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Abstract

:

Xenobiotic contamination, a worldwide environmental concern, poses risks for humans, animals, microbe health, and agriculture. Hydrocarbons and heavy metals top the list of toxins that represent a risk to nature. This review deals with the study of Azospirillum sp., widely reported as plant growth-promoting bacteria in various cultures. However, its adaptation properties in adverse environments make it a good candidate for studying remediation processes in environments polluted with hydrocarbons and heavy metals. This review includes studies that address its properties as a plant growth promoter, its genomics, and that evaluate its potential use in the remediation of hydrocarbons and heavy metals.
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1. Introduction


The enormous increase in the world population requires increased agricultural productivity and improved food quality to cover basic needs [1]; however, this has caused the indiscriminate application of chemical fertilizers, leading to pollution. Heavy metal toxicity has also become an important agronomic problem, mainly because of intense anthropogenic activities [2]. Among the sources of contamination caused by these xenobiotics, we can mention hydrocarbons produced by drilling, extraction, conduction, and transformation activities, conditions that have caused soil and water contamination mainly due to spills, leaks, seepage, and sludge [3]. In the case of heavy metals, reports mainly mention the use of agricultural pesticides that contain heavy metals [4], industrial discharges, mining [5], dust and soil in urban areas [6], transportation, damming, and wastewater disposal and runoff [7,8]. These problems generate harmful effects that cause environmental and human health degradation [9]. However, microbial remediation research refers to intense changes in microbe diversity induced by environmental pollution and adaptation mechanisms that allow microorganisms to adapt to environments with xenobiotic contaminants [10,11]. Therefore, this review summarizes some microbial remediation studies, mainly the removal of hydrocarbons, and studies in which bacteria have been isolated, including Azospirillum sp., which can tolerate heavy metals.




2. Plant Growth Promotion


Plant growth promotion is a characteristic of plant growth-promoting rhizobacteria (PGPR) [12]. These bacteria positively influence the growth and development of plants [13]. The direct growth stimulation mechanisms of these bacteria are based on facilitating the absorption of nutrients and synthesizing or regulating plant hormones [14,15]. Indirect mechanisms of PGPR influence plant growth and comprise a wide range of mechanisms that prevent or suppress plant diseases [1,16].



Numerous microorganisms such as Rhizobium [17], Azotobacter [18], Burkholderia [19], Enterobacter [20], Pantoea [21], Bacillus [22], Pseudomonas [23], Stenotrophomonas [24], Micrococcus, Microbacterium [25], and Serratia [26] have been proven excellent agricultural growth-stimulating agents (Figure 1).



Some microorganisms have been used as bioinoculants or microbial inoculants to increase crop productivity without causing contamination [27,28]. This use has been considered one of the contributions of biotechnology and modern microbiology because it is a viable option to help reverse the effects of contamination [29]. Among these bacteria, we can mention species of the genus Azospirillum. These bacteria secrete phytohormones such as auxins, cytokinins, and gibberellins that produce changes in plant root architecture, inducing the development of adventitious roots [30,31] and root hairs on their host plants which is beneficial due to root growth stimulation [11]. PGPR inoculation has been widely used in agriculture [32], and the genus Azospirillum is one of the most studied [27,30,33,34].




3. Azospirillum


Bacteria belonging to the genus Azospirillum are free-living microbes that promote plant growth (PGPB). They affect the growth and yield of numerous plant species, many of agronomic and ecological importance [11]. The most accepted theory regarding the mechanism of action of Azospirillum is its growth promotion, which includes nitrogen fixation [35,36] and phytohormone, polyamine, and trehalose production [30]. The mode of action of Azospirillum is multiple, and the importance of each of these mechanisms can vary depending on soil and climate conditions and the solubilization of minerals such as iron and phosphorus, which the plant uses [30]. These mechanisms eventually produce larger, and in many cases, more productive plants [33,34]. Azospirillum has improved crop yields of wheat, corn, rice, and sugar cane [30]. It has also been used in chili pepper, fruit trees, and cacti [30]. In the case of the genus Azospirillum, 25 species isolated from different niches have been reported (Table 1). Most of these species have been isolated from roots of wild plants [37,38] and cultured [39,40,41] from aquatic environments [42,43,44] and contaminated areas [44,45,46,47,48].



