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Due to wastewater irrigation, heavy metal (HM) exposure of agricultural soils is a major limiting factor for crop productivity. Plant growth–promoting bacteria (PGPB) may lower the risk of HM toxicity and increase crop yield. In this context, we evaluated two HM-resistant PGPB strains, i.e., Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 isolated from wastewater-irrigated agricultural soils, for their efficacy to mitigate HM (Cd, Ni, and Pb) stress in a pot experiment. Increasing concentrations (0, 50, 100, and 200 ppm) of each HM were used to challenge wheat plants. Heavy metal stress negatively affected wheat growth, biomass, and physiology. The plants under elevated HM concentration accumulated significantly higher amounts of heavy metals (HMs) in shoots and roots, resulting in increased oxidative stress, which was evident from increased malondialdehyde (MDA) content in roots and shoots. Moreover, alterations in antioxidants like superoxide dismutase (SOD), peroxidase (POD), ascorbate peroxidase (APX), and catalase (CAT) were observed in plants under HM stress. The severity of damage was more pronounced with rising HM concentration. However, inoculating wheat with Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 (107 CFU ml–1) improved plant shoot length (11–42%), root length (19–125%), fresh weight (41–143%), dry weight (65–179%), and chlorophyll a (14%-24%) and chlorophyll b content (2–24%) under HM stress. Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 either alone or in co-inoculation enhanced the antioxidant enzyme activity, which may lower oxidative stress in plants. However, seeds treated with the bacterial consortium showed an overall better outcome in altering oxidative stress and decreasing HM accumulation in wheat shoot and root tissues. Fourier transform infrared spectroscopy indicated the changes induced by HMs in functional groups on the biomass surface that display effective removal of HMs from aqueous medium using PGPB. Thus, the studied bacterial strains may have adequate fertilization and remediation potential for wheat cultivated in wastewater-irrigated soils. However, molecular investigation of mechanisms adopted by these bacteria to alleviate HM stress in wheat is required to be conducted.
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INTRODUCTION

The agricultural sector is one of the most significant contributors to the world economy and serves as the basic livelihood of people in many countries, including Pakistan (Mishra et al., 2014). The importance of agriculture in providing food to an ever-increasing population can never be denied (Baldos and Hertel, 2014). However, regions around the globe practicing agriculture are facing numerous challenges, including shortage of freshwater and biotic and abiotic stresses under normal conditions (Hussain et al., 2018). Pakistan is among many other countries facing severe freshwater shortage. Due to shortage of freshwater and lack of treatment facilities, wastewater is disposed of by irrigating agricultural fields. This wastewater irrigation around industrial cities compensates for the deficiency of freshwater and supplies various nutrients necessary for plant growth (Khan and Bano, 2016). However, irrigation of agricultural fields with wastewater may alter the microbiological and physicochemical properties of soil and accumulate various biological and chemical contaminants in the land.

Among various pollutants, heavy metals (HMs) have become an alarming environmental hazard for the last few decades (Shoeva and Khlestkina, 2018). HMs enter soil via anthropogenic and geogenic sources such as industrial waste, fertilizers, sewage disposal, electroplating, and atmospheric deposition (Patel et al., 2018). HMs such as cadmium (Cd), chromium (Cr), mercury (Hg), nickel (Ni), arsenic (As), and lead (Pb) are thought to be highly toxic due to their bioaccumulative behavior and non-biodegradability (Taamalli et al., 2014). Earlier studies have highlighted that levels of Ni (30 mg/kg), Cd (6.1 mg/kg), and Pb (63.6 mg/kg) in wastewater-irrigated agricultural soils in different cities of Punjab, Pakistan, were above permissible limits (Ajmal et al., 2021; Iqbal et al., 2022). These HMs pose various environmental threats. For instance, even in small amounts, Cd in soils causes toxic effects on crops, such as reducing leaf photosynthetic efficiency, cell membrane lipid peroxidation, and inhibiting antioxidant enzymes (Rizwan et al., 2017; Ahanger et al., 2020; Kaya et al., 2020). Similarly, Pb is easily adsorbed in the soil and disturbs nutrient and plant water balance (Ashraf et al., 2015). At higher concentrations, Ni can inhibit cell division in meristematic root tissues and decrease photosynthesis and respiration (Bhalerao et al., 2015). These HMs obtained from soil enters human food chains via utilization of various cereal, legume, and vegetable crops (Kloke et al., 1984; Rizwan et al., 2016).

Among cereals, wheat (Triticum aestivum L.) serves as a staple food for above fifty percent of the world population. Hence, its demand is increasing with every coming day (Curtis and Halford, 2014). Meeting these increasing demands is a big question for policymakers and researchers (Shiferaw et al., 2013). Wheat can accumulate HMs in different parts like leaves, shoot, roots, and grains more than other cereal crops (Harris and Taylor, 2013). The transfer of HMs from soil to aerial parts of plants is dependent upon xylem and phloem loading (Page and Feller, 2005). So, it is crucial to minimize the uptake and translocation of HMs to edible parts of plants, which is an ultimate hazard for wheat-consuming populations (Keller et al., 2015).

In this regard, plant growth–promoting bacteria (PGPB) ameliorate plant productivity by limiting the adverse effects of biotic and abiotic stresses like pathogens, drought, salinity, and metal stress (Khanna et al., 2019a,b; Ahmad et al., 2021; Fahsi et al., 2021). The beneficial bacterial strains produce various metabolites, enzymes, and hormones that help to increase nutrient solubilization and stress alleviation. These mechanisms include siderophores, indole acetic acid (IAA), abscisic acid (ABA), ACC deaminase, and ethylene production (Mesa-Marín et al., 2018). Moreover, HM-tolerant PGPB increase plant root development and improve growth by raising the photosynthetic efficiency due to higher chlorophyll content and revamped PSII functionality (Giannakoula et al., 2021). Thus, HM-tolerant PGPB are an inexpensive, target-specific, and eco-friendly approach to cope with various biotic and abiotic stresses.

The resistance mechanisms against HMs induced by PGPB include biotransformation (change in the valence state of HMs) and bioaccumulation (HM accumulation inside the bacterial cell) (Mesa et al., 2015; Mallick et al., 2018). Therefore, PGPB can be exploited as biostimulants to increase plant growth by minimizing metal uptake by roots and restricting its transfer to aerial parts of plants (Sharaff et al., 2020). Moreover, to enhance HM resistance in plants, HM-tolerant PGPB are known to lessen the deterioration posed by reactive oxygen species (ROS) released by plants under HM stress by elevating the activity of several ROS-scavenging enzymes such as superoxide dismutase (SOD), peroxidase (POD), ascorbate reductase (APX), and catalase (CAT) (Ahmad et al., 2010, 2019; El-Meihy et al., 2019; Kohli et al., 2019).

Although HM-resistant PGPB are already reported, there are some limitations of these strains when used directly as biofertilizers (Borriss, 2011). Firstly, the soil is contaminated with several toxic HMs and chemicals; secondly, not all HM-resistant bacteria are plant growth promoters; and thirdly, not all bacterial strains can be active in all types of environmental conditions such as pH, temperature, humidity, and other soil properties. Therefore, isolation of potent multi-metal-resistant bacteria with PGP traits is in demand to increase crop productivity under metal stress conditions.

In this context, information is scanty about the potential of Cd-, Ni-, and Pb-resistant PGP Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 to alleviate deleterious effects on wheat growing in Cd-, Ni-, and Pb-contaminated soils by modulating osmoregulation, photosynthetic machinery, and the antioxidant defense system. Therefore, this study aimed to reveal the potential of Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 isolated from agricultural soils irrigated with wastewater to mitigate multi-metal toxicity in wheat. Moreover, the impact of PGPB to induce HM resistance in wheat by alteration in defense metabolism was also observed. This research may offer new ways to enhance crop yield by reducing HM toxicity to plants by the application of bacteria as biofertilizers.



MATERIALS AND METHODS


Pot Experiment

A pot experiment was conducted in a greenhouse, located at COMSATS University Islamabad, Pakistan during November 2019 to March 2020. Seeds of wheat (PK-13) were obtained from the National Agricultural Research Center (NARC), Islamabad, Pakistan. Citrobacter werkmanii strain WWN1 (accession no.: MT941418) and Enterobacter cloacae strain JWM6 (accession no.: MT941425) were used to inoculate plants in this study. Both bacterial strains exhibited multi-HM (Cd, Ni, and Pb) resistance in vitro and were also able to remove these metals from the aqueous solution. Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 removed 79, 87, and 43% and 78, 86, and 51% of Cd, Ni, and Pb, respectively, from 10 mg/L aqueous HMs solution. PGPB traits, i.e., phosphate, potassium, and zinc solubilization and protease and siderophore production, displayed by these strains were reported in a previous study (Ajmal et al., 2021).

The soil used in the pots contained total N = 0.05%, P = 16.2 mg/kg, Na = 4.3 meq/L, CaMg = 7.9 mq/L, Fe = 4.44 mg/kg, Zn = 0.72 mg/kg, EC = 1.3 dms–1, pH = 7.79, ESP = 2.3, and organic matter = 0.82%. The soil was passed through a 2-mm sieve, dried, and thoroughly mixed with HMs cocktail containing Cd as CdCl2⋅2H2O, Ni as NiSO4⋅6H2O, and Pb in the form of Pb(NO3)2 to obtain final concentrations of 50, 100, and 200 ppm for each of these three HMs and control with no HM addition. Three replicates were used for each treatment. Five kilograms of soil spiked with different concentrations of HMs was put in the plastic pots (22 × 17 cm) and was left to settle for 3 months (Li et al., 2019).



Inoculum Preparation

A pure colony of each of Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 was transferred to LB broth and incubated at 30 ± 1°C overnight to obtain respective bacterial culture. The bacterial cells were then centrifuged for 5 min at 6,000 × g. The resulting bacterial pellets were resuspended in sterilized distilled water (SDW). The bacterial cultures were maintained at 107 CFU ml–1 by checking the optical density using a UV–visible spectrophotometer (Sudisha et al., 2006).



Seed Sterilization and Inoculation

To surface sterilize, wheat seeds were soaked in 5% NaClO solution for 2 min and then again for 2 min in 70% ethanol. After that, seeds were rinsed with SDW thoroughly. Seeds were imbibed (12 h at room temperature) with bacterial cells (107 ml–1) contained in 0.9% NaCl solution (Wang et al., 2016). Sterilized seeds were soaked in 0.9% NaCl solution and were sown in pots filled with HM-amended soil. Pots without added HMs and bacterial inoculation were treated as control. Pots were randomly kept in the greenhouse under natural conditions. The experiment was laid out as a completely randomized design (CRD) having three replicates for each treatment. Plants were uprooted after 120 days, and roots and shoots were parted for further analysis. A total of ten plants from each treatment were used for shoot and root length measurement and recording fresh and dry weights.

For various enzymatic analyses, the shoots and roots of sampled plants were separated and were stored at 4°C. For the estimation of bacterial colony-forming units (CFU), rhizospheric soil from each treatment was collected to check the viability of the applied bacterial inoculum. The CFU of rhizospheric soil was calculated by serial dilution and spread plate method (Humphris et al., 2005). Details of treatments used in the pot experiment are provided in Table 1.


TABLE 1. Details of the treatments used in the pot experiment.
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Estimation of Photosynthetic Pigment Content

Chlorophyll a and chlorophyll b contents of wheat were assessed by adding 10 ml of dimethyl sulfoxide (DMSO) to fresh leaves (0.5 g) in Eppendorf tubes. The tubes were incubated at room temperature for 72 h or alternatively at 65°C in a water bath for 4 h. After incubation, the absorbance of the supernatant was checked at 665-nm and 645-nm wavelengths. Chlorophyll a and chlorophyll b were estimated by the following formula (Shoaf and Lium, 1976):

Chl a mg/g = [12.7 (OD 663) – 2.69 (OD645)] × V/1000 × W

Chl b mg/g = [22.9 (OD645) – 4.68 (OD663)] × V/1000 × W

where

V, volume of extract.

W, weight of sample.



