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Abstract

:

Salinity is a major abiotic stress that can adversely affect plant growth, yield, other physiological parameters, and soil health. Salinity stress on biomass production of salt-sensitive crops, like snap bean (Phaseolus vulgaris), is a serious problem, and specifically in South Florida, USA, where saline soils can be found in major agricultural lands. Research studies focused on the ‘snap bean–Rhizobium–arbuscular mycorrhizal fungi (AMF)’ relationship under salinity stress are limited, and fewer studies have evaluated how this tripartite symbiosis affects glomalin production (GRSP), a glycoprotein released by AMF. A shade house experiment was conducted to elucidate the effects of three microbial inoculations (IC = inoculation control; IT1 = AMF and IT2 = AMF + Rhizobium) on three salinity treatments (SC = salinity control 0.6 dS m−1, S1 = 1.0 dS m−1, and S2 = 2.0 dS m−1) on snap bean growth and yield. Our results indicate that S2 reduced 20% bean biomass production, 11% plant height, 13% root weight, and 23% AMF root colonization. However, microbial inoculations increased 26% bean yield over different salinity treatments. Maximum salinity stress (S2) increased 6% and 18% GRSP production than S1 and SC, respectively, indicating the relative advantage of abiotic stress on AMF’s role in soil. Dual inoculation (IT2) demonstrated a beneficial role on all physiological parameters, biomass production, and GRSP synthesis compared to single inoculation (IT1) treatment with all three salinity levels.
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1. Introduction


Salinization is one of the major environmental stresses that negatively impacts agricultural productivity on a global scale, accounting for 1.5 million ha agricultural land loss every year [1]. Salt-affected soils are widespread and are estimated to be distributed across 1 billion ha worldwide, affecting more than 100 countries [2]. In addition to that, secondary salinization, i.e., development of salinity due to human intervention, also affects 76 million ha of land area [1] worldwide. Ground water aquifers near coastal regions that are trapped under a permeable layer of rocks are susceptible to saltwater intrusion and degradation of water quality for agricultural use [3,4,5]. Typically, in South Florida, USA, sea level rise [6], saltwater intrusion, and high evaporation [7] results in high saline conditions, i.e., 40 to 60 PSU (practical salinity unit; g kg−1) [8], in the bay and agricultural area.



Soil salinity causes a broad range of molecular, biochemical, and physiological changes in plants [9,10], including plant toxicity [11], and reduced plant growth and yield [12]. Porcel et al. [13] reported that salinity stress can decrease crop production for more than 20% of irrigated lands in the world. High soil salinity in Florida decreases the availability of K+ and Mg2+ in the soil, which can subsequently cause plant wilting and create nutritional problems during crop production [14].



Snap bean or common bean (Phaseolus vulgaris) is considered as a salt-sensitive crop (glycophytes), with a threshold salinity level of 1 dS m−1 [15]. Snap bean is one of the Florida’s most commercially important vegetable crops, planted across more than 28,200 acres, and generating a commercial value of $105.6 million in 2016 [16]. The majority of snap bean production in Florida is in Palm Beach and Miami-Dade County, where the source of water is from the highly permeable Biscayne aquifer [17]. Therefore, special land management strategies may be needed for the production of snap bean in the saline soils of Florida.



Numerous cultivation practices, including the planting of salt-tolerant varieties [18], have been adopted to sustain crop growth and biomass productions in saline conditions [11]. However, recently, the approach of soil microbial inoculation to ameliorate salinity stress in plants [19] has gained more attention. Microbial inoculants, such as arbuscular mycorrhizal fungi (AMF) and Rhizobium, have been previously studied as they are ubiquitous in soil and provide a low-cost natural means of improving nutrient acquisition in stressed soil under adverse environmental conditions [20,21,22,23]. Specifically, soil inoculation with AMF and Rhizobium can potentially reduce environmental pollution by lowering the application of synthetic fertilizers in the soil [24,25]. Some rhizobia species (Rhizobium leguminosarum and Rhizobium japonicum) have been found to be tolerant to osmotic stress, while soil salinity has shown to inhibit the legume–rhizobia symbiosis for certain salt-sensitive species, reducing nodulation and thereby lowering nitrogen content and plant productivity [26]. However, it is generally understood that Rhizobium tend to be more salt-tolerant than their host plant [27]. Inoculating legumes with Rhizobium either directly (i.e., soil inoculation) or indirectly (i.e., seed inoculation) provides certain benefits [28], such as an increase in nodulation and biological nitrogen fixation [29]. Similarly, AMF symbiosis provides benefits to soil, including nutrient cycling [11], soil quality, tolerance to abiotic stresses [30], increasing photosynthetic rate [13], and production of glomalin (glycoprotein). Glomalin- or glomalin-related soil protein (GRSP), produced in the soil as an extracellular secretion of AMF, has been shown to increase soil aggregate stability, soil water potential, reduce heavy metal contamination, and an overall increase in crop yield [31,32,33].