The first two species described and the most studied are Azospirillum lipoferum (A. lipoferum) and Azospirillum brasilense (A. brasilense) [30,31,62].




4. Genetics of Azospirillum Species


With the advent of molecular biology, some of these species have been sequenced, complementing the knowledge of the range of genes of this bacterium that involves its different characteristics, such as those of plant growth promotion. Species of the genus Azospirillum vary relative to their genome size; in the case of A. irakense, it is 4800 kb, and in A. lipoferum, 9600 kb. A. brasilense about 7000 kb. Megaplasmids are characteristic in their genome; some are linear [63,64]. The presence of these megaplasmids is common. They are one of the first genomic characteristics reported for the genus Azospirillum. Their number varies between species, with 7 to 8 replicons and even 10 commonly found [63]. Each strain shows a unique profile composed of one to six plasmids with sizes that range from 100 kb to 1.7 Mb, which is present in Azospirillum strains in one copy per cell. In addition to plasmids in Azospirillum strains, minichromosomes have also been reported. Interestingly, in A. brasilense, the genome comprises multiple chromosomes with replicons of 600, 1000, and 1700 kb. The existence of multiple chromosomes in A. brasilense was corroborated, but a 2500 kb extra chromosome was reported [65,66].




5. Degradation of Xenobiotics by Azospirillum Species


Bacteria of this genus possess versatile carbon and nitrogen metabolic pathways adapted to competitive environments where desiccation and nutrient limitations predominate [67]. Although rhizobacteria have been widely used as plant growth promoters, there are reports on using Azospirillum strains in pollutant degradation processes [10]. One example is the work by Barkovskii et al., which evaluated the degradation of phenol (Figure 2A) and benzoate (Figure 2B) using 31 strains of A. brasilense and A. lipoferum isolated from rhizospheres and rhizoplanes of different plants. Their results showed that nine strains degraded benzoate and three strains, phenol [68].



On the other hand, López de Victoria and Lowell reported a study that evaluated the chemotaxis of A. lipoferum 59b, A. brasilense Sp 7, and A. brasilense Cd to aromatic compounds such as benzoate (A), protocatechuate (B), 4-hydroxybenzoate (C), and catechol (D) (Figure 2). They reported that A. brasilense Sp 7 responded to much lower levels of aromatic compounds than A. lipoferum. Additionally, A. brasilense Cd was more sensitive to all the assayed aromatic compounds than A. brasilense Sp 7, clearly observing a degree of specificity between the evaluated Azospirillum strains [69].



Eckford et al. isolated five nitrogen-fixing bacteria from fuel-contaminated Antarctic soil; among these, A. brasilense. Their results show the importance of the association between the isolated diazotroph bacteria, such as Azospirillum, and bacteria hydrocarbon degraders that are not diazotrophs because they provide nitrogen in Antarctic soil, a condition that is beneficial in nitrogen-poor soil [70].



Nozawa et al. evaluated the composition of the bacterial community in microcosms enriched with perchlorate (Figure 2F) and acetate or hydrogen. After this, they carried out a partial sequencing of 16S rRNA genes recovered from the microcosms. Phylogenetic analysis indicated the presence of Azospirillum spp. Therefore, their results emphasize perchlorate bioremediation by native microbial communities in soil [71].



Likewise, Muratova et al. evaluated the tolerance of 33 Azospirillum strains from different species, including A. brasilense, in a culture medium with 1% light crude oil as a carbon source. They found that A. lipoferum SR42 and A. brasilense SR80 degraded crude oil 57.5% and 56.5% after 14 days of incubation. Afterward, A. brasilense SR80 strain was used to evaluate its associative ability. Their results showed that the strain was chemotactically attracted to wheat exudates, colonized the roots, and produced indole acetic acid; likewise, the synthesis of indole acetic acid was not inhibited by oil [72].