Measurement of Malondialdehyde Content

To determine the intensity of oxidative damage on the membrane due to HM toxicity, malondialdehyde formation in roots and shoots of wheat was detected as an indication of lipid peroxidation. Briefly, 10 ml (0.1%) of trichloroacetic acid (TCA) was used to homogenize 0.5 g fresh plant tissues, and centrifugation was done at 12,000 g. Four milliliters of TCA containing 5% thiobarbituric acid (TBA) was added to 1 ml of the supernatant. Heating of the mixture was carried out at 95°C for 25 min, and then immediate cooling was done on ice. Centrifugation of the reactant mixture was carried out at 12,000 g for 10 min, and the absorbance of the supernatant was recorded at 532 and 660 nm (Buege and Aust, 1978).



Measurement of Proline Content

Proline content was assessed using acidic ninhydrin (Troll and Lindsley, 1955) with slight modifications. Aqueous sulfosalicylic acid (5 ml) was used to homogenize half a gram of fresh leaves. The reaction mixture was boiled for 10 min and was then allowed to cool. Two milliliters of glacial acetic acid and 4 ml of acidic ninhydrin were added to the supernatant and were placed in a boiling water bath. The reaction mixture was then cooled to room temperature followed by addition of 4 ml of toluene. The mixture was vortexed and allowed to settle. After that, the supernatant was segregated and absorbance was recorded at 520 nm. The proline content was determined by comparing the recorded values of absorbance with a standard curve of known concentration of L-proline and was expressed as l μg/g FW of leaf tissue.



Determination of Antioxidative Enzyme Activities


Preparation of Enzyme Extracts

For the preparation of crude enzyme extract, 0.5 g fresh wheat shoots and roots were taken separately and rinsed with distilled water (DW). Homogenization of samples was carried out on ice in 5 ml sodium phosphate buffer (pH 7.8). After that, samples were centrifuged at 5000 g for 20 min at 4°C. The crude enzyme extract was denied light exposure by covering it with aluminum foil and was preserved at 4°C for various enzymatic assays (Azmat et al., 2020).



Superoxide Dismutase Activity

Photoreduction of nitroblue tetrazolium (NBT) was followed to check the SOD activity of the extract (Beauchamp and Fridovich, 1971). The reaction mixture included 50 mM phosphate buffer of pH 7.8, 13 mM L-methionine, 0.1 mM EDTA, 75 μM NBT, 8 μM riboflavin, and 100 μL of crude enzyme extract. Riboflavin was added lastly, and the reaction was initiated by exposing the mixture to 20-W fluorescent lamps. The reaction was then terminated by removing the mixture from the light source after 15 min. The photoreduction of NBT was noted at 560 nm using a spectrometer.



Catalase Activity

Catalase activity was measured by using the method of Kumar et al. (2010) with slight modifications. The absorbance of the reaction mixture with 100 μL of 300 mM H2O2, 2.8 ml of dilute 50 mM phosphate buffer (pH 7.0), and 100 μL of crude enzyme extract was measured at 240 nm.



Peroxidase Activity

4-Methylcatechol, which causes oxidation when mixed with H2O2, was used as a substrate to determine the POD activity of crude extract (Gorin and Heidema, 1976). The reaction mixture (3 ml) was put together by adding 100 mM sodium phosphate buffer (pH 7.0), 5 mM H2O2, 5 mM 4-methylcatechol, and 500 μl of crude extract, and the absorbance was recorded at 420 nm.



Ascorbate Peroxidase Activity

Ascorbate peroxidase activity was recorded by monitoring the rate of ascorbate oxidation at 290 nm (Yoshimura et al., 2000). The reaction mixture was composed of 25 mM phosphate buffer (pH 7), 1 mM H2O2, 0.5 mM ascorbic acid, and 100 μl of crude enzyme extract.




Determination of Heavy Metals in Plant Tissues

The total Cd, Ni, and Pb concentration in plant roots and shoots was assessed by the method described by Karstensen et al. (1998). HM accumulation in plant tissues was determined by the wet mineralization method (Lozano-Rodríguez et al., 1995). Briefly, plant tissues were washed with deionized distilled water (DDW) and dried at 80°C until a constant weight was achieved. After this, 0.25 g of each plant sample was finely ground. Three milliliters of nitric acid (65% v/v) and 2 ml of hydrogen peroxide (35% v/v) were added, and the mixture was autoclaved. After cooling, the solution volume was raised up to 50 ml using DW, and HMs were detected using atomic absorption spectroscopy.



Fourier Transform Infrared Spectroscopy Analysis of Heavy Metals Compounded to Bacterial Cells

Bacterial strains were inoculated in nutrient media spiked with 200 ppm of Pb, Ni, and Cd for 48 h and no HM-supplemented medium was treated as control. The samples were centrifuged at 4000 g for 15 min at 4°C. The resulting bacterial pellets were rinsed three times with sterilized deionized water, lyophilized, and ground in a freeze dryer. The dried bacterial biomass was used for Fourier transform infrared spectroscopy (FTIR) (Rodríguez-Sánchez et al., 2017).



Statistical Analysis

One-way (ANOVA) suited for CRD was applied to statistically analyze the samples. The mean values of the replicates were compared, and the correlation coefficient was calculated using Statistix 8.1. The significance of the difference among the treatments was measured using the least significant difference (LSD) at significance level P < 0.05 (Steel and Torrie, 1960). A correlation matrix heatmap was created using Origin 2020b. Principal coordinate analysis was carried out using PRIMER (Plymouth Routines in Multivariate Ecological Research), version 6.1.12, Primer-E Ltd, Plymouth, United Kingdom (Clarke and Warwick, 2001).




RESULTS


Germination Percentage

All the samples without HM (Cd, Ni, and Pb) stress whether uninoculated or inoculated with bacteria showed no significant effect on germination percentage. Similarly, no significant difference was recorded in germination percentage in the presence of 50 ppm, 100 ppm, or 200 pm of HM stress when plants were inoculated with bacteria compared to non-inoculated plants.



Colony-Forming Units of Rhizospheric Soil (CFU g–1)

The bacterial population of wheat rhizospheric soil was significantly reduced under HM stress. At 0 and 50 ppm of HMs, the CFU g–1 of rhizospheric soil was recorded as 5.4 × 106 and 4.13 × 106, respectively, after plants had been inoculated with the bacterial consortium. Under 100 ppm of HMs, Citrobacter werkmanii strain WWN1 showed the highest CFU g–1 of rhizospheric soil (3.9 × 106). In case of 200 ppm HM concentration, the bacterial consortium had the highest CFU g–1 of rhizospheric soil, i.e., 3.4 × 106 (Figure 1).
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FIGURE 1. Bacterial colonization [CFU per gram rhizospheric soil (×106)] in the rhizosphere of wheat under control and heavy metal (Cd, Ni, Pb) stress conditions. All the values are the mean of three replicates. Bars represent the standard error of means. Different letters above the bars indicate statistically significant difference between treatments at P ≤ 0.05. A, Citrobacter werkmanii strain WWN1; B, Enterobacter cloacae strain JWM6; A + B, Citrobacter + Enterobacter consortium; 50 ppm, 50 ppm of Cd, Ni, and Pb; 100 ppm, 100 ppm of Cd, Ni, and Pb; 200 ppm, 200 ppm of Cd, Ni, and Pb.




Effect of Heavy Metal Concentration and the Bacterial Inoculation on Wheat Growth

Heavy metal stress had an adverse effect on the overall growth of plants. With rising HM concentration in soil, the shoot and root length decreased gradually. Under no HM stress, the shoot length ranged from 48 to 69 cm. The maximum increase in shoot length (41%) was exhibited by plants inoculated with Citrobacter werkmanii strain WWN1 compared to the control. At 50 ppm HM concentration, the range of shoot length was 45–59 cm. Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 alone showed an increase of 33 and 34%, respectively, compared to uninoculated plants. When bacteria were applied in the consortium, an increase of 32% was observed for shoot length. Under 100 ppm, the shoot length ranged from 50 to 66 cm. A maximum increase of 40% (66 cm) was displayed by plants inoculated with the bacterial consortium. In case of 200 ppm, the shoot length of wheat ranged from 42 to 60 cm. A maximum increase of 42% was again observed under combined application of Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 compared to uninoculated plants.

A similar trend was noticed in roots of plants under HM stress. At 0 ppm of HMs, the root length ranged from 19.3 to 25.1 cm. A maximum increase of 30% (25.1 cm) was observed in plants inoculated with Enterobacter cloacae strain JWM6. At 50 and 100 ppm, root lengths ranged from 12.8 to 29 cm and 14.4 to 31 cm, respectively. Under both of these concentrations, the bacterial consortium showed the maximum increase in root length where an increase of 125% (29 cm) and 114% (31 cm) was observed in plants inoculated with consortium as compared to uninoculated plants. Under 200 ppm of HM stress, wheat root length was measured from 12.2 to 18.5 cm. Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 inoculated plants showed an increase of 39 and 44% in plant root length, respectively, while an increase of 51% (18.5) was observed when plants were inoculated with the bacterial consortium. Overall, under all HM concentrations, the bacterial consortium showed better improvement in shoot and root length (Figures 2A,B).
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FIGURE 2. (A) Effect of heavy metal–resistant plant growth–promoting bacteria on the length of shoots and roots of wheat (Triticum aestivum) under control and heavy metal (Cd, Ni, Pb) stress conditions. Values are mean of three replicates. Bars represent the standard error of means. Different letters above the bars indicate statistically significant difference between treatments at P ≤ 0.05. Details of treatments are the same as those in Figure 1. (B) Effect of heavy metal (a) 0 ppm, (b) 50 ppm, (c) 100 ppm, and (d) 200 ppm resistant plant growth–promoting bacteria on the growth of wheat (Triticum aestivum) under control and heavy metal (Cd, Ni, Pb) stress conditions. Details of treatments are the same as those in Figure 1.




Effect of Heavy Metal Concentration and the Bacterial Inoculation on Wheat Biomass

The wet and dry weights of plant shoots and roots diminished with rising HM concentration. However, bacterial treatment significantly improved shoot and root biomass under HM stress. At 0 ppm of HMs, the shoot fresh weight ranged from 2.2 to 3.05 g and the dry weight ranged from 0.62 to 0.8 g. A maximum rise of 38 and 29% in shoot fresh and dry weights was detected under the bacterial consortium. At 50 ppm, the fresh weight was recorded from 1.6 to 3.3 g and the dry weight ranged from 0.51 to 0.98 g. The maximum increase in shoot biomass was observed in plants after Citrobacter werkmanii strain WWN1 inoculation where an increase of 108% in shoot fresh weight and 90% in shoot dry weight was detected as compared to the uninoculated plants. In case of 100 ppm of HMs, the fresh weight recorded was from 1.6 to 3.38 g and the dry weight ranged from 0.46 to 0.93 g. The greatest increase of 112% in fresh weight and 100% in dry weight was observed in plants inoculated with the bacterial consortium. At 200 ppm HM stress, the fresh shoot weight ranged from 1.12 to 2.7 g and the dry weight ranged from 0.32 to 0.89 g. Enterobacter cloacae strain JWM6 inoculated plants showed the highest increase in fresh shoot weight (143%) and dry weight (117%) as compared to uninoculated plants (Figure 3A).
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FIGURE 3. (A) Effect of heavy metal–resistant plant growth–promoting bacteria on the fresh and dry weights of the shoots of wheat (Triticum aestivum) under control and heavy metal (Cd, Ni, Pb) stress conditions. Values are the mean of three replicates. Bars represent the standard error of means. Different letters above the bars indicate statistically significant difference between treatments at P ≤ 0.05. Details of treatments are the same as those in Figure 1. (B) Effect of heavy metal–resistant plant growth–promoting bacteria on the fresh and dry weights of the roots of wheat (Triticum aestivum) under control and heavy metal (Cd, Ni, Pb) stress conditions. Values are the mean of three replicates. Bars represent the standard error of means. Different letters above the bars indicate statistically significant difference between treatments at P ≤ 0.05. Details of treatments are the same as those in Figure 1.