Therefore, the objective of this study was to understand microbial inoculations on soil health and crop productions under various salinity treatments. Our sub-objectives were (1) to determine the effect of single (AMF) and dual (AMF + Rhizobium) inoculations on snap bean physiology, chlorophyll content, and biomass production, and (2) evaluate these microbial inoculations and salinity treatments on GRSP production in soil.




2. Materials and Methods


2.1. Site Description and Experimental Layout


The experiment was conducted at the Organic Garden shade house (25°45’15.10” N and 80°22’48.09” W) located near the nature preserve at Florida International University (FIU) MMC, Miami, FL, USA. Snap bean (Phaseolus vulgaris Caprice Bush) were grown in two-gallon nursery pots spaced 0.5 m × 0.5 m apart from each other. Both salinity (control 0.6 dS m−1, 1 dS m−1, and 2 dS m−1) and inoculation (control, AMF, and Rhizobium + AMF) treatments had three different levels, which resulted in a total of 9 treatment combinations. The treatments were arranged as a 3 × 3 factorial in a completely randomized block design (RCBD) with 10 replications. Details of the experimental layout are presented in Figure 1.




2.2. Planting Schemes and Data Collection


Planting of snap beans were done in 2-gallon (7.57 L) pots filled with un-sterilized soil along with two tablespoons of Root Naturally Endo Mycorrhizae (RNEM). The mycorrhizal inoculant contained a mixture of various AMF species (Glomus intraradices, Glomus mosseae, Glomus aggregatum, and Glomus etunicatum), which placed two inches below the soil surface (a modified method from [22,34]. Root Naturally Endo Mycorrhizae was applied only to treatments that contained AMF inoculation (i.e., IT1SC, IT2SC, IT1S1, IT2S1, IT1S2, and IT2S2). Snap bean seeds were soaked in non-chlorinated water before being inoculated with GUARD-N Rhizobium seed inoculant for treatments IT2SC, IT2S1, and IT2S2. GUARD-N Rhizobium seed inoculant had a mixture of the following species: Bradyrhizobium sp. (Vigna), Bradyrhizobium japonicum, Rhizobium leguminosarum biovar phaseoli, and Rhizobium leguminosarum biovar viceae.



After inoculation, seeds were left to dry for three minutes prior to immediate seeding in the pots. Four seeds per pot were placed 5 to 10 cm apart one inch deep within the soil. After emergence, seedlings were thinned to one per pot. At the initial phase of the experiment, experimental pots were irrigated with water from the Organic Garden (0.6 dS m−1) every two days at 25% of the soil water holding capacity. To provide additional nutrients, 11 mL of Hoagland’s solution at half strength without ammonium phosphate were prepared [22] and added to each pot once a week.



Salinity treatments began 26 days after planting (DAP) to allow AMF root colonization establishment. After 26 DAP, beans were irrigated following the protocol from Hamoui et al. [35] with modification. Plants were watered with 200 mL of the corresponding salinity treatment (SC, S1, or S2) three times a week during the growth period. Saline treatment water was prepared by mixing water from the Organic Garden and sodium chloride (NaCl, 0.6, 1.0, and 2.0 dS m−1) in buckets until targeted electrical conductivity (EC) values were obtained. Leaf miners were observed on the plants during the active growth stage. Neem oil was sprayed one time to minimize any damage caused by leaf miners.