A study of phytoremediation in Mexico by Miranda-Martínez et al. evaluated five bacterial strains isolated from oil-contaminated soils that degrade phenanthrene (Figure 2G) and are atmospheric nitrogen fixers. The study also included A. brasilense Cd and A. halopraeferens isolated from non-contaminated soils. Using sand inoculated with phenanthrene with and without the German grass, Echinochloa polystachya (HBK) Hitch, they determined their population dynamics. They evaluated three cases: (a) inoculation with a bacteria consortium composed of strains isolated from contaminated soils and A. halopraeferens, (b) inoculation with A. brasilense Cd, and (c) without bacterial inoculation. The authors mention that 60 days after inoculation, phenanthrene degradation was greater (p < 0.05) in plants inoculated with the bacteria consortium (59.01%) and A. brasilense Cd (57.02%) compared to the control without plants (41.7%) [73]. This study again demonstrates the importance of evaluating numerous strains because the response varies between species and even between strains.



Commonly, Azospirillum strains isolated from the rhizosphere of crops were used in xenobiotic tolerance and degradation assays; however, in 2008, the first Azospirillum strain was isolated from hydrocarbon-contaminated soil. This was the case in Young et al., who isolated a strain from oil-contaminated soil characterized by a polyphasic taxonomic approach. A comparative analysis of the 16S rRNA gene sequence showed that the isolate was phylogenetically related to the genus Azospirillum. It was proposed as a new strain named A. rugosum [47].



On the other hand, Lin et al. isolated a strain in discarded tar. After characterization, it was reported as a new strain named A. picis [48]. Likewise, Zhou et al. isolated a nitrogen-fixing strain, SgZ-5T, from a microbial fuel cell (MFC) characterized by a polyphasic approach. They stated that it represented a novel species, A. humicireducens [53].



Another study performed by Cruz-Hernández et al. [74] used nineteen A. brasilense strains to evaluate their tolerance in vitro to xenobiotics, such as phenanthrene (A), xylene (B), toluene (C), and naphthalene (D) (Figure 2). They characterized biosurfactant production and searched for genes related to aromatic compound degradation using the RAST program. Their results showed that the strains produced biosurfactants; however, when carrying out tolerance tests to xylene, toluene, phenanthrene, and naphthalene, no growth of the evaluated strains was observed. However, nineteen coding sequences related to the degradation of aromatic compounds were recorded; eleven are associated with the metabolism of central aromatic intermediates and five with peripheral catabolic pathways whose function is associated with quinate, benzoate, salicylate, gentisate, and toluene degradation pathways. This study was the first of isolated A. brasilense strains in Northeast Tamaulipas, Mexico [74].



Biosurfactants are compounds that are mostly produced by fungi and bacteria. The release of biosurfactants is one strategy used by microorganisms to influence hydrocarbon absorption and hydrophobic compounds in general [75,76]. The structure of these compounds allows the solubilization of hydrocarbons to make them degradable [77,78]). These molecules have emulsifying and dispersing properties. When the carbon source is partially soluble or insoluble in water, these molecules are synthesized with tensoactive properties that favor the biodegradation of insoluble substrates [79].



A recent study by Wu et al. reported two isolates, RWY-5-1-1T and ROY-1-1-2, obtained from an oil production mixture of Yumen Oilfield in Gansu, China. These isolates were phenotypically, genotypically, and chemotaxonomically characterized to determine their taxonomic position. The isolates were reported as a novel species, A. oleiclastium. The authors assessed their diazotrophy and detected genes related to hydrocarbon degradation and biosurfactant production. Therefore, hydrocarbon degradation tests and biosurfactant production analyses were performed. The results showed that the oil degradation rate of strain RWY-5-1-1T after 14 days of incubation in NFB broth was 36.2%. In the emulsification experiment, stable emulsions were formed using diesel oil, kerosene, and soybean oil. These results indicate that biosurfactants could exist in the fermentation broth. This study demonstrated that the new strains of Azospirillum can degrade oil associated with plant growth promotion [61].



Recently, Maimona et al. established a bioremediation system of plant microbiomes to treat crude-oil contamination. They isolated ten strains of PGPR from oil-contaminated soil in Pakistan. Based on the plant growth-promoting characteristics and surfactant production, they selected two strains, Pseudoarthrobacter phenanthrenivorans (MS2) and A. oryzae (MS6). They inoculated both strains and a combination into rhizospheric soil of maize in crude oil-contaminated soil to establish the plant-microbiome system. The hydrocarbon degradation efficiency of this system was 38.5%. An analysis of degradation products by GC-MS revealed the presence of low molecular weight hydrocarbons in the treated soil compared to untreated soil. Together with nitrogen-fixing activity, the new isolates can promote certain ecological interactions between plants and microbes in strong hydrocarbon contamination conditions. This finding emphasizes the study of Azospirillum strains to degrade hydrocarbons because reports are scarce [80].




