF increased stomatal opening, this tendency was non-significant) (Figure 4B). Thus, further research is needed to investigate and clarify the effects of PGPR and AMF on PI, the photosynthetic rate, and stomatal conductance in lettuce and other species. The intrinsic water use efficiency (WUEi), which shows how efficiently water is used at the plant level, showed a significant decline in plants in the MAN fertilization regime after simultaneous PGPR + AMF application (Figure 4E). Other studies have shown that PGPR (AG-54-Pseudomonas sp. and AG-70-Bacillus sp., applied separately or combined) improved water stress tolerance in wheat plants [51], while the WUEi was influenced by both AMF inoculation and by N and K fertilization [52,53].




5. Conclusions and Future Perspectives


The application of PGPR and AMF positively influenced soil quality and fertility as well as plant growth, nutrient uptake, SPAD, performance index, photosynthetic rate, and stomatal opening in Batavia lettuce plants under both inorganic (IF) and organic (MAN) fertilization conditions. In some cases, the results were more promising in the IF treatment; however, this tendency needs further investigation in the near future in order to clarify the effect(s) of the type of fertilization (organic or inorganic) on the effects of PGPR and AMF. Thus, their roles as soil improvers and plant growth promoters should be further examined in the frame of sustainable agriculture with the aim of decreasing high conventional fertilization rates.
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Figure 1. Soil respiration (μmol m−2s−1 CO2 flux) under different fertilization treatments. Different letters on bars (means ± standard deviations) indicate statistically significant differences among treatments. 
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Figure 2. SPAD values of Batavia lettuce plants under different fertilization treatments. Different letters on bars (means ± standard deviations) indicate statistically significant differences among treatments. 
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Figure 3. Photosystem II (PSII) activity of Batavia lettuce plants, as indicated by parameters Fv/Fm (A) and performance index (PI) (B), following different fertilization treatments. Different letters on bars (means ± standard deviations) indicate statistically significant differences among treatments. 
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Figure 4. Photosynthetic rate (μmol CO2 m−2s−1) (A), stomatal conductance (mmol m−2s−1) (B), intercellular CO2 concentration (μmol CO2 mol air−1) (C), transpiration rate (mmol H2O m−2s−1) (D), and intrinsic water use efficiency (WUEi) (μmol CO2 mol H2O−1) (E) of Batavia lettuce plants following different fertilization treatments. Different letters on bars (means ± standard deviations) indicate statistically significant differences among treatments. 
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Table 1. The properties of cow manure and greenhouse soil (initial fertility) before the beginning of the experiment (i.e., before manure, PGPR, and AMF applications), as well as at the end of the experimentation (final fertility, i.e., after applying the treatment).
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pH

	
Organic

Matter

	
CaCO3

	
NO3-N

	
P

	
K

	
Ca

	
Mg

	
Fe

	
Mn

	
Zn

	
Cu

	
B




	

	

	
%

	

	

	

	

	

	
mg kg−1

	

	

	

	






	
Manure

(MAN)

	
7.01

	
50.06

	
8.49

	
126.81

	
323

	
10,234

	
2907

	
2808

	
51.27

	
56.06

	
93.05

	
11.65

	
28.80




	
Greenhouse soil (GS)—initial

fertility

	
7.26

	
2.25

	
11.80

	
76.09

	
79

	
408

	
2468

	
662

	
7.39

	
7.15

	
8.23

	
5.88

	
0.92




	
Final soil

fertility

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Inorganic fertilization

(IF)