Heavy metals also had a negative impact on root biomass. However, inoculating plants with bacteria significantly enhanced root fresh and dry weights. Under 0 ppm of HMs, the root fresh weight ranged from 0.3 to 0.38 g and the dry weight was recorded in the range of 0.11 to 0.15 g. Enterobacter cloacae strain JWM6 and the bacterial consortium increased the root fresh weight by 24% and the root dry weight by 24 and 28%, respectively, when compared with the control. In case of 50 ppm of HMs, the fresh root weight ranged from 0.27 to 0.41 g and the dry weight was in the range of 0.07 to 0.16 g. A maximum rise of 51% in fresh weight and 125% in dry weight was observed when plants were applied with the bacterial consortium. At 100 ppm, root fresh and dry weights ranged from 0.2 to 0.37 g and 0.06 to 0.14 g, respectively. An increase of 84 and 110% in root fresh and dry weight was observed in plants inoculated with Enterobacter cloacae strain JWM6 compared to untreated plants. In case of 200 ppm, the fresh weight recorded was within 0.12–0.2 g and the dry weight was observed in the range of 0.04–0.06 g. An increase of 61% in both fresh and dry weights was observed in plants treated with Citrobacter werkmanii strain WWN1 (Figure 3B).



Effect of Heavy Metals and the Bacteria on Photosynthetic Pigments

The leaf chlorophyll content declined with an increase in HM concentration. However, bacterial inoculation significantly amplified the chlorophyll content under HM stress. Under 0 ppm of HMs, the chlorophyll a content ranged from 3.7 to 4.1 mg/g FW. Both Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 increased the chlorophyll a content by 17 and 15%, respectively, while an increase of 21% (4.1 mg/g FW) was observed in case of plants under the inoculation of the bacterial consortium. Similarly, under HM stress, plants treated with PGPB showed a significant increase in chlorophyll a content as compared to uninoculated plants. At 50 ppm HM concentration, the chlorophyll a content ranged from 3.1 to 3.9 mg/g FW. Here Citrobacter werkmanii strain WWN1 increased chlorophyll a by 22%, Enterobacter cloacae strain JWM6 increased the chlorophyll a content by 24% (3.9 mg/g FW), and the bacterial consortium increased the chlorophyll a content by 23% in comparison to uninoculated plants. Under 100 and 200 ppm, the chlorophyll a content ranged from 2.98 to 3.68 mg/g FW and 2.76 to 3.36 mg/g FW, respectively, and a maximum increase of 23% (3.68 mg/g FW) and 21% (3.36 mg/g FW) was noticed in plants treated with the bacterial consortium when compared with uninoculated plants (Figure 4).
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FIGURE 4. Effect of heavy metal–resistant plant growth–promoting bacteria on chlorophyll a and chlorophyll b of wheat (Triticum aestivum) under control and heavy metal (Cd, Ni, Pb) stress conditions. Values are the mean of three replicates. Bars represent the standard error of means. Different letters above the bars indicate statistically significant difference between treatments at P ≤ 0.05. Details of treatments are the same as those in Figure 1.


Similarly, the chlorophyll b content ranged from 2.21 to 2.27 mg/g FW without HM stress and Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 increased the chlorophyll b content by 2.1 and 2.3% respectively and their consortium increased the chlorophyll b content by 1.9% (2.26 mg/g FW) under 0 ppm of HMs. Under HM stress, plants inoculated with PGPB showed a significant rise in chlorophyll b content. For example, under 50 ppm HM stress, the chlorophyll b content ranged from 2.05 to 2.28 mg/g FW. Here Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 alone increased the chlorophyll b content by 9.8 and 10%, respectively, and an increase of 11% (2.28 mg/g FW) was observed in plants treated with the bacterial consortium in comparison to untreated plants. In case of 100 ppm, Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 increased the chlorophyll b content by 18 and 17%, respectively, and by 17% (2.25 mg/g FW) when these strains were applied in consortium. Under 200 ppm, the chlorophyll b content ranged from 1.81 to 2.25 mg/g FW and an increase of 22 and 23% was observed in plants inoculated with Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6, respectively. When applied in consortium, these two strains augmented the chlorophyll b content by 24% (2.25 mg/g FW) compared to uninoculated plants (Figure 4).



Effect of Heavy Metal Stress and the Bacterial Inoculation on Malondialdehyde Content

The MDA content of both shoots and roots of plants increased with an increase in the HM concentration. However, bacterial inoculation lowered the MDA content significantly. In pots added with 0 and 50 ppm HMs, root MDA ranged from 2.1 to 3.9 nmol g–1 FW and 7.7 to 2.4 nmol g–1 FW, respectively. A maximum decline of 44% (2.1 nmol g–1 FW) and 68% (2.4 nmol g–1 FW) was observed in plant roots treated with Enterobacter cloacae strain JWM6 under 0 and 50 ppm of HMs, respectively, compared to uninoculated plants. In case of 100 ppm, root MDA ranged from 9.4 to 3.5 nmol g–1 FW and a decline of 61 and 51% was observed in plants inoculated with Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6, respectively, while both of these strains together reduced root MDA by 62% (3.5 nmol g–1 FW) in comparison to uninoculated plants. At 200 ppm, the shoot MDA content measured was between 14.63 and 6.6 nmol g–1 FW. A maximum decrease of 54% was noticed in plants applied with the bacterial consortium as compared to uninoculated plants.

A similar trend was observed in wheat shoots, where the MDA content increased with rising HM concentrations. However, bacterial inoculation significantly dropped the MDA content as compared to the uninoculated plants. In shoots under 0 ppm of HMs, the MDA content ranged from 1.89 to 2.66 nmol g–1 FW. Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 decreased the MDA content by 12 and 6%, respectively, while a decline of 29% (1.89 nmol g–1 FW) was recorded in plants inoculated with the bacterial consortium. Under 50 ppm of HMs in soil, the MDA content ranged from 2.1 to 9.42 nmol g–1 FW. Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 inoculated plants showed a reduction of 76% (2.1 nmol g–1 FW) and 66% in MDA level, respectively, when compared with uninoculated plants. In case of 100 ppm HM stress, MDA ranged from 5.29 to 15.14 nmol g–1 FW, whereas Citrobacter werkmanii strain WWN1 decreased shoot MDA content by 56% and Enterobacter cloacae strain JWM6 lowered MDA content by 63%. When these bacteria were applied in the form of consortium, an overall decrease of 65% (5.29 nmol g–1 FW) was observed compared to uninoculated plants. Under 200 ppm of HM stress, shoot MDA ranged from 17.7 to 7.01 nmol g–1 FW. Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 alone decreased the shoot MDA content by 51 and 49%, respectively, while when applied in consortium, a decline of 60% (7.01 nmol g–1 FW) was observed compared to uninoculated plants. Overall, the bacterial consortium proved to be better in reducing the MDA content under higher HM stress than single bacterial treatment (Figure 5A).
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FIGURE 5. Effect of heavy metal–resistant plant growth–promoting bacteria on (A) MDA and (B) proline activity of wheat (Triticum aestivum L.) in plants under control and heavy metal (Cd, Ni, Pb) stress conditions. Values are the mean of three replicates. Bars represent the standard error of means. Different letters above the bars indicate statistically significant difference between treatments at P ≤ 0.05. Details of treatments are the same as those in Figure 1.




Effect of Heavy Metal Stress and the Bacteria on Proline Content

Like MDA, the proline content also escalated with rising HM stress. However, inoculation of PGPB significantly lowered the leaf proline content. Without HM stress, the proline content measured was in the range of 21–30 μg/g FW. A maximum reduction of 30% (21 μg/g FW) in proline content was measured in plants inoculated with the bacterial consortium. Under 50 ppm and 200 ppm, proline ranged from 40 to 97 μg/g FW and 61 to 192 μg/g FW respectively. The bacterial consortium showed a maximum decline of 58% at 50 ppm and 68% at 200 ppm as compared to non-inoculated plants. However, in the case of 100 ppm, the proline level ranged from 49 to 124 μg/g FW. Here Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 lowered the leaf proline content by 50 and 59%, respectively. When applied in a consortium, bacteria reduced the leaf proline content by 61% (49 μg/g FW) compared to uninoculated plants. Thus, under all three concentrations of HMs, the bacterial consortium dropped the proline content more than individual bacterial strains (Figure 5B).



Effect of Heavy Metal Exposure and the Bacterial Inoculation on Antioxidative Enzyme Activity of Wheat


Superoxide Dismutase Activity

The SOD activity in wheat shoots and roots declined with rising HM concentrations. However, bacterial treatment significantly boosted the shoot as well as root SOD content.

For shoots, at 0 ppm of HMs, the SOD enzyme level ranged from 14.5 to 20.7 EU mg–1 protein. An increase of 43% (20.7 EU mg–1 protein) and 23% was observed in plants treated with Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6, respectively, while bacterial consortia enhanced shoot SOD by 30% when compared with the control. In case of 50 ppm HM stress, the SOD content ranged from 13 to 29 EU mg–1 protein. A maximum rise of 111% (27.5 EU mg–1 protein) was displayed by plants applied with Enterobacter cloacae strain JWM6. Under 100 ppm HM concentration, the level of SOD was recorded in the range from 6 to 26 EU mg–1 protein. Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 increased SOD by 293 and 322%, respectively, while plants treated with the bacterial consortium showed an increase of 332% (26 EU mg–1 protein) when compared to untreated plants. At 200 ppm, the shoot SOD content was in the range of 5.6–16 EU mg–1 protein. Both Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 alone boosted SOD activity in shoot by 182 and 181%, respectively, and the consortium of these two strains elevated the shoot SOD content by 103% (11.5 EU mg–1 protein).

Similarly, in roots, in the absence of HM stress, the SOD content ranged from 16 to 22.4 EU mg–1 protein. An increase of 28% was recorded in plants inoculated with Citrobacter werkmanii strain WWN1, and a rise of 33% (22.3 EU mg–1 protein) was seen in plants treated with Enterobacter cloacae strain JWM6, while the bacterial consortium increased root SOD by 18% in comparison to untreated plants. At 50 ppm of HMs, the SOD content ranged from 21.7 to 47 EU mg–1 protein. A maximum increase of 117% (47 EU mg–1 protein) was observed in plant roots inoculated with Enterobacter cloacae strain JWM6. In case of 100 ppm, root SOD was in the range of 12.8–34.8 EU mg–1 protein. Plants treated with the bacterial consortium showed the highest increase of 170% (34.8 EU mg–1 protein) in root SOD when compared with non-treated plants. Under 200 ppm of HMs, root SOD ranged from 9.2 to 16.2 EU mg–1 protein. Plants applied with Citrobacter werkmanii strain WWN1 showed an increase of 75% (16.2 EU mg–1 protein), while Enterobacter cloacae strain JWM6 raised SOD by 51%, and their consortium enhanced SOD activity by 42%. Overall, the SOD content in plant roots was greater than that in shoots (Figure 6A).
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FIGURE 6. Effect of heavy metal–resistant plant growth–promoting bacteria on (A) SOD, (B) POD, (C) CAT, and (D) APX activity of wheat (Triticum aestivum L.) in plants under control and heavy metal (Cd, Ni, Pb) stress conditions. Values are the mean of three replicates. Bars represent the standard error of means. Different letters above bars the indicate statistically significant difference between treatments at P ≤ 0.05. Details of treatments are the same as those in Figure 1.




Peroxidase Activity

The peroxidase activity in the shoots and roots of wheat plants was amplified with an increase in HM concentration, and treatment with PGPB further enhanced POD in the shoots and roots of wheat in both the absence and presence of HMs. In case of no HMs, shoot POD ranged from 19.8 to 24.5 EU mg–1 protein. Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 were able to increase shoot POD activity by 23 and 24%, respectively, while the bacterial consortium showed an increase of 22% compared to non-treated plants. In the case of 50 and 100 ppm, POD occured between 12 and 24.6 EU mg–1 protein and 9.8 and 21.8 EU mg–1 protein, respectively, and at 200 ppm, POD activity ranged from 8.5 to 13.3 EU mg–1 protein. Among all these three treatments, Citrobacter werkmanii strain WWN1 showed the maximum rise in shoot POD activity with 100% increase at 50 ppm, 154% increase at 100 ppm, and 56% rise at 200 ppm as compared to uninoculated plants.