6. Tolerance of Heavy Metals in Azospirillum Species


Heavy metal contamination has become a serious environmental problem because they distribute widely in ecosystems [81]. Plant Growth Promoting bacteria have been widely used to improve plant performance and improve the stress caused by xenobiotic contamination [13]. One of these is the rhizobacterium, A. brasilense, in which studies of its plant growth-promoting activities have been performed. One study of these bacteria, reported by Langenbach et al., evaluated the effects of silver (Ag), cadmium (Cd), zinc (Zn), and lead (Pb) on the growth and nitrogenase activity of Azospirillum spp. They found that at metal concentrations of 0.1 and 1 ppm, growth and nitrogenase activity, respectively, were suppressed. Nitrogen fixation by Azospirillum, as well as the production of growth regulators, are desirable characteristics in this genus. Pb (1 ppm) inhibited 25% of acetylene reduction activity (ARA), and growth was not inhibited by lead oxide or chloride. Zn (1 ppm) inhibited 50% of ARA, remaining constant with concentration increases.



In contrast, Ag and Cd inhibited 50% ARA at lower concentrations (0.4 ppm) than those needed to inhibit growth by 50% (2.4 and 6 ppm, respectively). Resistance was observed after 24 h of incubation with Cd [82]. Bacteria of the Azospirillum genus are nitrogen fixers and producers of growth-regulating substances, so they benefit the plants with which they interact.



Belimov and Dietz evaluated the effect of cadmium chloride (CdCl2 at 50 μM) in barley seedlings inoculated with A. lipoferum 137, Arthrobacter mysorens 7, Agrobacterium radiobacter 10, and Flavobacterium sp. The assays were performed in hydroponics using quartz sand as a substrate. In the plants that grew in the absence of Cd, bacteria increased the content of nutrients, such as phosphorus (P), magnesium (Mg), calcium (Ca), iron (Fe), manganese (Mn), and sodio (Na) in the roots and/or shoots. In plants treated with Cd, inoculation of the bacteria caused a positive effect on root length and biomass. The positive changes in the composition of elements caused by the bacteria were less marked in plants treated with Cd. The total amount of nutrients taken up by the inoculated plants significantly increased. The Cd content in the inoculated plants did not vary, except (for an increase) in the roots with the addition of A. lipoferum 137. Thus, the results showed that the bacteria were able to partially reduce the toxicity of Cd in the barley plants by improving the absorption of nutritional elements [83].



After that, Belimov et al. reported a study evaluating the rhizobacteria A. lipoferum 137, Arthrobacter mysorens 7, Agrobacterium radiobacter 10, and Flavobacterium sp., which showed resistance to heavy metals, Pb and Cd (except strain L30, which was found sensitive to Cd). In pot and field experiments, seed inoculation with bacteria improved barley plant growth and nutrient uptake from Pb- and Cd-contaminated soil. Inoculation also prevented Pb and Cd accumulation in barley plants, thus mitigating the toxic effect of these heavy metals on plants [84].



Akond and Khan isolated Azospirillum strains from rice root samples; three were identified as A. brasilense (N2, N18, and N21), and two as A. amazonense (N5 and N15), in which their growth, nitrogen fixation, and their effect on growth in rice plants supplemented with Cd, chromium (Cr), Pb, mercury (Hg), Ag, and Zn were analyzed. The results showed that the nitrogen-fixing potential in all the strains gradually decreased with the increase in heavy metal concentrations. Additionally, each strain had a gradual decrease in growth with the increase in the concentration of each heavy metal. The strains showed tolerance at a concentration of 0.1 and 0.2 ppm of Hg. The N18 strain showed tolerance at a concentration of 0.5 ppm of Ag; however, it was sensitive to Zn at 100 ppm (minimum concentration used). The strains N5, N15, and N21 were tolerant to Zn at a concentration of 500 ppm. Finally, this study found a difference in nitrogen fixation in the Azospirillum strains since fixation decreased with an increased concentration of the evaluated heavy metals [85].