2.3. Plant Height, Leaf Chlorophyll Content and Bean Yield


In order to assess the effect of dual inoculation and salinity stress, plant height (cm) and overall crop growth were recorded following protocol from Scholberg and Locascio [34] with modification. Plant height was measured every two weeks after planting for a total of four measurements. Average leaf chlorophyll content of the developed upper leaves was determined using the Soil-Plant Analyses Development (SPAD) 502 Plus Chlorophyll Meter every two weeks for eight weeks. Leaf chlorophyll content is one of the indicators of crop health [36]. In general, leaf chlorophyll and nitrogen content exhibit a positive correlation [37]. Total fresh bean yield was calculated by weighing harvested beans from the plants at the end of the experiment [34].




2.4. Shoot and Root Dry Biomass


Fresh shoot and root samples were collected at the end of the experiment (58 DAP) following Scholberg and Locascio’s [34] protocol. Shoot samples (both stem and leaves) were taken from the first node up. Roots were carefully washed to remove soil particles, and all samples were stored at 4 °C until further analysis. All samples were dried at 72 °C for 3 days to estimate shoot and root dry biomass.




2.5. Estimation of AMF (Arbuscular Mycorrhizal Fungi) Root Colonization


Quantification of AMF percent root colonization was conducted by following the protocol from McGonigle et al. [38] with some modification. After completion of the bean growth period, roots were washed in order to remove any remaining soil particles. Thin roots were separated from fresh root biomass and placed in micro-centrifuge tubes filled with 10% potassium hydroxide solution (KOH). KOH filled root samples were placed in an oven at 70 °C for two hours before they were rinsed with deionized (DI) water. After rinsing, samples were submerged in alkaline H2O2 for 30 min before being rinsed with DI water. Root samples were immersed in 1% hydrochloric acid (HCl) for 30 min and rinsed with DI water. Trypan blue (0.05%) with lactoglycerol was added and heated at 70 °C for 20 min. Twenty root segments of each sample were placed on a microscopic slide containing a drop of glycerol solution (100 mL glycerol and 100 mL lactic acid) and observed under a compound microscope. Root segments were classified as either colonized when non-septate hyphae or vesicles were present, or clear roots by the absence of those AMF structures. To calculate the percentage of AMF root colonization, the following formula was used:


    N u m b e r   o f   C o l o n i z e d   R o o t s   T o t a l   n u m b e r   o f   R o o t s     × 100 % .  



(1)








2.6. Glomalin-Related Soil Protein (GRSP) Extraction


To extract glomalin-related soil protein (GRSP), soil samples from 5 replicates of each treatment (e.g., ICSC 1, 4, 7, 8, and 10) were randomly selected, dried at 50 °C for 24 h, and sieved (2.0 mm) prior to protein extraction following the protocol from Wright and Upadhyaya [39] with modification [40]. Easily extractable GRSP (EEG) was extracted from 0.5-g soil samples by adding 4 mL of 20 mmol L−1 sodium citrate (pH 7.0) solution followed by autoclaving at 121 °C for 30 min. Total glomalin-related soil protein (TG) was extracted by adding 4 mL of 50 mmol L−1 sodium citrate (pH 8.0) solution to 0.1 g of soil prior to autoclaving at 121 °C for 60 min. For both EEG and TG, the supernatant was collected by centrifuging at 3000 to 4000 G for 12 min, and stored at 4 °C. For TG, the procedure was repeated eight times, and the supernatant from each cycle was pooled until a reddish-brown color attributed to GRSP disappearance and the coloring became transparent.



The protein concentration within the supernatant was determined by a Thermo Scientific Pierce™ Coomassie Plus Bradford Assay Kit with the bovine serum albumin (BSA) used as standard. Microplate columns were arranged and filled with 5-μL blank samples (sodium citrate 20 or 50 mmol), 5-μL sample solutions (i.e., ICSC 1, 4, 7, etc.), and 5-μL standard solution. Once prepared, 250 μL of Coomassie Plus Reagent were dispensed into all plate wells and incubated for 10 min before the protein absorbance was measured at 595 nm.




2.7. Statistical Analyses


Data analysis was performed using SAS 9.4 [41]. The statistical analysis performed was two-way ANOVA due to the 3 × 3 factorial design, and its two levels (i.e., inoculation type and salinity content). Plant height, biomass, and chlorophyll content from three inoculant and salinity treatments were analyzed for significant differences in plant growth. Easily extractable and total glomalin content were compared between different inoculation and salinity treatments for significant differences in GRSP production. Data was significant when p < 0.05.