In case of roots, a similar trend was observed where root POD increased with an increase in HM concentration and bacterial inoculation further enhanced root POD in the absence and presence of HMs. Under 0 ppm of HMs, root POD ranged from 4.6 to 9 EU mg–1 protein. Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 inoculated plants showed an increase of 96% (9 EU mg–1 protein) and 90%, respectively, and the bacterial consortium enhanced root POD by 92% as compared to the control. In case of 50 ppm, root POD ranged from 8.6 to 13.35 EU mg–1 protein. An increase of 54 and 19% was observed in plants inoculated with Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6, respectively, while the bacterial consortium increased POD activity by 53% (13.32 EU mg–1 protein) as compared to their respective controls. At 100 ppm, the root POD content ranged from 6.1 to 10.3 EU mg–1 protein. A maximum increase of 71% (10.3 EU mg–1 protein) was observed in plants inoculated with Citrobacter werkmanii strain WWN1, while at 200 ppm of HMs, POD ranged from 5 to 9.2 EU mg–1 protein. PGPB-inoculated plants showed an increase in POD activity, i.e., 82% (9.2 EU mg–1 protein) increase by Citrobacter werkmanii strain WWN1, 78% by Enterobacter cloacae strain JWM6, and 80% increase in POD by the bacterial consortium compared to the respective control (Figure 6B).



Catalase Activity

The catalase activity in wheat shoots and roots was significantly higher under HM stress than no HM stress, and the bacterial inoculation further increased the CAT activity under HM stress. At 0 ppm of HMs, shoot CAT activity ranged from 3.2 to 4.8 EU mg–1 protein. An increase of 45 and 47% (4.8 EU mg–1 protein) was observed in plants inoculated with Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6, respectively, and their consortium increased CAT activity by 46% as compared to the control. In case of 50 ppm, shoot CAT activity was recorded as 5.4–7 EU mg–1 protein. Plants inoculated with Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 showed an increase of 26% and 25%, respectively, and the bacterial consortium increased CAT activity by 28% (7 EU mg–1 protein) compared to the respective control. Under 100 ppm HM stress, CAT activity ranged from 5 to 6.7 EU mg–1 protein. Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 increased CAT activity by 30% and 26%, respectively, while when applied in consortium, an increase of 33% (6.7 EU mg–1 protein) was observed compared to uninoculated plants. At 200 ppm of HMs, the catalase activity was recorded in the range of 4–5.8 EU mg–1 protein. The maximum CAT activity was observed in plant shoots inoculated with the bacterial consortium, where an increase of 42% (5.8 EU mg–1 protein) was observed as compared to uninoculated plants.

Similarly, root CAT activity was also enhanced under HM stress. Without HM stress, root CAT activity was measured as 1.7–2.3 EU mg–1 protein. Plants inoculated with Enterobacter cloacae strain JWM6 showed a maximum increase of 31% (2.25 EU mg–1 protein) as compared to uninoculated plants. In case of 50 and 100 ppm HMs, root CAT activity ranged from 1.5 to 2.6 EU mg–1 protein and 1.02–2.7 EU mg–1 protein, respectively. The bacterial consortium showed the maximum increase in root CAT activity at both 50 and 100 ppm as compared to their respective controls. Under 200 ppm of HMs, the root CAT was observed between 0.76 and 1.93 EU mg–1 protein. The bacterial inoculation increased the root CAT activity, i.e., Citrobacter werkmanii strain WWN1 by 109%, Enterobacter cloacae strain JWM6 by 142%, and the bacterial consortium by 151% as compared to uninoculated plants (Figure 6C).



Ascorbate Peroxidase Activity

The APX content in plants significantly increased with the application of PGPB as compared to uninoculated plants. In wheat shoots, in the absence of HM stress, the APX content ranged from 0.56 to 2.11 EU mg–1 protein. A maximum increase of 277% (2.11 EU mg–1 protein) in shoot APX activity was observed in plants inoculated with Citrobacter werkmanii strain WWN1 as compared to the control. At 50 ppm HM stress, shoot APX activity ranged from 1.6 to 3.2 EU mg–1 protein. The bacterial consortium showed a maximum increase of 103% in shoot APX as compared to uninoculated plants. In case of 100 ppm HM stress, APX activity ranged from 1.16 to 2.95 EU mg–1 protein and Citrobacter werkmanii strain WWN1, Enterobacter cloacae strain JWM6, and their consortium increased shoot APX by 150, 153, and 152%, respectively, as compared to the respective control. At 200 ppm of HMs, the APX content ranged from 0.79 to 2.37 EU mg–1 protein. Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 showed an increase of 199% (2.37 EU mg–1 protein) and 180%, respectively, and the bacterial consortium increased the shoot APX by 188%.

Like shoots, the bacterial inoculation significantly improved root APX activity both without and with HM stress. In plants without HM stress, root APX ranged from 0.94 to 1.85 EU mg–1 protein. The highest increase of 95% (1.8 EU mg–1 protein) was observed in plants inoculated with Citrobacter werkmanii strain WWN1. At 50 and 100 ppm of HMs, the APX content ranged from 0.47 to 1.53 EU mg–1 protein and 0.49 to 1 EU mg–1 protein, respectively. A maximum rise of 223 and 100% was observed at 50 and 100 ppm, respectively, in plant roots inoculated with the bacterial consortium. Under 200 ppm HM stress, APX was in the range of 0.32–0.80 EU mg–1 protein. Enterobacter cloacae strain JWM6 and Citrobacter werkmanii strain WWN1 increased root APX by 149% (0.8 EU mg–1 protein) and 135%, respectively, while the bacterial consortium–inoculated plants showed an increase of 98% as compared to uninoculated plants (Figure 6D).




Heavy Metal Accumulation in Shoots and Roots of Wheat

Inoculation with PGPB significantly reduced the HM uptake in both the shoots and roots of wheat under all HM concentrations. Under 50 ppm of added Cd, Ni, and Pb, HM accumulation in plant shoot ranged from 8.13 to 13.20 ppm for Cd, 7.6 to 15.4 ppm for Pb, and 8.2 to 14.5 ppm for Ni. The lowest HM uptake was recorded when plants were inoculated with the bacterial consortium compared to sole application of the studied bacteria. The consortium reduced the uptake of Cd by 38%, Pb by 50%, and Ni by 49% in comparison to uninoculated plants. At 100 ppm, the HM content in shoots ranged from 10.1 to 18.4 ppm (Cd), 13.8 to 22 ppm (Pb), and 12.7 to 21 ppm (Ni). The maximum decline in shoot HM uptake was observed in plants inoculated with the bacterial consortium where a decrease of 42% for Cd, 37% for Pb, and 36% for Ni was observed in plants inoculated with the bacterial consortium when compared with uninoculated plants. Under 200 ppm, Cd in the range of 16.8–26.3 ppm, Pb in the range of 16.5–27.5 ppm, and Ni in the range of 15.5–26.5 ppm were recorded in plant shoots. The maximum uptake reduction for Cd (36%), Pb (40%), and Ni (37%) was detected in plants inoculated with the bacterial consortium as compared to uninoculated plants.

Similar results were obtained for plant roots where HM accumulation increased with rising HM concentration. In roots, under 50 ppm HM concentration, HM uptake ranged from 11.6 to 22.7 ppm for Cd, from 11.5 to 16.9 ppm for Pb, and from 9.9 to 19.4 ppm for Ni. The bacterial consortium maximally reduced HM uptake, i.e., Cd by 48%, Pb by 32%, and Ni by 49%, as compared to uninoculated plants. Under 100 ppm, HMs in roots ranged from 26.8 to 35.4 ppm for Cd, 12.8 to 24.5 ppm for Pb, and 18.3 to 25.1 ppm for Ni. The maximum decrease in roots HM uptake was again observed in plants inoculated with the bacterial consortium where a decrease of 24% for Cd, 47% for Pb, and 29% for Ni was recorded compared to uninoculated plants. Under 200 ppm, the root HM concentration ranged from 29.1 to 41.2 ppm (Cd), 19.7 to 34.5 ppm (Pb), and 19.3 to 30.8 ppm (Ni). The maximum decrease for Cd (29%), Pb (42%), and Ni (29.2%) was observed in plant roots inoculated with the consortium as compared to uninoculated plants (Figure 7).
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FIGURE 7. Heavy metal (A) cadmium, (B) lead, and (C) nickel uptake by shoots and roots of wheat (Triticum aestivum L.) grown under different concentrations of multi-HMs. Values are the mean of three replicates. Bars represent the standard error of means. Different letters above the bars indicate statistically significant difference between treatments at P ≤ 0.05. Details of treatments are the same as those in Figure 1.




Fourier Transform Infrared Spectroscopy Analysis of Bacterial Biomass

Fourier transform infrared spectroscopy spectra of bacterial biomass grown in the presence as well as absence of HMs were obtained in the range of 500–4000 cm–1. The FTIR spectrum of HM-loaded biomass displayed shifts in absorption peaks indicating interaction between HMs and bacterial biomass. The broad bands around 3430 cm–1 in control samples corresponded to alcohol/phenol O-H stretch and amine stretch. After treatment with HMs, these peaks shifted to 3423 cm–1 in the case of Citrobacter werkmanii strain WWN1 and to 3421 cm–1 in the case of Enterobacter cloacae strain JWM6 treated samples. These band peaks existed at a higher frequency in HM-loaded samples, indicating an increase in bond strength. The peaks at 2920 cm–1 and 2926 cm–1 in control samples corresponded to lipid–protein stretching. In HM-loaded samples, these peaks slightly shifted toward 2918 cm–1 and 2922 cm–1, respectively, indicating the interaction of lipid–protein with HMs. The 1650 cm–1 and 1649 cm–1 peaks in unloaded samples represented C-N stretching. These peaks shifted to 1638 cm–1 and 1645 cm–1 in HM-loaded samples, indicating interaction of these functional groups with HMs. Similarly, in control samples, peaks at 1068 cm–1 and 1070 cm–1 indicated protein amide (C = O) stretching, which shifted to 1064 cm–1 and 1075 cm–1 in HM-loaded samples (Figure 8).
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FIGURE 8. Infrared spectra of Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 biomass in the presence of heavy metals (HMs) (Ni, Cd, Ni).




Pearson’s Correlation Coefficient (r) and Principal Component Analysis

Heatmap responses of Pearson’s correlation coefficient (r) and PCA for the antioxidant enzymes, chlorophyll contents, stress determinants, and HM (Ni, Cd, and Pb) uptake by wheat shoots and roots under various HM concentrations are given in Figures 9, 10.
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FIGURE 9. Pearson’s correlation coefficient (r) of growth attributes and antioxidant enzymes of wheat root (A) and shoot (B) with and without the inoculation of heavy metal–resistant plant growth–promoting bacteria under Cd, Ni, and Pb stress. RL (root length), RFW (root fresh weight), and RDW (shoot dry weight). SL, shoot length; SFW, shoot fresh weight; SDW, shoot dry weight; Chl a, chlorophyll a; Chl b, chlorophyll b. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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FIGURE 10. Principal coordinate analysis (PCA) of the effect of bacterial inoculation on RL, root length; RFW, root fresh weight; and RDW, root dry weight and antioxidants in wheat roots. Details of treatments are the same as those in Figure 1.





DISCUSSION

In the present study, we presented the beneficial role of seed inoculation with Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 in wheat development and growth under HM stress. Siderophore production by soil bacteria such as Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 (Ajmal et al., 2021) is a prerequisite for better nutrition and overall state of plants. Moreover, previous study revealed that both the isolates were positive for potassium, phosphate, and zinc solubilization assays in vitro (Ajmal et al., 2021). Resultantly, these strains might have had a positive effect on plant nutrition (Anand et al., 2016) because K, P, and Zn are very important nutrients in all metabolic processes of plants, including respiration, energy conversion, and photosynthesis. In the present study, bacterial inoculation either individually and in consortium significantly increased the growth and biomass of wheat possibly due to the production of siderophores and organic acids leading to nutrient availability to plants (Naveed et al., 2014; Shan et al., 2020; Han et al., 2021).