Similarly, Kamnev et al. evaluated two A. brasilense strains Sp245 (endophyte) and Sp7 (no endophyte), against cobalt (Co), copper (Cu), and Zn at different concentrations (up to 0.2 mmol/L). They used Fourier transform infrared (FTIR) spectroscopy to control the compositional characteristics of whole cells. Their results showed that heavy metals induce a greater accumulation of the polyester compound, poly-3-hydroxybutyrate (PHB), in the Sp7 strain. Sp245 has a response less pronounced. However, both strains showed a lower production of indole-3-acetic acid (auxin). The authors suggested that this behavior responds to different environmental conditions from each strain [86].



On the other hand, Lyubum et al., evaluated the effect produced by inoculation of the bacteria A. brasilense Sp245 in wheat plants of the variety ‘Saratovskaya 29,’ using a medium contaminated with arsenic (As). The assays were performed in hydroponics, evaluating three concentrations, 75, 750, and 7500 μg/L−1. The evaluated parameters were root length, bud size, and total dry matter. The results showed that the As concentration did not affect the development of root length in the plants inoculated with the bacteria. Likewise, the plants inoculated with A. brasilense decreased root length; however, a greater formation of side roots was observed due to Indole acetic acid (IAA) production. This finding is an important characteristic of species of the genus Azospirillum that allows the plants to have better root development offering major access to nutrients in the soil [11]. The As concentrations that were evaluated in the medium influenced plant weight. The plants showed a minimum weight at an As concentration of 7500 μg/L−1. Regarding the effect caused by A. brasilense inoculation, no significant difference was observed in plant weight; however, As (III) absorption decreased in the plants inoculated with Azospirillum compared to those not inoculated, reducing the initial As (III) concentration used by 75% [87].



Vezza et al. evaluated the viability of A. brasilense Cd strain in As contaminated agricultural soils to evaluate its response to arsenate (As V) and arsenite (As III). The results showed that this bacterium tolerated As concentrations frequently found in soils. Additionally, their characteristics, such as colonization, growth promotion and N2 fixation, are not altered. Therefore, this strain could be an option in the bioremediation of soils [88].



On the other hand, Ogar et al. evaluated the development of alfalfa (M. sativa) and hawkweed (H. pilosela) using an unsterilized substrate containing Zn-Pb and a sterilized substrate to eliminate the microorganisms present. The treatments were established under greenhouse conditions. The first treatment included plants inoculated with arbuscular mycorrhizal fungi (AMF) and nitrogen-fixing bacteria. In the second treatment, nitrogen-fixing bacteria were inoculated in both types of substrates (sterilized and unsterilized). The results showed differences in plant growth according to the substrate used, with less growth in the sterilized substrate than in the unsterilized substrate. However, in the treatments using the sterile substrate inoculated with AMF and Azospirillum sp, significant differences were found in the parameters of biomass and growth of H. pilosela compared to the experiments where only diazotroph bacteria (Azospirillum and Nostock edaphicum) were inoculated [89].



Ganesh et al. evaluated the toxic effects of Cr on the growth and yield of rice plants. Toxicity was mitigated with microbial inoculants, especially Azospirillum. The field experiment was performed with the rice variety ASD 16 in Cr-contaminated soil inoculated with microorganisms, including Azospirillum. The highest rice morphological and yield parameters were recorded in the contaminated soil mixed with the Azospirillum application [90].



Rojas et al. evaluated the growth of two strains, A. brasilense and Glomus intraradices, using compost with heavy metals as As, Cd, Cr, Cu, nickel (Ni), and Pb. The results showed that heavy metals did not have a negative effect on the growth of both bacteria. A. brasilense was tolerant to As concentrations of 0.4375 mg kg−1, Pb (62.375 mg kg−1), and Cu (91.1875 mg kg−1). However, it was susceptible to Cd at 0.5 mg kg−1 [91].