3. Results and Discussion


3.1. Effect of Salinity and Microbial Inoculations on Soil and Plant Parameters


The effects of salinity level and inoculation types on soil pH, plant height, bean yield, and the root and shoot weights of snap bean are presented in Table 1. Overall, soil pH was not significantly (p > 0.05) influenced by salinity levels or inoculations. However, soils with the highest salinity level (S2) had numerically (about 5–7%) higher pH than soils with background salinity (control, 0.6 dS m−1). This is mainly because salinity through the NaCl solution may have released basic Na+ ions and subsequently increased the soil pH within a short duration (eight weeks of the study). In a similar study conducted in Italy, soil pH values were slightly increased by different salinity treatments on snap bean (Phaseolus vulgaris) productions [42].



The average value of plant height at eight weeks were ranged from 26.48 (ICSC) to 33.80 (IT2S2) cm, where the level three inoculation (IT2) and salinity (S2) treatment combination had a significantly higher (p < 0.05) plant height than level one inoculation (IC) and salinity (SC) treatment combinations. Individual effects of microbial inoculation and salinity treatments on plant height were insignificant; however, non-salinity (ICSC, IT1SC, and IT2SC) treatments had significantly lower (p < 0.05) plant heights than high saline treatments with inoculation (IT1S2, IT2S2). These results indicate that even under high abiotic stress (EC of 2.0 dS m−1), microbial inoculation play a beneficial role in increasing plant height, and subsequently in increasing biomass production. In a similar study, Selvakumar et al. [43] found that microbial inoculation in soils significantly increased fruit numbers and red pepper (Capsicum annuum L.) yield. However, the lower plant height of non-stressed snap beans possibly resulted from the lack of sufficient sunlight (due to obstruction from a construction near the shade house) during the initial phase of the experiment. On average, the maximum salinity stress (2.0 dS m−1) produced an 11% lower plant height and 20% lower bean yield as compared to control treatments. Similar results were obtained by Hasamuzzaman et al. [44], where salinity stress reduced 7% to 11% of the rice paddy height, depending on the cultivars. A reduced bean yield was observed at the threshold salinity level (1.0 dS m−1), which was similar to a study reported by Almeida et al. [45], where bean yield reduction was observed at the 1.5 dS m−1 salinity level.



Plant height was increased by 14% through dual inoculation compared to the control at a salinity of 2 dS m−1, suggesting that dual inoculation had beneficial effects on bean growth by mitigating salinity stress. Additionally, on average, treatment IT2 produced a 26% higher bean yield than treatment IT1. This could be attributed to the presence of Rhizobium, which fix atmospheric N [46], and simultaneously have the unique ability to solubilize inorganic P through rhizosphere acidification, providing available P for plant nutrition [47,48] as well. The presence of Rhizobium could also influence the root hydraulic properties of the host plant [49], and thus increase osmotic water flow in the roots and increase biomass production. An overall decrease (not significant at p > 0.05) of the bean yield and shoot weights of IT1 treatments compared to IC possibly resulted from (a) a lack of sunlight, (b) shorter study duration and (c) higher leaf miner infestation of IT1 plants during this experiment. Our results also indicate that salinity stress did not affect the shoot weight; however, it affected the root weight by 13% (when inoculation effect was not considered). These results contradicted a study by Taibi et al. [50], possibly because of dual inoculation effects (improved root hydraulic properties) and the relatively short duration of this study. Salinity stress could reduce the shoot weight by 27% to 30% and root weight by 59% to 61% for different genotypes of snap bean [50], mainly because the significant increase in the malondialdehyde (by-product of lipid peroxidation) content. Salinity stress could cause a reduction in the K+/Na+ ratio in plants, which reduces stomatal movement and other physiological modifications, such as disruption of various metabolic processes [51], and thus reduce crop yield. However, the effect of AMF in reducing soil salinity, enhancing crops’ tolerance to salinity, and increasing N contents in the soil has been reported in previous studies [30,32]. Arbuscular mycorrhizal fungi also have the capability to improve plant nutrient uptakes by spreading their hyphae in the soil beyond rhizosphere [43]. In several studies, AMF and Rhizobium inoculations have been shown to increase nutrient uptake, water availability, and biological nitrogen fixation and thereby improve crop growth and overall relief from salt stress [11,52,53].