Contamination with HMs such as Cd, Ni, and Pb of soils results in iron deficiency in many plant species. It causes inhibition of both chloroplast and chlorophyll development, leading to leaves chlorosis (Rizwan et al., 2016). Moreover, HMs induce toxicity to thylakoid membrane integrity, which leads to inhibitions of enzymes like chlorophyll synthetase and Rubisco, causing chlorophyll degradation (Hashem, 2014). Microbial siderophores as released by Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 also help plants in iron uptake, making them good candidates to prevent plant chlorosis due to HM stress. In our study, under HM stress, the consortium of Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 improved the chlorophyll content of wheat probably due to iron uptake by bacterial siderophore–Fe complexes, resulting in higher chlorophyll content and biomass production of PGPB-inoculated plants. The positive impact of Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 under HM stress was clearly evident from morphological and biochemical improvement of plants, i.e., root and shoot length, plant biomass, and chlorophyll content, due to successful root colonization of the studied bacterial strains in wheat. Similar to our study, Serratia sp. and Pseudomonas sp. were found to colonize in roots of wheat and rice as a signature of useful plant–microbe interaction under stress conditions (Khan and Singh, 2021; Pramanik et al., 2021). Our results are also in line with other reports, where Enterobacter sp. and Citrobacter sp. enhanced growth and improved chlorophyll content in rice by alleviating HM stress (Habib et al., 2016; Li et al., 2017; Maxton et al., 2018).

In addition to the abovementioned hazards, HMs also cause severe oxidative stress due to the release of excessive ROS in plants which induces changes in antioxidant enzyme activities. Antioxidant enzymes such as SOD, POD, APX, and CAT maintain the ROS at optimum levels (Ahmad et al., 2017). Elevated levels of ROS can cause severe disruption of physiological mechanisms in wheat and other plants, resulting in reduced growth and biomass (Mittler, 2002; Rizwan et al., 2016).

Among various antioxidants, SOD is a vital enzyme that converts superoxide into hydrogen peroxide (H2O2) at a high rate and protects cells against the harmful effects of ROS. Various HM stresses have been related to the alteration in SOD activities in different plants (Verma and Dubey, 2003). We also observed higher production of SOD in wheat plants grown in soil supplemented with HMs when inoculated with PGPB. In our study, SOD activity was more pronounced in roots under HM stress compared to that in the roots. This might be due to early accumulation and higher concentration of HMs in root tissues, thus inducing oxidative stress, and hence, SOD content might have been increased as a protective mechanism (AbdElgawad et al., 2020).

The next step in the ROS antioxidant process includes CAT oxidation that converts hydrogen peroxide (H2O2) into water (Noctor and Foyer, 1998). In the current study, CAT activity was also significantly increased in plants inoculated with Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 under HM stress, which might have resulted in improved plant growth.

Similarly, POD activity was raised in plants inoculated with PGPB under HM stress. POD eliminates H2O2 by breaking it up into hydrogen and oxygen (Skórzyńska-Polit et al., 2003). POD is more efficient than CAT in scavenging H2O2 because of higher substrate affinity (Zhang et al., 2010). Therefore, if stress is not too severe for plant defense capacity, the major response is the release of POD and SOD rather than CAT. Previous studies have also reported higher, lower, or unchanged POD levels in response to HM stress depending upon the stress severity (Li et al., 2013; Hu et al., 2015; Gu and Liang, 2020). In our study, there was a significant increase in POD activity in Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 inoculated wheat plants as compared to uninoculated plants. Moreover, POD facilitates lignin synthesis that can form a physical barrier against toxicity of HMs (Hegedüs et al., 2001). This also indicated that bacterial inoculation efficiently helped plants under HM stress by stimulating POD.

Generally, under HM stress, the APX content was higher in shoots than in roots and the APX content in bacteria-inoculated plants was significantly higher than the uninoculated plants. This suggests that the HM-tolerant PGPB used in the study aided plants to thrive better under HM stress. Our study showed that antioxidant enzyme activities dropped with an increase in HM concentration. This may be due to inhibition of enzymes as a result of elevated HM concentration. These findings are consistent with earlier reports (Alvarez and Lamb, 1997; Schickler and Caspi, 1999; Stroiński, 1999; Fatima and Ahmad, 2005; Awan et al., 2020).

Heavy metal stress, either directly or indirectly, is also responsible for molecular damage to plants due to the release of ROS. The increase in O2– level might produce the hydroperoxyl radical, which converts various fatty acids to highly toxic lipid per oxides. An index of lipid peroxidation is routinely measured by the MDA content (Zhang et al., 2007). The level of MDA was significantly increased with increasing concentration of HM in soil. Moreover, the MDA content was higher in roots as compared to that in shoots, which might be because roots had stronger interaction with metals in soil. However, plants inoculated with Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 or their consortium had a significantly lower MDA content as compared to uninoculated plants. This indicates that bacterial inoculation might have protected the plants from oxidative damage resulting from inactivation of the antioxidant enzyme system (Sgherri et al., 2007; Zhang et al., 2018).

Similarly, proline is one of the components of the non-specific defense systems toward HM toxicity and is known to play a key osmoregulatory role in plants (Saradhi, 1991). Proline is a molecular chaperone and has the ability to enhance the activity of different enzymes and protect protein integrity. In our study, Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 treated plants showed lower proline content under HM stress in comparison to uninoculated plants. This implies that bacteria-inoculated plants may not have encountered higher HM stress and consequently lower proline accumulation was recorded (Gontia-Mishra et al., 2016). Inoculation with PGP bacteria decreased the proline content in leaves, which might have provided increased protection to plants (Sofy et al., 2020).

In addition to boosting the plant antioxidant enzyme defense system, seed inoculation with PGPB reduced the HM uptake by wheat compared with non-inoculated plants. The consortium of Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 significantly reduced HM uptake in the shoots and roots of wheat as compared to single bacteria. Several other studies have also revealed that PGPB reduce the uptake of HMs in wheat shoots and roots growing in the presence of various HMs (Islam et al., 2014; El-Meihy et al., 2019; Ju et al., 2019; Saeed et al., 2019).

Finally, FTIR analysis of HM-tolerant Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 grown in HM (Cd, Pb, and Ni) spiked liquid medium confirmed the presence of various moieties in bacteria, and shifts in the peaks indicated the binding of HMs with bacteria as explained by Das et al. (2007). In FTIR data, the shift in the peaks of hydroxyl functional groups in HM-loaded samples indicated the involvement of hydroxyl groups in binding the HMs. The shift in the peak appearing in the region attributed to alkyl chains (C-H stretching vibration) of fatty acids found in the phospholipid membrane (Ueshima et al., 2008) represented the involvement of these functional groups with HMs. The peak shift in the region attributed to amide suggests that these functional groups are also a major contributor to HM removal. In case of Citrobacter werkmanii strain WWN1 grown in the presence of HMs, the decreased intensity in fingerprint region peaks indicated the HM ion interaction with functional groups such as phosphates and proteins on the bacterial cell surface (Murthy et al., 2014). Similarly, the shift in the fingerprint region of HM-loaded samples represents the presence of carbon and phosphorus containing oxygen atoms interacting with HMs (Parikh and Chorover, 2006). Thus, various functional groups in the studied bacteria may be responsible for HM binding, therefore reducing the solubility and bioavailability and hence mitigating the toxicity of HMs to plants.

To sum up, multiple-HM stress severely affected the growth and physiology of wheat, whereas inoculation with HM-resistant PGP Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 either alone or in consortium reduced Cd, Pb, and Ni uptake and toxicity and enhanced wheat growth. In general, the bacterial consortium performed better than individual bacterial strains in improving plant biomass and resistivity against the studied HMs.



CONCLUSION

It is concluded that HM (Cd, Pb, and Ni) stress negatively impacted the growth, physiology, and antioxidant enzyme system of wheat. However, seed inoculation with PGP Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 significantly improved plant growth; reduced HM accumulation in wheat shoots and roots; enhanced the production of antioxidants like SOD, POD, APX, and CAT; and lowered the MDA and proline contents in inoculated plants as compared to non-inoculated plants. Thus, seed inoculation with Citrobacter werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 may be an effective method to enhance wheat production in HM-contaminated soils. However, further investigation is required to gain insight into the molecular mechanisms of HM detoxification and explore the impact of bacterial inoculation on biological activities of soil under varied environmental conditions.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

AWA: experiment, data curation, software, methods, validation, and writing – original draft. HY: review and editing, methodolgy, resources, statistical analysis and supervision. MNH: review and editing, data curation, analysis, methododology, supervision, and resources. SM: orginal concept, funding acquisition, supervision, resources, methodolgy, software, and analysis. NK: review and editing, validation, resources. BLJ: review and editing, resources, and software.



FUNDING

We would like to extend their sincere appreciation to the Higher Education Commission of Pakistan for financial support under project number 5381/Federal/NRPU/R&D/HEC/2016.



ACKNOWLEDGMENTS

We would like to thank Researchers Supporting Project Number RSP-2021/168, King Saud University, Riyadh, Saudi Arabia.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.815704/full#supplementary-material



REFERENCES

AbdElgawad, H., Zinta, G., Hamed, B. A., Selim, S., Beemster, G., Hozzein, W. N., et al. (2020). Maize roots and shoots show distinct profiles of oxidative stress and antioxidant defense under heavy metal toxicity. Environ. Pollut. 258:113705. doi: 10.1016/j.envpol.2019.113705

Ahanger, M. A., Aziz, U., Alsahli, A. A., Alyemeni, M. N., and Ahmad, P. (2020). Combined kinetin and spermidine treatments ameliorate growth and photosynthetic inhibition in Vigna angularis by up-regulating antioxidant and nitrogen metabolism under cadmium stress. Biomolecules 10:147. doi: 10.3390/biom10010147

Ahmad, H. T., Hussain, A., Aimen, A., Jamshaid, M. U., Ditta, A., Asghar, H. N., et al. (2021). “Improving resilience against drought stress among crop plants through inoculation of plant growth-promoting rhizobacteria,” in Harsh Environment and Plant Resilience: Molecular and Functional Aspects, 1st Edn, eds A. Husen and M. Jawaid (Berlin: Springer), 387–408. doi: 10.1007/978-3-030-65912-7_16

Ahmad, P., Jaleel, C. A., Salem, M. A., Nabi, G., and Sharma, S. (2010). Roles of enzymatic and nonenzymatic antioxidants in plants during abiotic stress. Crit. Rev. Biotechnol. 30, 161–175. doi: 10.3109/07388550903524243

Ahmad, P., Tripathi, D. K., Deshmukh, R., Singh, V. P., and Corpas, F. J. (2019). Revisiting the role of ROS and RNS in plants under changing environment. Environ. Exp. Bot. 161, 1–3. doi: 10.1016/j.envexpbot.2019.02.017

Ahmad, R., Ali, S., Hannan, F., Rizwan, M., Iqbal, M., Hassan, Z., et al. (2017). Promotive role of 5-aminolevulinic acid on chromium-induced morphological, photosynthetic, and oxidative changes in cauliflower (Brassica oleracea botrytis L.). Environ. Sci. Pollut. Res. 24, 8814–8824. doi: 10.1007/s11356-017-8603-7

Ajmal, A. W., Saroosh, S., Mulk, S., Hassan, M. N., Yasmin, H., Jabeen, Z., et al. (2021). Bacteria isolated from wastewater irrigated agricultural soils adapt to heavy metal toxicity while maintaining their plant growth promoting traits. Sustainability 13:7792. doi: 10.3390/su13147792

Alvarez, M., and Lamb, C. (1997). Oxidative burst-mediated defense responses in plant disease resistance. Cold Spring Harb. Monogr. Ser. 34, 815–840.