On the other hand, Arora et al. evaluated the bioremediation potential of AMF and Azospirillum in Panicum virgatum (switchgrass) against Pd and Cd. The authors compared the growth parameters and bioremediation potential of AMF (Glomus mossei, G. fasciculatum, and Gigaspora margarita) and Azospirillum at different Pb and Cd concentrations. The results showed that the fungi and Azospirillum increased the root length, branches, surface area, and biomass of roots and buds. A significant difference in the bioaccumulation coefficient (BAC) was also seen. Greater absorption of heavy metals was found in the soil of plants inoculated with Azospirillum, followed by AMF and Azospirillum + AMF. Therefore, grass inoculated with AMF + Azospirillum can be an effective phytoremediator (phytoaccumulator/phytostabilizer), although heavy metals are concentrated mainly in the underground biomass [92].



A study reported by Balakrishnan et al. evaluated the concentrations of heavy metals (Cd, Cr, Cu, Ni, Pb, Fe, Mn, and Zn) in the soil and rhizosphere of Avicennia marina in mangroves from India and tested for resistant bacteria. Rhizosphere soil showed higher concentrations of metals (Cd, Fe, Mn, and Zn from 6.0 to 16.7% Cr, Cu, Ni, and Pb from 1.7 to 2.8%). The results showed that the site with the highest contamination of heavy metals presented the highest number of isolated bacteria, including strains of Pseudomonas, Azotobacter, Shewanella, and A. brasilense, which showed tolerance to Cr and Cu. The authors showed that bacteria resistant to heavy metals could be used to indicate heavy metal contamination and the bioremediation of contaminated sites [93].



Xu et al. evaluated the effect of the bacteria Bacillus subtilis and A. brasilense (Indole butyric acid producers) on Cd accumulation in native Arabidopsis thaliana plants compared to a mutant plant not sensitive to abscisic acid (ABA). Their results found that native plants inoculated with Azospirillum and Bacillus increased ABA levels, resulting in better development. In the case of the mutant plant inoculated with the bacteria, a smaller effect relative to Cd reduction was observed. The authors mention that the ABA produced and provided by the bacteria could help suppress Cd absorption in the roots of plants due to the inhibition of IRT1, an Fe and Cd transporter. This work emphasizes the importance of hormones produced by these bacteria and their role in strategies that reduce contaminants in crops, in this case, Cd [94].



On the other hand, Armendariz et al., evaluated the effect of Ar (As V o As III) at a concentration of 25 mM in soy plants (Glycine max cv. DM 4670) inoculated with the diazotrophic bacteria Bradyrhizobium japonicum E109 and A. brasilense Az39. Initially, they evaluated the viability of the two strains in vitro in the presence of Ar at a concentration of 25 μM of As V and As III. Afterward, they performed an in vivo assay with soy plants under controlled conditions at a concentration of 25 μM of As (As V and As III), evaluating the total nitrogen content with the Kjeldahl method. The results showed that in in vitro assays, the mortality of B. japonicum E109 and A. brasilense Az39 decreased 21% in As V and 13–27% in As III. The authors suggest that the phytohormone IAA produced by Azospirillum could be a cause, indicating a possible synergetic effect between the evaluated bacteria. This finding could be because reports mention that B. japonicum can use IAA as a carbon source. In the in vivo assays with As, it was found that the plants inoculated with both bacteria had greater growth, a greater number of nodules, and a reduction in the translocation of As to the aerial parts. The nitrogen content of uninoculated plants did not change, while plants with As inoculated with A. brasilense Az39 showed a greater nitrogen content, although it did not significantly differ. In plants inoculated with Bradyrhizobium japonicum E109, As caused a decrease in nodules, affecting nitrogen fixation since it was low (around 20–25%) compared to plants inoculated with A. brasilense Az39 [95].



Pan et al. evaluated the development of Brassica chinensis L. grown in Cd-contaminated soil inoculated with the abscisic acid (ABA)-generating bacteria, A. brasilense, and Bacillus subtilis. The results showed a biomass increase of 40%-79% and 43%-77% lower Cd concentrations than control plants that were not inoculated with bacteria. The inoculation of A. brasilense and Bacillus subtilis improved the levels of antioxidant-related compounds and nutritional quality [96].



Recently, Vázquez et al., performed an experiment to evaluate the effect of inoculating wheat plants containing Cd with A. brasilense Az39 under controlled conditions. The results showed that in bacteria inoculated plants, the effect of Cd on plant growth was mitigated. Despite having a more developed root system, inoculated plants had lower Cd levels than uninoculated plants. The authors mention that this could be due to the production of bacterial siderophores, which causes a lower availability of Cd and the formation of a siderophore-Cd complex [97].