3.2. Analysis of Pore Water EC and Soil Bulk EC


The EC values of pore water and bulk soil for all nine treatments are presented in Figure 2. Plants were watered (0.6 dS m−1) on a regular basis during the first month (weeks 1–4; prior to salinity treatments). During this time, a decreasing trend of EC for both pore water and bulk soils was observed, irrespective of the treatments. This is because freshwater addition to the experimental pots leached out some of the salts from the soil matrix. However, after salinity treatments were introduced (four weeks after planting), varied responses from the treatments were observed, resulting in a widespread line graph for the second half of the experiment (Figure 2). The response was varied due to the degree of salinity and the response of inoculation treatments.



At the end of week 8, treatments with inoculation and no salinity control showed lowest pore water and soil bulk EC. It can be pointed out that even after applying saline water in the soil, pore water and bulk soil EC never reached the initial EC levels for this experiment. This is possibly because microbial inoculations had positive effects in maintaining pore water EC and in specific, dual inoculation performed better than the other treatments. The effect of microbial inoculation on mitigating salinity stress was reported in previous studies [13,19,54]. Soil bulk EC showed a similar trend as the pore water EC, where salinity control showed the least soil EC change followed by salinity treatments one and two. A regression analysis (Figure 3) of the soil bulk EC and pore water EC showed a significant (p < 0.001) relationship (R2 = 0.56), which indicates that a change in the salinity of the pore water matrix can similarly affect the soil bulk EC for this experiment.



Processes and mechanisms of salinity stress mitigation are still not understood [13]. However, few studies described a possible role, such as cyanobacteria store excess sodium extracellularly when grown in saline soil [55,56] or Na+ is compartmentalized in cotton (Gossypium hirsutum) shoots [57,58]. Arbuscular mycorrhiza either alone or inoculated with Rhizobium increased solutes in the root cells (decrease osmotic potential) and thus increased water uptake under salinity stressed conditions to maintain cellular turgidity [59].




3.3. Analysis of Leaf Chlorophyll Content (SPAD Readings)


Soil plant analytical development (SPAD) values were recorded every two weeks to obtain the leaf chlorophyll content of snap bean. The effect of salinity levels and inoculation treatments on SPAD values are presented in Figure 4. Overall, mean SPAD values varied over time, however, significant differences (p < 0.05) between treatments were only observed four weeks after planting (Figure 4). The results further indicate that AMF and Rhizobium inoculation during the initial phase of the experiment did not affect the plant parameters of snap bean. However, during the final week (eight weeks after planting), significant differences between treatments were observed, specifically the effect of salinity (S1 and S2) with no inoculation (IC) resulted in the lowest SPAD values (e.g., ICS2 and ICS1 were 19.2 and 25.4, respectively).



The effect of salinity stress on leaf chlorophyll content was also visually observed during this experiment (Figure 5). The increase in salinity stress (from 0.6 to 2.0 dS m−1) resulted in leaf chlorosis and the firing of leaf margins. A yellow leaf color with firing leaf margins for almost all the plant leaves was found when treated with high saline water (2.0 dS m−1). Visual observation of plant leaves explained similar salinity effects to what we measured through SPAD meter readings. Salinity stress in plants generates reactive oxygen species (ROS), such as H2O2, as a byproduct, which subsequently causes chlorophyll degradation (both chlorophyll a and b), and reduces plant growth [50,60,61]. Gama et al. [62] observed that increasing salinity levels significantly impaired photosynthetic parameters (stomatal conductance and transpiration rate) of five snap beans cultivars. Additionally, our study indicated that even at the threshold level of salinity stress (1.0 dS m−1), plant leaves displayed moderate chlorosis (yellowish-green color) within a few weeks of saline water application (Figure 5).



During the final phase of the experiment (week 8), snap beans with the control treatment (ICSC) measured 40% higher (significant at p < 0.05) SPAD readings than the maximum salinity stress and no inoculation (ICS2). The SPAD reading of AMF inoculation alone with salinity (IT1S2) measured 20% lower (significant at p < 0.05) SPAD readings than ICSC, which suggests that single microbial inoculation alone could reduce 50% salinity stress in regard to chlorophyll content. We observed, when dual inoculation (IT2) was combined with level two salinity (S2), the SPAD reading of ICSC was 12% higher than IT2S2 (not significant at p > 0.05), which indicates the benefit of using dual microbial inoculation for healthy snap bean production. This is because Rhizobium fixes atmospheric N [49,63] in root nodules (active root nodules were found in most plants treated with Rhizobium), which compensated for a portion of the chlorophyll degradation from salt stress. Microbial inoculations are also reported to increase the chlorophyll content of plant leaves [64,65].