	
(7.52 ± 0.62) a

	
(1.86 ± 0.36) a

	
(10.80 ± 1.99) a

	
(50.00 ± 8.96) a

	
(79 ± 13.45) a

	
(298 ± 43.27) a

	
(2111 ± 212.26) a

	
(397 ± 44.04) b

	
(1.04 ± 0.18) b

	
(2.97 ± 0.55) b

	
(1.58 ± 0.26) ab

	
(1.74 ± 0.29) a

	
(0.70 ± 0.08) bc




	
IF + PGPR

	
(7.63 ± 1.01) a

	
(1.60 ± 0.44) a

	
(11.80 ± 2.06) a

	
(49.00 ± 8.12) a

	
(70 ± 12.27) ab

	
(180 ± 32.22) b

	
(2205 ± 192.20) a

	
(422 a ± 50.56) ab

	
(0.78 ± 0.16) bc

	
(2.64 ± 0.48) bc

	
(1.96 ± 0.35) ab

	
(0.75 ± 0.12) b

	
(0.62 ± 0.10) c




	
IF + PGPR

+ AMF

	
(7.54 ± 0.88) a

	
(1.73 ± 0.28) a

	
(11.30 ± 2.20) a

	
(55.00 ± 12.03) a

	
(84 ± 10.91) a

	
(188 ± 44.05) b

	
(2196 ± 122.28) a

	
(423 ± 28.12) ab

	
(0.54 ± 0.12) c

	
(1.99 ± 0.31) c

	
(1.49 ± 0.30) b

	
(0.73 ± 0.09) b

	
(0.85 ± 0.11) bc




	
Manure

(MAN)

	
(7.66 ± 0.90) a

	
(2.04 ± 0.46) a

	
(9.80 ± 1.97) a

	
(12.00 ± 2.70) c

	
(53 ± 8.86) b

	
(197 ± 40.12) b

	
(2159 ± 301.17) a

	
(427 ± 46.06) ab

	
(0.31 ± 0.07)d

	
(2.33 ± 0.63) bc

	
(1.90 ± 0.32) ab

	
(0.76 ± 0.17) b

	
(0.99 ± 0.21) ab




	
MAN +

PGPR

	
(7.76 ± 1.10) a

	
(2.00 ± 0.38) a

	
(9.30 ± 1.68) a

	
(21.00 ± 2.97) b

	
(52 ± 10.05) b

	
(207 ± 47.25) ab

	
(2104 ± 290.15) a

	
(485 ± 30.25) a

	
(0.21 ± 0.05)d

	
(0.68 ± 0.11)d

	
(0.20 ± 0.03) c

	
(0.25 ± 0.05) c

	
(1.17 ± 0.23) a




	
MAN + PGPR +

AMF

	
(7.60 ± 0.96) a

	
(1.91 ± 0.40) a

	
(12.00 ± 2.34) a

	
(16.00 ± 3.27) bc

	
(66 ± 11.35) ab

	
(174 ± 39.11) b

	
(2117 ± 167.13) a

	
(416 ± 37.11) ab

	
(1.74 ± 0.34) a

	
(4.39 ± 0.77) a

	
(2.20 ± 0.28) a

	
(1.45 ± 0.39) a

	
(0.98 ± 0.20) ab








The values of the treatments (final fertility) are the means of 3 replicates; different letters in the same column indicate statistically significant differences among the 6 treatments according to Duncan’s multiple range test at p ≤ 0.05.













 





Table 2. Fresh and dry weights of different plant tissues, total biomass, and leaf/root ratio values of L. sativa L. (var. longifolia) plants among 6 treatments.
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Root

	

	
Leaves

	
Leaf/Root

	
Total Biomass




	

	
F.W.

	
D.W.

	
F.W.

	
D.W.

	
F.W.

	
D.W.

	
F.W.

	
D.W.






	
Treatment

	

	
g.

	

	

	

	

	
g.