Anand, K., Kumari, B., and Mallick, M. (2016). Phosphate solubilizing microbes: an effective and alternative approach as biofertilizers. J. Pharm. Pharm. Sci. 8:37.

Ashraf, U., Kanu, A. S., Mo, Z., Hussain, S., Anjum, S. A., Khan, I., et al. (2015). Lead toxicity in rice: effects, mechanisms, and mitigation strategies—a mini review. Environ. Sci. Pollut. Res. 22, 18318–18332. doi: 10.1007/s11356-015-5463-x

Awan, S. A., Ilyas, N., Khan, I., Raza, M. A., Rehman, A. U., Rizwan, M., et al. (2020). Bacillus siamensis reduces cadmium accumulation and improves growth and antioxidant defense system in two wheat (Triticum aestivum L.) varieties. Plants 9:878. doi: 10.3390/plants9070878

Azmat, A., Yasmin, H., Hassan, M. N., Nosheen, A., Naz, R., Sajjad, M., et al. (2020). Co-application of bio-fertilizer and salicylic acid improves growth, photosynthetic pigments and stress tolerance in wheat under drought stress. PeerJ 8:e9960. doi: 10.7717/peerj.9960

Baldos, U. L. C., and Hertel, T. W. (2014). Global food security in 2050: the role of agricultural productivity and climate change. Aust. J. Agric. Resour. Econ. 58, 554–570. doi: 10.1111/1467-8489.12048

Beauchamp, C., and Fridovich, I. (1971). Superoxide dismutase: improved assays and an assay applicable to acrylamide gels. Anal. Biochem. 44, 276–287. doi: 10.1016/0003-2697(71)90370-8

Bhalerao, S. A., Sharma, A. S., and Poojari, A. C. (2015). Toxicity of nickel in plants. Int. J. Pure Appl. Biosci. 3, 345–355.

Borriss, R. (2011). “Use of plant-associated Bacillus strains as biofertilizers and biocontrol agents in agriculture,” in Bacteria in Agrobiology: Plant Growth Responses, ed. D. Maheshwari (Berlin: Springer), 41–76. doi: 10.1007/978-3-642-20332-9_3

Buege, J. A., and Aust, S. D. (1978). Microsomal lipid peroxidation. Methods Enzymol. 52, 302–310. doi: 10.1016/S0076-6879(78)52032-6

Clarke, K., and Warwick, R. M. (2001). Change in Marine Communities: An Approach to Statistical Analysis and Interpretation, 2nd Edn. Plymouth: PRIMER-E.

Curtis, T., and Halford, N. (2014). Food security: the challenge of increasing wheat yield and the importance of not compromising food safety. Ann. Appl. Biol. 164, 354–372. doi: 10.1111/aab.12108

Das, S. K., Das, A. R., and Guha, A. K. (2007). A study on the adsorption mechanism of mercury on Aspergillus versicolor biomass. Environ. Sci. Technol. 41, 8281–8287. doi: 10.1021/es070814g

El-Meihy, R. M., Abou-Aly, H. E., Youssef, A. M., Tewfike, T. A., and El-Alkshar, E. A. (2019). Efficiency of heavy metals-tolerant plant growth promoting bacteria for alleviating heavy metals toxicity on sorghum. Environ. Exp. Bot. 162, 295–301. doi: 10.1016/j.envexpbot.2019.03.005

Fahsi, N., Mahdi, I., Mesfioui, A., Biskri, L., and Allaoui, A. (2021). Plant Growth-promoting rhizobacteria isolated from the Jujube (Ziziphus lotus) plant enhance wheat growth, Zn uptake, and heavy metal tolerance. Agriculture 11:316. doi: 10.3390/agriculture11040316

Fatima, R. A., and Ahmad, M. (2005). Certain antioxidant enzymes of Allium cepa as biomarkers for the detection of toxic heavy metals in wastewater. Sci Total Environ. 346, 256–273. doi: 10.1016/j.scitotenv.2004.12.004

Giannakoula, A., Therios, I., and Chatzissavvidis, C. (2021). Effect of lead and copper on photosynthetic apparatus in citrus (Citrus aurantium L.) plants. The role of antioxidants in oxidative damage as a response to heavy metal stress. Plants 10:155. doi: 10.3390/plants10010155

Gontia-Mishra, I., Sapre, S., Sharma, A., and Tiwari, S. (2016). Alleviation of mercury toxicity in wheat by the interaction of mercury-tolerant plant growth-promoting rhizobacteria. J. Plant Growth Regul. 35, 1000–1012. doi: 10.1007/s00344-016-9598-x

Gorin, N., and Heidema, F. T. (1976). Peroxidase activity in Golden Delicious apples as a possible parameter of ripening and senescence. J Agric Food Chem. 24, 200–201. doi: 10.1021/jf60203a043

Gu, Y., and Liang, C. (2020). Responses of antioxidative enzymes and gene expression in Oryza sativa L and Cucumis sativus L seedlings to microcystins stress. Ecotoxicol. Environ. Saf. 193:110351. doi: 10.1016/j.ecoenv.2020.110351

Habib, S., Kausar, H., Saud, H., Ismail, M., and Othman, R. (2016). Molecular characterization of stress tolerant plant growth promoting rhizobacteria (PGPR) for growth enhancement of rice. Int. J. Agric. Biol. 18, 184–191. doi: 10.17957/IJAB/15.0094

Han, H., Zhang, H., Qin, S., Zhang, J., Yao, L., Chen, Z., et al. (2021). Mechanisms of Enterobacter bugandensis TJ6 immobilization of heavy metals and inhibition of Cd and Pb uptake by wheat based on metabolomics and proteomics. Chemosphere 276:130157. doi: 10.1016/j.chemosphere.2021.130157

Harris, N. S., and Taylor, G. J. (2013). Cadmium uptake and partitioning in durum wheat during grain filling. BMC Plant Biol. 13:103. doi: 10.1186/1471-2229-13-103

Hashem, H. (2014). Cadmium toxicity induces lipid peroxidation and alters cytokinin content and antioxidant enzyme activities in soybean. Botany 92, 1–7. doi: 10.1139/cjb-2013-0164

Hegedüs, A., Erdei, S., and Horváth, G. (2001). Comparative studies of H2O2 detoxifying enzymes in green and greening barley seedlings under cadmium stress. Plant Sci. 160, 1085–1093. doi: 10.1016/S0168-9452(01)00330-2

Hu, Z., Xie, Y., Jin, G., Fu, J., and Li, H. (2015). Growth responses of two tall fescue cultivars to Pb stress and their metal accumulation characteristics. Ecotoxicology 24, 563–572. doi: 10.1007/s10646-014-1404-6

Humphris, S. N., Bengough, A. G., Griffiths, B. S., Kilham, K., Rodger, S., Stubbs, V., et al. (2005). Root cap influences root colonisation by Pseudomonas fluorescens SBW25 on maize. FEMS Microbiol. Ecol. 54, 123–130. doi: 10.1016/j.femsec.2005.03.005

Hussain, A., Ali, S., Rizwan, M., Ur Rehman, M. Z., Javed, M. R., Imran, M., et al. (2018). Zinc oxide nanoparticles alter the wheat physiological response and reduce the cadmium uptake by plants. Environ. Pollut. 242, 1518–1526. doi: 10.1016/j.envpol.2018.08.036

Iqbal, Z., Abbas, F., Ibrahim, M., Mahmood, A., Gul, M., and Qureshi, T. I. (2022). Ecological risk assessment of soils under different wastewater irrigation farming system in Punjab, Pakistan. Int. J. Environ. Sci. Technol. 19, 1925–1936. doi: 10.1007/s13762-021-03237-x

Islam, F., Yasmeen, T., Ali, Q., Ali, S., Arif, M. S., Hussain, S., et al. (2014). Influence of Pseudomonas aeruginosa as PGPR on oxidative stress tolerance in wheat under Zn stress. Ecotoxicol. Environ. Saf. 104, 285–293. doi: 10.1016/j.ecoenv.2014.03.008

Ju, W., Liu, L., Fang, L., Cui, Y., Duan, C., and Wu, H. (2019). Impact of co-inoculation with plant-growth-promoting rhizobacteria and rhizobium on the biochemical responses of alfalfa-soil system in copper contaminated soil. Ecotoxicol. Environ. Saf. 167, 218–226. doi: 10.1016/j.ecoenv.2018.10.016

Karstensen, K., Ringstad, O., Rustad, I., Kalevi, K., Jorgensen, K., Nylund, K., et al. (1998). “Methods for chemical analysis of contaminated soil samples-tests of their reproducibility between Nordic laboratories,” in Contaminated Soil 1998, Vol. 1, (London: Thomas Telford Ltd), 261–278.*

Kaya, C., Akram, N. A., Ashraf, M., Alyemeni, M. N., and Ahmad, P. (2020). Exogenously supplied silicon (Si) improves cadmium tolerance in pepper (Capsicum Annuum L.) by up-regulating the synthesis of nitric oxide and hydrogen sulfide. J Biotechnol. 316, 35–45. doi: 10.1016/j.jbiotec.2020.04.008

Keller, C., Rizwan, M., Davidian, J.-C., Pokrovsky, O., Bovet, N., Chaurand, P., et al. (2015). Effect of silicon on wheat seedlings (Triticum turgidum L.) grown in hydroponics and exposed to 0 to 30 μM Cu. Planta 241, 847–860. doi: 10.1007/s00425-014-2220-1

Khan, A., and Singh, A. V. (2021). Multifarious effect of ACC deaminase and EPS producing Pseudomonas sp. and Serratia marcescens to augment drought stress tolerance and nutrient status of wheat. World J. Microbiol. Biotechnol. 37, 1–17. doi: 10.1007/s11274-021-03166-4

Khan, N., and Bano, A. (2016). Role of plant growth promoting rhizobacteria and Ag-nano particle in the bioremediation of heavy metals and maize growth under municipal wastewater irrigation. Int. J. Phytoremediation 18, 211–221. doi: 10.1080/15226514.2015.1064352

Khanna, K., Jamwal, V. L., Gandhi, S. G., Ohri, P., and Bhardwaj, R. (2019a). Metal resistant PGPR lowered Cd uptake and expression of metal transporter genes with improved growth and photosynthetic pigments in Lycopersicon esculentum under metal toxicity. Sci. Rep. 9:5855. doi: 10.1038/s41598-019-41899-3

Khanna, K., Jamwal, V. L., Sharma, A., Gandhi, S. G., Ohri, P., Bhardwaj, R., et al. (2019b). Supplementation with plant growth promoting rhizobacteria (PGPR) alleviates cadmium toxicity in Solanum lycopersicum by modulating the expression of secondary metabolites. Chemosphere 230, 628–639. doi: 10.1016/j.chemosphere.2019.05.072

Kloke, A., Sauerbeck, D., and Vetter, H. (1984). “The contamination of plants and soils with heavy metals and the transport of metals in terrestrial food chains,” in Changing Metal Cycles and Human Health, ed. J. O. Nriagu (Berlin: Springer), 113–141. doi: 10.1007/978-3-642-69314-4_7

Kohli, S. K., Khanna, K., Bhardwaj, R., Abde_Allaha, E. F., Ahmad, P., and Corpas, F. J. (2019). Assessment of subcellular ROS and NO metabolism in higher plants: multifunctional signaling molecules. Antioxidants 8:641. doi: 10.3390/antiox8120641

Kumar, S., Sud, N., Fonseca, F. V., Hou, Y., and Black, S. M. (2010). Shear stress stimulates nitric oxide signaling in pulmonary arterial endothelial cells via a reduction in catalase activity: role of protein kinase Cδ. Am. J. Physiol. Lung Cell. Mol. Physiol. 298, L105–L116. doi: 10.1152/ajplung.00290.2009

Li, H., Lei, P., Pang, X., Li, S., Xu, H., Xu, Z., et al. (2017). Enhanced tolerance to salt stress in canola (Brassica napus L.) seedlings inoculated with the halotolerant Enterobacter cloacae HSNJ4. Appl. Soil Ecol. 119, 26–34. doi: 10.1016/j.apsoil.2017.05.033

Li, X., Yan, Z., Gu, D., Li, D., Tao, Y., Zhang, D., et al. (2019). Characterization of cadmium-resistant rhizobacteria and their promotion effects on Brassica napus growth and cadmium uptake. J. Basic Microbiol. 59, 579–590. doi: 10.1002/jobm.201800656

Li, X., Yang, Y., Jia, L., Chen, H., and Wei, X. (2013). Zinc-induced oxidative damage, antioxidant enzyme response and proline metabolism in roots and leaves of wheat plants. Ecotoxicol. Environ. Saf. 89, 150–157. doi: 10.1016/j.ecoenv.2012.11.025

Lozano-Rodríguez, E., Luguera, M., Lucena, J., and Carpena-Ruiz, R. (1995). Evaluation of two different acid digestion methods in closed systems for trace element determinations in plants. Quimica Analitica Bellaterra 14, 27–27.