3.4. Root Colonization of AMF and Glomalin Production (TG and EEG)


Microscopic observations of AMF non-inoculated and inoculated snap bean roots, and AMF root colonization (%) are presented in Figure 6. Our results indicate that no salinity treatment (SC) showed a 23% higher AMF root colonization than salinity treatment level one and two (S1 and S2 = 1.0 and 2.0 dS m−1, respectively). The presence of NaCl in soil reduces AMF root colonization [66,67] through an inhibitory effect of NaCl on AMF [68].



Inoculation treatment one and two (IT1 and IT2) increased significantly higher (p < 0.05) AMF root colonization than control (IC). However, average values of AMF root colonization in inoculation treatment two (IT2 = AMF + Rhizobium) were 17% higher than the average of inoculation treatment one (IT1 = AMF only), which indicates that AMF and Rhizobium as a dual inoculant promoted AMF root colonization compared to AMF inoculation alone. These results further support our data (Table 1) that dual inoculation of AMF and Rhizobium was effective in mitigating salt stress during snap bean cultivation.



Glomalin, also known as glomalin-related soil protein (GRSP), is a glycoprotein [69], which is secreted in the soil by AMF. Glomalin has been studied to evaluate its effect on binding soil particles together and improving soil aggregate stability. We quantified the amount of total glomalin (TG) and easily extractable glomalin (EEG) (Figure 7a,b). Results of TG (Figure 7a) indicates an increasing trend of GRSP content with increasing salinity levels (SC, S1, S2) with (IT1 and IT2) or without (IC) inoculation. Overall, the maximum salinity level (S2) produced 6% and 18% higher GRSP than salinity treatment one (S1) and salinity control (SC), respectively. Abiotic stress (salinity, draught, etc.) has been reported to increase GRSP contents [70,71] when AMF is active in soil. Therefore, microbial inoculations (AMF alone and with Rhizobium) has the ability to restore soil health and improve soil quality of salt-affected agricultural areas. Our experiment suggests that glomalin or GRSP production can also be used as a potential indicator of soil abiotic stress. Glomalin is reported to be present at various concentrations in natural soil [72]. However, the addition of AMF and dual inoculation (AMF + Rhizobium) in soil increased the overall GRSP content in this experiment. In a recent study, Gao et al. [73] found that AMF inoculation in soil can increase both total and easily extractable glomalin related soil protein (GRSP) contents.



The easily extractable glomalin (EEG) content across different treatments was variable in this experiment. Easily extractable glomalin was a minor fraction (5–7%) of the TG produced in the soil (Figure 7b). This might be because the soil used in this study was not sterilized, and the glomalin was not only contributed by AM but also by other microbial sources. We specifically used un-sterilized soil for this study to ‘simulate’ the actual field conditions of organic farming in South Florida. However, uncertainty remains as the AMF may have previously been present in our soil and contributed GRSP contents, but a general increasing trend of GRSP release over time indicates the effect of our induced inoculation treatments. Similar observations were reported by Walley et al. [74] when they studied the effect of AM and plant growth-promoting rhizobacteria on glomalin production in un-sterilized soil. For EEG, the salinity showed no or little effect on natural glomalin present in the soil. When the soil was inoculated with AMF and Rhizobium + AMF, the glomalin content increased numerically with the presence of salinity, which illustrates the possible beneficial effect of Rhizobium on AMF inoculation in synthesizing GRSP in soil.



Benefits of GRSP in soil are well documented. Glomalin provides benefits through soil aggregate stability [31,32,75,76,77]; nutrient cycling, interaction with beneficial microbes, such as phosphate solubilizing bacteria, etc. [78]; increased soil organic carbon (SOC) contents [40]; increased soil–water–plant relations [70,79]; and reduced heavy metal accumulation in crops [33,80].