	
Inorganic

fertilization (IF)

	
(11.14 ± 2.36) ab

	
(0.71 ± 0.06) b

	
(248.20 ± 13.80) b

	
(9.49 ± 1.39) b

	
(22.61 ± 3.89) a

	
(13.41 ± 2.23) ab

	
(259.30 ± 30.34) b

	
(10.20 ± 1.40) b




	
IF + PGPR

	
(11.95 ± 2.53) a

	
(0.88 ± 0.10) a

	
(275.00 ± 42.30) ab

	
(11.75 ± 1.33) ab

	
(22.47 ± 2.12) a

	
(12.52 ± 1.81) b

	
(276.10 ± 45.91) ab

	
(12.67 ± 1.51) ab




	
IF + PGPR + AMF

	
(12.76 ± 2.07) a

	
(0.99 ± 0.14) a

	
(325.10 ± 35.47) a

	
(13.97 ± 1.40) a

	
(25.89 ± 3.94) a

	
(14.39 ± 2.06) a

	
(337.83 ± 34.35) a

	
(14.96 ± 1.43) a




	
Manure (MAN)

	
(9.01 ± 1.03) b

	
(0.84 a ± 0.05) b

	
(271.00 ± 36.78) ab

	
(12.13 ± 1.37) ab

	
(28.05 ± 3.69) a

	
(13.34 ± 1.18) ab

	
(281.09 ± 36.70) ab

	
(13.06 ± 1.46) ab




	
MAN + PGPR

	
(11.17 ± 1.59) ab

	
(0.96 ± 0.21) a

	
(323.50 ± 45.14) a

	
(12.66 ± 1.32) a

	
(28.03 ± 2.98) a

	
(13.52 ± 2.21) ab

	
(335.10 ± 38.64) a

	
(13.62 ± 1.45) a




	
MAN + PGPR +

AMF

	
(10.01 ± 1.18) ab

	
(0.68 ± 0.09) b

	
(253.30 ± 28.85) b

	
(9.81 ± 1.23) b

	
(25.66 ± 3.31) a

	
(15.95 ± 2.65) a

	
(263.34 ± 28.47) b

	
(10.44 ± 1.24) b








The values are the means of 10 plants; different letters in the same column indicate statistically significant differences among the 6 treatments, according to Duncan’s multiple range test, at p ≤ 0.05.













 





Table 3. Leaf nutrient concentrations of L. sativa L. (var. longifolia) plants among 6 treatments.






Table 3. Leaf nutrient concentrations of L. sativa L. (var. longifolia) plants among 6 treatments.





	

	
N

	
P

	
K

	
Ca

	
Mg

	
Fe

	
Mn

	
Zn

	
Cu

	
B




	
Treatment

	

	

	
% D.W.

	

	

	

	

	
mg kg−1

	

	






	
Inorganic fertilization

(IF)

	
(3.91 ± 0.11) a

	
(0.47 ± 0.03) a

	
(8.11 ± 0.20) ab

	
(1.20 ± 0.10) a

	
(0.51 ± 0.06) ab

	
(85 ± 0.72) b

	
(93 ± 7.35) a

	
(49 ± 12.76) a

	
(11 ± 1.20) ab

	
(32 ± 3.06) a




	
IF + PGPR

	
(4.05 ± 0.16) a

	
(0.51 ± 0.03) a

	
(7.50 ± 0.75) ab

	
(0.96 ± 0.05) ab

	
(0.52 ± 0.06) ab

	
(146 ± 22.66) a

	
(56 ± 5.53) bc

	
(36 ± 2.79) b

	
(10 ± 2.19) b

	
(20 ± 1.13) b




	
IF + PGPR +

AMF

	
(4.08 ± 0.06) a

	
(0.48 ± 0.03) a

	
(8.52 ± 1.12) a

	
(1.04 ± 0.10) ab

	
(0.51 ± 0.02) ab

	
(141 ± 26.48) a

	
(44 ± 2.28) c

	
(41 ± 5.54) ab

	
(7 ± 1.59) c

	
(28 ± 6.25) ab




	
Manure

(MAN)