7. Conclusions


The effects of xenobiotics on plants inhibit growth and decrease physiological and biochemical activities and plant function. The effects of the persistence and bioavailability of hydrocarbons and/or heavy metals depend on several factors, such as environmental conditions, pH, and the affected plant species. However, studies have reported the resistance mechanisms of microorganisms on the toxic effects of pollutants. These mechanisms can act in synergy with the plants, achieving effective phytoremediation. Microbial activity at the contaminated site acts as an indicator of plant growth and bioremediation. Aerobic or anaerobic bacteria used in bioremediation can use hydrocarbons as a carbon and energy source for growth and reproduction. In addition, enzymes such as dioxygenases, peroxidases, and catalases are produced through their metabolism. They oxidize hydrocarbons and transform or degrade them to less-toxic compounds. Azospirillum strains have been widely studied and are used as inoculants in various crops due to their plant growth-promoting properties. However, their beneficial effects depend on their viability and functionality in adverse environmental conditions, such as growth in environments contaminated by xenobiotics. Interestingly, different studies show that Azospirillum strains can degrade xenobiotics such as hydrocarbons and show tolerance to different heavy metals, highlighting the importance of continuing studies aimed at their use individually or through the formation of bacterial consortia.
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Figure 1. Common microbial community in the rhizosphere. 
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Figure 2. Chemical structures degraded by Azospirillum strains (A) phenol, (B) benzoate, (C) protocatechuate, (D) 4-hydroxybenzoate, (E) catechol, (F) perchlorate, (G) phenanthrene, (H) xylene, (I) toluene and (J) naphthalene. 
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Table 1. Azospirillum species reported from different sources and countries.
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	Name
	Country
	Source
	Reference





	Azospirillum largimobile (A. largimogile)
	Senegal
	Grass
	[37]



	Azospirillum orizae (A. orizae)
	Japan
	Rice
	[38]



	Azospirillum lipoferum (A. lipoferum)
	Brasil
	Wheat
	[39]



	Azospirillum irakense (A. irakense)
	Iraq
	Rice
	[40]



	Azospirillum formosense (A. formosense)
	Taiwan
	Rice
	[41]



	Azospirillum thiophilum (A.tiophilum)
	Russia
	Water
	[42]



	Azospirillum griseum (A. griseum)
	China
	Agua
	[43]



	Azospirillum oleicastium (A. oleicastium)
	China
	Oil
	[44]



	Azospirillum rugosum (A. rugosum)
	Taiwan
	Contaminated soil
	[45]



	Azospirillum picis (A. picis)
	Taiwan
	Tar
	[46]



	Azospirillum fermentarium (A. fermentarium)
	Taiwan
	Fermenter
	[47]



	Azospirillum humicireducens (A. humicireducens)
	China
	Microbial fuel cell
	[48]



	Azospirillum brasilense (A. brasilense)
	Brazil
	Grass
	[49]



	Azospirillum halopraeferens (A. halopraeferens)
	Pakistan
	Grass
	[50]



	Azospirillum doebereinerae (A. doebereinerae)
	Germany
	Grass
	[51]



	Azospirillum melinis (A. melinis)
	China
	Grass
	[52]



	Azospirillum canadense (A. canadense)
	Canada
	Corn
	[53]



	Azospirillum zeae (A. zeae)
	Canada
	Corn
	[54]



	Azospirillum palatum (A. palatum)
	China
	Soil
	[55]



	Azospirillum soli (A. soli)
	Taiwan
	Agricultural soil
	[56]



	Azospirillum agricola (A. agricola)
	Taiwan
	Agricultural soil
	[57]



	Azospirillum palustre (A. palustre)
	Russia
	Soil
	[58]



	Azospirillum ramasamyi (A. ramasamyi)
	Korea
	Fermented bovine products
	[59]



	Azospirillum baldaniorum (A. baldoniorum)
	Brazil
	Rhizosphere
	[60]



	Azospirillum thermophilum (A. thermophilum)
	China
	Hot spring
	[61]
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