Due to the long-chain and recalcitrant carbon structure, glomalin successfully contributes to the soil carbon sequestration under long-term experiments [40]. Glomalin resides in the soil for 6 to 42 years and is primarily responsible for soil organic carbon accumulation [81,82]. We did not measure the SOC accumulation induced by GRSP because of the short duration of the experiment, but our results suggest that it is not unlikely that microbial inoculations in saline-affected agricultural areas can potentially restore the SOC and increase soil productivity.





4. Conclusions


Saltwater intrusion and soil salinity are major agricultural problems in South Florida. Appropriate soil management is needed for growing salt-sensitive crops, such as snap bean, which contributes to Florida’s economy. Our experiment indicated that salinity stress even at the threshold level (1.0 dS m−1) can negatively affect snap bean physiology, but microbial inoculations (AMF and Rhizobium) can mitigate salinity stress to a certain degree, increase bean biomass production, shoot weights, and leaf chlorophyll content, and most importantly induce the secretion of GRSP, which has numerous beneficial effects in restoring soil health. Salt-affected areas are often considered as low productive lands and not suitable for the production of major agricultural crops. Our experimental results suggest that a reduction of salinity can be achieved through independent and dual microbial inoculations in salt-affected soils, and thus, this is expected to be used for better crop productions in main agricultural crop lands. We also observed that at different salinity stress levels, dual inoculation (AMF + Rhizobium) promoted AMF root colonization compared to independent inoculation (AMF only), improving plant physiological parameters, biomass productions, and GRSP secretion.
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	EC
	Electrical conductivity



	GRSP
	Glomalin Related Soil Protein



	EG
	Easily Extractable Glomalin



	AMF
	Arbuscular Mycorrhizal Fungi



	DAP
	Days After Planting



	SPAD
	Soil Plant Analytical Development
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Figure 1. Experimental layout (3 × 3 factorial) for the shade house experiment, including different salinity treatments (control or salinity control (SC), treatment 1 or S1, and treatment 2 or S2) and inoculation treatments (control or inoculation control (IC,) treatment 1 or IT1, and treatment 2 or IT2). Two inoculants used for this study were arbuscular mycorrhizal fungi (AMF) and Rhizobium (Rhi), with + and − signs indicate inoculated and not inoculated, respectively. Each treatment had 10 replications. 
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Figure 2. Scatter line graph represents the changes of (A) pore water EC and (B) soil bulk EC changes over time. Treatments include three different inoculation types (IC = No inoculation, IT1 = AMF, IT2 = Rhizobium + AMF) and three salinity treatments (SC = Salinity control 0.6 dS m−1 EC, S1 = 1.0 dS m−1 EC, and S2 = 2.0 dS m−1 EC). The dashed line represents when snap beans were first irrigated (four weeks after planting) with their corresponding salinity treatment (i.e., 0.6, 1.0, and 2.0 dS m−1 EC). Average values (n = 10) are presented for each treatment in both graphs. Error bars represents the standard error of mean values. 
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Figure 3. Linear regression analysis of soil bulk EC and pore water EC for all nine treatments. Treatments consist of inoculation type (IC = No inoculation, IT1 = Mycorrhizal, IT2 = Rhizobium + Mycorrhizal) and salinity levels (SC = Salinity control 0.6 dS m−1 EC, S1 = 1.0 dS m−1 EC, and S2 = 2.0 dS m−1 EC). Values are expressed as mean and each treatment consisted of n = 10. The dashed line represents a positive linear trend that’s significant at p < 0.05. 
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Figure 4. Mean comparison of soil plant analytical development (SPAD) meter reading of snap bean leaves at different time after planting (2, 4, 6, and 8 weeks) for nine treatments. Treatments consist of inoculation type (IC = No inoculation, IT1 = AMF, IT2 = Rhizobium + AMF) and salinity levels (SC = Salinity control 0.6 dS m−1 EC, S1 = 1.0 dS m−1 EC, and S2 = 2.0 dS m−1 EC). Salinity was applied 26 days after planting (DAP). Error bars represents standard deviations of mean values. p < 0.05, same letters indicate no statistical difference among the treatments while different letters indicates treatments have significantly difference. We used 10 plants (n = 10) for each treatment. 
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Figure 5. Visual representation of varying salinity effects on snap bean leaves prior to termination; (a) no impact, dark green color, (b) minor chlorosis effects on edges of leaves for non-stressed (0.6 dS m−1) co-inoculated beans, pale-green color, (c) moderate chlorosis on salt-stressed (1.0 dS m−1) non-inoculated snap beans, yellowish-green color, and (d) firing of the leaf margins on highly stressed (2.0 dS m−1) non-inoculated beans, straw-colored leaf margins. 
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Figure 6. Microscopic observations of snap bean roots stained with 0.05% trypan blue in (a) non-inoculated root and root inoculated by arbuscular mycorrhizal fungi (AMF). (b) The bar diagram represents the effect of salinity levels (SC = Salinity control 0.6 dS m−1 EC, S1 = 1.0 dS m−1 EC, and S2 = 2.0 dS m−1 EC) and inoculation treatments (IC = No inoculation, IT1 = Mycorrhizal, IT2 = Rhizobium + Mycorrhizal) on AMF root colonization (%) during snap bean productions. Error bars represents standard deviations of mean values. Same letters indicate no statistical difference (p > 0.05) among the treatments while different letters indicate treatments have significantly difference. Each treatment consisted of n = 10. 
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Figure 7. Average values of (A) total glomalin-related soil protein (TG) and (B) easily extractable glomalin-related soil protein (EEG) mg g−1 of dry soil for all nine treatments (inoculation type × salinity level) during snap bean production. Treatments consist of inoculation type (IC = No inoculation, IT1 = Mycorrhizal, IT2 = AMF + Rhizobium) and salinity levels (SC = Salinity control 0.6 dS m−1 EC, S1 = 1.0 dS m−1 EC, and S2 = 2.0 dS m−1 EC). The graph is expressed as mean + standard deviation error bars. Each treatment consisted of n = 5. 
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Table 1. Effect of salinity level and inoculation types on soil pH, plant height, yield, root and shoot weights of snap bean.
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	Treatment
	Soil pH Week 8
	Plant Height (cm) Week 8
	Total Bean Yield (g)
	Shoot Dry Weight (g)
	Root Dry Weight (g)
	Shoot to Root Ratio