Mallick, I., Bhattacharyya, C., Mukherji, S., Dey, D., Sarkar, S. C., Mukhopadhyay, U. K., et al. (2018). Effective rhizoinoculation and biofilm formation by arsenic immobilizing halophilic plant growth promoting bacteria (PGPB) isolated from mangrove rhizosphere: a step towards arsenic rhizoremediation. Sci. Total Environ. 610, 1239–1250. doi: 10.1016/j.scitotenv.2017.07.234

Maxton, A., Singh, P., and Masih, S. A. (2018). ACC deaminase-producing bacteria mediated drought and salt tolerance in Capsicum annuum. J. Plant Nutr. 41, 574–583. doi: 10.1080/01904167.2017.1392574

Mesa, J., Rodríguez-Llorente, I. D., Pajuelo, E., Piedras, J. M. B., Caviedes, M. A., Redondo-Gómez, S., et al. (2015). Moving closer towards restoration of contaminated estuaries: bioaugmentation with autochthonous rhizobacteria improves metal rhizoaccumulation in native Spartina maritima. J. Hazard. Mater. 300, 263–271. doi: 10.1016/j.jhazmat.2015.07.006

Mesa-Marín, J., Del-Saz, N. F., Rodríguez-Llorente, I. D., Redondo-Gómez, S., Pajuelo, E., Ribas-Carbó, M., et al. (2018). PGPR reduce root respiration and oxidative stress enhancing spartina maritima root growth and heavy metal rhizoaccumulation. Front. Plant Sci. 9:1500. doi: 10.3389/fpls.2018.01500

Mishra, V., Mishra, R. K., Dikshit, A., and Pandey, A. C. (2014). “Interactions of nanoparticles with plants: an emerging prospective in the agriculture industry,” in Emerging Technologies and Management of Crop Stress Tolerance, eds P. Ahmad and S. Rasool (Amsterdam: Elsevier), 159–180. doi: 10.1016/B978-0-12-800876-8.00008-4

Mittler, R. (2002). Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci. 7, 405–410. doi: 10.1016/S1360-1385(02)02312-9

Murthy, S., Bali, G., and Sarangi, S. (2014). Effect of lead on growth, protein and biosorption capacity of Bacillus cereus isolated from industrial effluent. J. Environ. Biol. 35:407.

Naveed, M., Hussain, M. B., Zahir, Z. A., Mitter, B., and Sessitsch, A. (2014). Drought stress amelioration in wheat through inoculation with Burkholderia phytofirmans strain PsJN. Plant Growth Regulat. 73, 121–131. doi: 10.1007/s10725-013-9874-8

Noctor, G., and Foyer, C. H. (1998). Ascorbate and glutathione: keeping active oxygen under control. Annu. Rev. Plant Biol. 49, 249–279. doi: 10.1146/annurev.arplant.49.1.249

Page, V., and Feller, U. (2005). Selective transport of zinc, manganese, nickel, cobalt and cadmium in the root system and transfer to the leaves in young wheat plants. Ann. Bot. 96, 425–434. doi: 10.1093/aob/mci189

Parikh, S. J., and Chorover, J. (2006). ATR-FTIR spectroscopy reveals bond formation during bacterial adhesion to iron oxide. Langmuir 22, 8492–8500. doi: 10.1021/la061359p

Patel, P., Raju, N. J., Reddy, B. S. R., Suresh, U., Sankar, D., and Reddy, T. (2018). Heavy metal contamination in river water and sediments of the Swarnamukhi River Basin, India: risk assessment and environmental implications. Environ. Geochem. Health 40, 609–623. doi: 10.1007/s10653-017-0006-7

Pramanik, K., Mandal, S., Banerjee, S., Ghosh, A., Maiti, T. K., and Mandal, N. C. (2021). Unraveling the heavy metal resistance and biocontrol potential of Pseudomonas sp. K32 strain facilitating rice seedling growth under Cd stress. Chemosphere 274:129819. doi: 10.1016/j.chemosphere.2021.129819

Rizwan, M., Ali, S., Abbas, T., Zia-ur-Rehman, M., Hannan, F., Keller, C., et al. (2016). Cadmium minimization in wheat: a critical review. Ecotoxicol. Environ. Saf. 130, 43–53. doi: 10.1016/j.ecoenv.2016.04.001

Rizwan, M., Ali, S., Qayyum, M. F., Ok, Y. S., Adrees, M., Ibrahim, M., et al. (2017). Effect of metal and metal oxide nanoparticles on growth and physiology of globally important food crops: a critical review. J. Hazard. Mater. 322, 2–16. doi: 10.1016/j.jhazmat.2016.05.061

Rodríguez-Sánchez, V., Guzmán-Moreno, J., Rodríguez-González, V., Flores-de la Torre, J. A., Ramírez-Santoyo, R. M., and Vidales-Rodríguez, L. E. (2017). Biosorption of lead phosphates by lead-tolerant bacteria as a mechanism for lead immobilization. World J. Microbiol. Biotechnol. 33, 1–11. doi: 10.1007/s11274-017-2314-6

Saeed, Z., Naveed, M., Imran, M., Bashir, M. A., Sattar, A., Mustafa, A., et al. (2019). Combined use of Enterobacter sp. MN17 and zeolite reverts the adverse effects of cadmium on growth, physiology and antioxidant activity of Brassica napus. PLoS One 14:e0213016. doi: 10.1371/journal.pone.0213016

Saradhi, P. P. (1991). Proline accumulation under heavy metal stress. J. Plant Physiol. 138, 554–558. doi: 10.1016/S0176-1617(11)80240-3

Schickler, H., and Caspi, H. (1999). Response of antioxidative enzymes to nickel and cadmium stress in hyperaccumulator plants of the genus Alyssum. Physiol. Plant. 105, 39–44. doi: 10.1034/j.1399-3054.1999.105107.x

Sgherri, C., Quartacci, M. F., and Navari-Izzo, F. (2007). Early production of activated oxygen species in root apoplast of wheat following copper excess. J. Plant Physiol. 164, 1152–1160. doi: 10.1016/j.jplph.2006.05.020

Shan, S., Guo, Z., Lei, P., Li, Y., Wang, Y., Zhang, M., et al. (2020). Increased biomass and reduced tissue cadmium accumulation in rice via indigenous Citrobacter sp. XT1-2-2 and its mechanisms. Sci. Total Environ. 708:135224. doi: 10.1016/j.scitotenv.2019.135224

Sharaff, M. M., Subrahmanyam, G., Kumar, A., and Yadav, A. N. (2020). “Mechanistic understanding of the root microbiome interaction for sustainable agriculture in polluted soils,” in New and Future Developments in Microbial Biotechnology and Bioengineering, eds A. A. Rastegari, A. N. Yadav, and N. Yadav (Amsterdam: Elsevier), 61–84. doi: 10.1016/B978-0-12-820526-6.00005-1

Shiferaw, B., Smale, M., Braun, H.-J., Duveiller, E., Reynolds, M., and Muricho, G. (2013). Crops that feed the world 10. Past successes and future challenges to the role played by wheat in global food security. Food Secur. 5, 291–317. doi: 10.1007/s12571-013-0263-y

Shoaf, W. T., and Lium, B. W. (1976). Improved extraction of chlorophyll a and b from algae using dimethyl sulfoxide. Limnol. Oceanogr. 21, 926–928. doi: 10.4319/lo.1976.21.6.0926

Shoeva, O. Y., and Khlestkina, E. (2018). Anthocyanins participate in the protection of wheat seedlings against cadmium stress. Cereal Res. Commun. 46, 242–252. doi: 10.1556/0806.45.2017.070

Skórzyńska-Polit, E., Dra, M., and Krupa, Z. (2003). The activity of the antioxidative system in cadmium-treated Arabidopsis thaliana. Biol. Plant. 47, 71–78. doi: 10.1023/A:1027332915500

Sofy, M. R., Seleiman, M. F., Alhammad, B. A., Alharbi, B. M., and Mohamed, H. I. (2020). Minimizing adverse effects of pb on maize plants by combined treatment with jasmonic, salicylic acids and proline. Agronomy 10:699. doi: 10.3390/agronomy10050699

Steel, R. G. D., and Torrie, J. H. (1960). Principles and Procedures of Statistics : With Special Reference to the Biological Sciences. New York, NY: McGraw-Hill.

Stroiński, A. (1999). Some physiological and biochemical aspects of plant resistance to cadmium effect. I. Antioxidative system. Acta Physiol. Plant. 21, 175–188. doi: 10.1007/s11738-999-0073-1

Sudisha, J., Niranjana, S., Umesha, S., Prakash, H., and Shetty, H. S. (2006). Transmission of seed-borne infection of muskmelon by Didymella bryoniae and effect of seed treatments on disease incidence and fruit yield. Biol. Control 37, 196–205. doi: 10.1016/j.biocontrol.2005.11.018

Taamalli, M., Ghabriche, R., Amari, T., Mnasri, M., Zolla, L., Lutts, S., et al. (2014). Comparative study of Cd tolerance and accumulation potential between Cakile maritima L.(halophyte) and Brassica juncea L. Ecol. Eng. 71, 623–627. doi: 10.1016/j.ecoleng.2014.08.013

Troll, W., and Lindsley, J. (1955). A photometric method for the determination of proline. J. Biol. Chem. 215, 655–660. doi: 10.1016/S0021-9258(18)65988-5

Ueshima, M., Ginn, B. R., Haack, E. A., Szymanowski, J. E., and Fein, J. B. (2008). Cd adsorption onto Pseudomonas putida in the presence and absence of extracellular polymeric substances. Geochim. Cosmochim. Acta 72, 5885–5895. doi: 10.1016/j.gca.2008.09.014

Verma, S., and Dubey, R. (2003). Lead toxicity induces lipid peroxidation and alters the activities of antioxidant enzymes in growing rice plants. Plant Sci. 164, 645–655. doi: 10.1016/S0168-9452(03)00022-0

Wang, Q., Chen, L., He, L.-Y., and Sheng, X.-F. (2016). Increased biomass and reduced heavy metal accumulation of edible tissues of vegetable crops in the presence of plant growth-promoting Neorhizobium huautlense T1-17 and biochar. Agric. Ecosyst. Environ. 228, 9–18. doi: 10.1016/j.agee.2016.05.006

Yoshimura, K., Yabuta, Y., Ishikawa, T., and Shigeoka, S. (2000). Expression of spinach ascorbate peroxidase isoenzymes in response to oxidative stresses. Plant Physiol. 123, 223–234. doi: 10.1104/pp.123.1.223

Zhang, F.-Q., Wang, Y.-S., Lou, Z.-P., and Dong, J.-D. (2007). Effect of heavy metal stress on antioxidative enzymes and lipid peroxidation in leaves and roots of two mangrove plant seedlings (Kandelia candel and Bruguiera gymnorrhiza). Chemosphere 67, 44–50. doi: 10.1016/j.chemosphere.2006.10.007

Zhang, H., Zhang, F., Xia, Y., Wang, G., and Shen, Z. (2010). Excess copper induces production of hydrogen peroxide in the leaf of Elsholtzia haichowensis through apoplastic and symplastic CuZn-superoxide dismutase. J. Hazard. Mater. 178, 834–843. doi: 10.1016/j.jhazmat.2010.02.014