	
(3.82 ± 0.12) a

	
(0.41 ± 0.09) a

	
(6.38 ± 1.32) b

	
(0.79 ± 0.17) b

	
(0.39 ± 0.08) b

	
(73 ± 11.06) b

	
(61 ± 2.40) b

	
(46 ± 6.83) a

	
(13 ± 2.17) a

	
(26 ± 8.53) ab




	
MAN +

PGPR

	
(3.85 ± 0.07) a

	
(0.51 ± 0.02) a

	
(7.52 ± 0.67) ab

	
(1.13 ± 0.14) ab

	
(0.57 ± 0.06) a

	
(152 ± 44.24) a

	
(67 ± 3.37) b

	
(47 ± 9.06) a

	
(12 ± 2.65) ab

	
(26 ± 0.37) ab




	
MAN +

PGPR + AMF

	
(4.25 ± 0.21) a

	
(0.50 ± 0.05) a

	
(8.23 ± 0.90) a

	
(1.11 ± 0.09) ab

	
(0.55 ± 0.03) a

	
(186 ± 47.44) a

	
(63 ± 7.09) b

	
(40 ± 3.00) ab

	
(13 ± 2.86) a

	
(26 ± 4.57) ab








Different letters in the same column indicate statistically significant differences among the 6 treatments, according to Duncan’s multiple range test, at p ≤ 0.05.













 





Table 4. Root nutrient concentrations of L. sativa L. (var. longifolia) plants among 6 treatments.






Table 4. Root nutrient concentrations of L. sativa L. (var. longifolia) plants among 6 treatments.





	

	
N

	
P

	
K

	
Ca

	
Mg

	
Fe

	
Mn

	
Zn

	
Cu

	
B




	
Treatment

	

	

	
% D.W.

	

	

	

	

	
mg kg−1

	

	






	
Inorganic fertilization

(IF)

	
(1.98 ± 0.15) a

	
(0.45 ± 0.11) a

	
(6.38 ± 1.65) a

	
(0.89 ± 0.09) a

	
(0.42 ± 0.08) a

	
(835 ± 211) b

	
(66 a ± 12.02) b

	
(46 ± 1.94) ab

	
(21 ± 4.56) b

	
(29 ± 3.43) ab




	
IF + PGPR

	
(2.02 ± 0.27) a

	
(0.34 ± 0.04) a

	
(4.57 ± 0.27) b

	
(0.75 ± 0.07) a

	
(0.40 ± 0.02) a

	
(561 ± 162) c

	
(54 ± 7.87) bc

	
(36 ± 3.65) b

	
(19 ± 2.74) b

	
(19 ± 2.30) c




	
IF + PGPR +

AMF

	
(2.18 ± 0.20) a

	
(0.37 ± 0.05) a

	
(4.79 ± 0.58) ab

	
(0.96 ± 0.19) a

	
(0.46 ± 0.10) a

	
(944 ± 247) ab

	
(75 ± 18.57) a

	
(45 ± 6.94) ab

	
(15 ± 3.29) b

	
(30 ± 6.96) ab




	
Manure

(MAN)

	
(1.92 ± 0.05) a

	
(0.30 ± 0.04) a

	
(4.00 ± 0.56) b

	
(0.82 ± 0.13) a

	
(0.36 ± 0.05) a

	
(479 ± 163.96) c

	
(47 ± 6.52) c

	
(45 ± 10.34) ab

	
(34 ± 5.09) a

	
(24 ± 3.72) bc




	
MAN +

PGPR

	
(1.99 ± 0.11) a

	
(0.36 ± 0.06) a

	
(4.13 ± 0.60) b

	
(0.89 ± 0.07) a

	
(0.38 ± 0.01) a

	
(886 ± 261) b

	
(71 ± 6.96) a

	
(41 ± 7.23) ab

	
(19 ± 3.66) b

	
(26 ± 7.47) b




	
MAN +

PGPR + AMF

	
(1.91 ± 0.12) a

	
(0.37 ± 0.10) a

	
(4.92 ± 0.88) ab

	
(1.08 ± 0.24) a

	
(0.46 ± 0.07) a

	
(1232 ± 322.18) a

	
(80 ± 15.57) a

	
(52 ± 10.42) a

	
(18 ± 2.12) b

	
(35 ± 9.54) a








Different letters in the same column indicate statistically significant differences among the 6 treatments, according to Duncan’s multiple range test, at p ≤ 0.05.
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