	ICSC
	6.63 ± 0.48
	26.48 c ± 2.76
	44.20 ab ± 7.47
	5.57 ab ± 0.74
	1.60 a ± 0.64
	3.48



	IT1SC
	6.52 ± 0.32
	27.15 c ± 2.91
	23.93 c ± 7.16
	3.99 bc ± 0.97
	1.44 a ± 0.35
	2.77



	IT2SC
	6.76 ± 0.22
	26.78 c ± 4.91
	33.29 bc ± 9.71
	5.61 a ± 1.21
	1.53 a ± 0.46
	3.67



	ICS1
	6.36 ± 0.38
	28.53 bc ± 2.33
	57.26 a ± 8.00
	6.53 a ± 1.58
	1.52 a ± 0.28
	4.30



	IT1S1
	6.30 ± 0.34
	31.01 abc ± 2.44
	27.97 c ± 5.21
	5.03 abc ± 0.93
	1.59 a ± 0.25
	3.16



	IT2S1
	6.60 ±0.18
	30.83 abc ± 2.66
	43.57 b ± 10.38
	6.09 a ± 0.87
	1.51 a ± 0.22
	4.03



	ICS2
	6.77 ± 0.37
	29.52 abc ± 4.15
	35.49 bc ± 14.83
	4.96 abc ± 1.29
	1.27 a ± 0.25
	3.91



	IT1S2
	6.48 ± 0.22
	32.31 ab ± 3.74
	30.36 c ± 8.56
	3.71 c ± 1.30
	1.44 a ± 0.29
	2.58



	IT2S2
	6.60 ± 0.30
	33.80 a ± 3.95
	35.36 bc ± 6.03
	5.19 abc ± 0.71
	1.42 a ± 0.29
	3.65







Treatments consist of inoculation type (IC = No inoculation, IT1 = Mycorrhizal, IT2 = Rhizobium + Mycorrhizal) and salinity levels (SC = Salinity control 0.6 dS m−1 EC, S1 = 1.0 dS m−1 EC, and S2 = 2.0 dS m−1 EC). Values are expressed as mean ± standard deviation. Each treatment consisted of n = 10. Means within a column followed by the same letter are not significantly different at p < 0.05.
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