Zhang, X., Zha, T., Guo, X., Meng, G., and Zhou, J. (2018). Spatial distribution of metal pollution of soils of Chinese provincial capital cities. Sci. Total Environ. 643, 1502–1513. doi: 10.1016/j.scitotenv.2018.06.177


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Ajmal, Yasmin, Hassan, Khan, Jan and Mumtaz. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-13-815704-g010.jpg
Treatments Treatments
A Control o i ) ron
s i + S50mg+A
" B x 50mg+B
% A8 * 50mg+AB
A
®
v
: : | | 2+ : : :
2 0 2 4 4 < : =
PC PC1
5__
Treatments
£ 100mg
w 100mg+A
O 100mg+B
& 100mg+AB
A o
g 0t "
§ i i § 21 ! L } f
2 0 2 : 2 0 : .
PC1 PC1





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Heavy Metal–Resistant Plant Growth–Promoting Citrobacter werkmanii Strain WWN1 and Enterobacter cloacae Strain JWM6 Enhance Wheat (Triticum aestivum L.) Growth by Modulating Physiological Attributes and Some Key Antioxidants Under Multi-Metal Stress



		INTRODUCTION



		MATERIALS AND METHODS



		Pot Experiment



		Inoculum Preparation



		Seed Sterilization and Inoculation



		Estimation of Photosynthetic Pigment Content



		Measurement of Malondialdehyde Content



		Measurement of Proline Content



		Determination of Antioxidative Enzyme Activities



		Preparation of Enzyme Extracts



		Superoxide Dismutase Activity



		Catalase Activity



		Peroxidase Activity



		Ascorbate Peroxidase Activity







		Determination of Heavy Metals in Plant Tissues



		Fourier Transform Infrared Spectroscopy Analysis of Heavy Metals Compounded to Bacterial Cells



		Statistical Analysis







		RESULTS



		Germination Percentage



		Colony-Forming Units of Rhizospheric Soil (CFU g–1)



		Effect of Heavy Metal Concentration and the Bacterial Inoculation on Wheat Growth



		Effect of Heavy Metal Concentration and the Bacterial Inoculation on Wheat Biomass



		Effect of Heavy Metals and the Bacteria on Photosynthetic Pigments



		Effect of Heavy Metal Stress and the Bacterial Inoculation on Malondialdehyde Content



		Effect of Heavy Metal Stress and the Bacteria on Proline Content



		Effect of Heavy Metal Exposure and the Bacterial Inoculation on Antioxidative Enzyme Activity of Wheat



		Superoxide Dismutase Activity



		Peroxidase Activity



		Catalase Activity



		Ascorbate Peroxidase Activity







		Heavy Metal Accumulation in Shoots and Roots of Wheat



		Fourier Transform Infrared Spectroscopy Analysis of Bacterial Biomass



		Pearson’s Correlation Coefficient (r) and Principal Component Analysis







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmicb-13-815704-g001.jpg
i

- gv+ wddooz

— g+ wddooz

E
e

v+ wddooz

— gv+ wddool

B
E

— g+ wddpol

6
By
m _

— v+ wddool

Poq _ “

— gy+ wddog

1]
=

— g+ wddpg

op
§op _|T

— v+ wddpg

— av

[(;01) los ousydsozyu weib sod N49]






OPS/images/fmicb-13-815704-g002.jpg
Control
d 200 PPM

C 100 PPM

— gv+ wddpoz

Root

— g+ wddoog

I Shoot
[ ]

— 7+ wddooz
— wddooz

— gv+ wddool
— g+ wddool
— v+ wddoQl
— wddool

— gv+ wddog
— g+ wddog
— v+ wddog
L wddog

— gy

—d

—V

[ |0J1u0D

- § (wo) yyBuosn





OPS/images/fmicb-13-815704-g003.jpg
=
o £ i av+ wddooz
-
B
m W " g+ wddooz
L QO
- 5 v+ wddooz
[ wddpoz
- gv+ wddool
= g+ wddool
. v+ wddool|
5 wddool
. gv+ wddpg
. g+ wddpg
- v+ wddpg
: wddpg
- av
qe 8
po L
- |013U0D
[ ¥ | g | ) | ’ | 4 |
oy < ™ N = o
o o () o o o
(6) ybBrapn 100
=
2= wddooz
2 2 yb v
G 3 g+ wddooz
o>
IC 0O P
- " v+ wddooz
wddpoz
o gv+ wddool
g+ wddool
JE)
v+ wddool
By
| wddool
- gv+ wddpg
wdd
- g+ (0]
v+ wddog
qe
| wddpg
- av
Bjo =
A/
Jep
. |0Ju0D
I X | g | A | L | =
Qo 0 o 2 o
< (40] o™ (q\] N

(B) ybiopn 100Us





OPS/images/fmicb-13-815704-g004.jpg
] Chlorophyll b

[ Chlorophyll a

gv+ wddoog

O
0

g+ wddgoz

]
©

v+ wddpogz

<]
©

wddooz

(@]

gv+ wddool

qe _ g+ wddool

v+ wddool

wddool

gv+ wddgg

g+ wddog

v+ wddpg

wddpg

av

|0Jjuo)

6
5 -
4
3
2
1
0

(m4 B6/6w) |jAydouolyn





OPS/images/fmicb-13-815704-g005.jpg
gv+ wddooz
ap g+ wddooz
p v+ wddooz
wddooz
) av+ wddool
) g+ wddool
o v+ wddoQl
q wddpol
B} gy+ wddog
B4 g+ wddog
B} v+ wddog
wddog
Y av
4 g
Y v

y |0Jju0)

220
200 -

[ shoot
[ ]Root

60 -

I
o
[ee]

140 -
120 -
100 -
40

I
o
[(o]
=

(A\4 6/6n) Jusjuo) auijold jean

180

| v+ wddoogz
| g+ wddpoz
L v+ wddoogz

| wddooz

©

- v+ wddool
| g+ wddoo|
v+ wddoo|
q L wddoo|

L gv+ wddog
L g+ wddpg
L v+ wddpg
| wddog

- gv

- g

=4

| |osjuo)

20 -
15 +

T T T T T T T
0 o 0

(M4 B/j0wu) Jusiuod vaw

10 -
1D
15
20





OPS/images/fmicb-13-815704-g006.jpg
- gv+ wddooz po - } - gv+ wddooz
- g+ wddooz - . ° - g+ wddoogz
- v+ wddoog 5 . ° - v+ wddoog
- wddoog | - y - wddooz
- gv+wddooL l P - gv+ wddool
- g+ wddool . ) L g+ wddool
- v+ wddool q - ) L v+ wddooL
- wddoo y - 6 - wddoo
- gv+ wddog B l q - gv+ wddg
- g+ wddog . p | g+ wddog
- v+ wddog q l p | v+ wddog
- wddog 6 - 6 | wddog
- av o I 2 - av
L |osju0) l p T Ie%e)
—r * I * I * I ®* I *r I °
<t < ™ (qV} = o S N (92
(&) (uyoid | .bw N3) 1vO () (ureyoid | Bw N3) XdV
6 6 - dv+ wddooz J l Blo - gv+ wddpoz
& 6 L g+ wddpoz | l By - g+ wddooz
) J - v+ wddoog ) I 1op - v+ wddooz

- wddoogz 6 - ! - wddooz
- gv+ wddool q l po - gv+ wddool
- g+ wddool e l op | g+wddool
- v+ wddool e I q | V+uwddool
_ wddgo} . y — wddool
- gv+ wddog oq I e v+ wddog
L g+ wddog D I oq | g+uwddog
- v+ wddog e I e | v+ wddog
- wddog l 6 - wddog
- av e I B} - av
- g e l by |a
L\ I By B\
- |0Jju0) . I - |0JJu0)

T 1 T Y T L I ? T ¥

& € & > e = &

I
Q
d

(uej0id , Bw N3) A0S

(ujoid |.6w N3) Aod





OPS/images/fmicb-13-815704-g007.jpg
{ [ Shoot
[ ]Root

- g+V wddooz

— g+ wddooz

- v+ wddpogz

— wddooz

— gv+ wddool

— g+ wddoolL

— v+ wddooL

— wddool

- gv+ wddpg

— g+ wddopg

— W+ wddog

- wddog

| 1
o O
0 <

I | I | |
O O O O o
AN = o

50

|
o
(op]

|
m
(wdd) ayeldn peo

- g+Y wddooz
— g+ wddooz
— v+ wddooz
— wddooz

— gv+ wddoo|
— g+ wddool
— v+ wddool
— wddool

~ gv+ wddog
- g+ wddog

— W+ wddog

- wddpg

~ g+V wddoog

— g+ wddooz

~ v+ wddooz

— wddooz

~ gv+ wddool

— g+ wddool

- v+ wddoolL

~ wddool

— gv+ wddog

— g+ wddog

— W+ wddog

— wddopg

| | I |
o O O O O
- N O < 0

(wdd) ayeidn wniwpen

_
=
()

wdd) axeydn [8xo!

|
&
N






OPS/images/fmicb-13-815704-g008.jpg
Transmittance (a.u)

Citrobacter
- Enterobacter
= Citrobacter + HMs

Enterobacter + HMs
1068
2020 1650
3430
\/’2;26/ 1070
3430
1649
2918
1064
J423 1638
1075
2922
1645
3421
' | ' | ' | b | ' | b l b |
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)





OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Heavy Metal-Resistant Plant
Growth—-Promoting Citrobacter
werkmanii Strain WWN1
and Enterobacter cloacae Strain
JWM6 Enhance Wheat (Triticum
aestivum L.) Growth by
Modulating Physiological
Attributes and Some Key
Antioxidants Under Multi-Metal
Stress





OPS/images/fmicb-13-815704-g009.jpg
RL

RFW

RDW

APX

SOD

POD

CAT

MDA

Cd

Pb

Ni

SL

SFW

SDw

APX

SOD

CAT

-0.83 -0.88 -0.88 -0.68 -0.67 -0.53 -0.84 i e MDA

Proline

-0.43 -0.64 -0.69 -0.79 -0.36 -0.15 -0.42
C

(o}

-0.55 -0.73|-0.75 -0.78 -0.32 | -0.16 | -0.55
P

O

-0.43 -0.60 -0.66 -0.82 -0.27 -0.13 -0.44 ' Ni

®

S Qo‘? Ff ¢

Chla [0.44

Chib |0.57

POD |0.5¢

— 0.8

— 0.6

— 0.4

~ | % BAIA A5 ’ i
{) RQ () 433 y |
Al V.} A V. T W/ . . \ .

(@]
o

N

-0.53-0.80-0.79-0.68-0.92-0.49-0.71-0.73-0.25
-0.55-0.77-0.76-0.68-0.92-0.47-0.70-0.77-0.22
-0.17-0.56-0.40-0.77-0.620.057-0.47-0.76 0.14
-0.22-0.57-0.42-0.74-0.66:0.0850.50-0.79 0.13

-0.16-0.56-0.40-0.74-0.640.0380.43-0.69 0.18 (

Y X %0 gt R R E RN
95600@O@§%0Q00‘>®0Q@\\oo<2









OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology





OPS/images/fmicb-13-815704-t001.jpg
Treatments

Control
A

B

AB

50, 100, 200 ppm

50 ppm + A 50 ppm + B
50 ppm + AB

100 ppm + A 100 ppm + B
100 ppm + AB

200 ppm + A 200 ppm + B
200 ppm + AB

Details

Non-inoculated without HM amendment
Inoculated with Citrobacter werkmanii strain
WWN1 without HM amendment

Inoculated with Enterobacter cloacae strain
JWMB6 without HM amendment

Inoculated with bacterial consortium without
HM amendment

Inoculated with HMs at respective
concentrations

Inoculated with bacteria and HMs at respective
concentrations

Inoculated with bacteria and HMs at respective
concentrations

Inoculated with bacteria and HMs at respective
concentrations

HMs, Ni, Cd, and Pb.





