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Abstract

:

The high consumption of water in industries, domestic areas and increasing earth temperature are major hurdles for the optimization of maize yield. Being the third most widely cultivated cereal crop, improvement in maize yield is a big challenge under the limited availability of irrigation. As the water requirement for maize cultivation is high, it is time to introduce technologies that can mitigate drought stress and are environmentally friendly. The inoculation of rhizobacteria with ‘1-aminocyclopropane-1-carboxylate deaminase’ (ACCD) can play an imperative role in that regard by decreasing stress ethylene in plants. Biochar (BC) can also alleviate drought stress. Therefore, a field study was conducted, to examine the single and combined application of drought-tolerant plant-growth-promoting rhizobacteria (PGPRs) Achromobacter xylosoxidans and Enterobacter cloacae, with 15 Mg ha−1 of timber waste biochar (TWBC) at normal irrigation = 16 irrigations, mild drought = 14 irrigations and severe drought = 12 irrigation for maize cultivation. A significant improvement in shoot dry weight (28%), 1000-grains weight (19%), grain yield (27%), concentrations of N (43%), P (92%) and K (71%) in grains, rate of photosynthesis (33%), transpiration rate (55%), stomatal conductance (104%), chlorophyll A (33%), chlorophyll B (62%) and total chlorophyll (45%) of maize was noted under drought stress where E. cloacae + TWBC was applied. Likewise, the application of A. xylosoxidans + TWBC also significantly enhanced the plant height (24%) and cob length (9%) of maize under drought stress. In conclusion, E. cloacae is more effective than A. xylosoxidans, with 15 Mg ha−1 TWBC to increase maize yield under drought stress, due to the potential of higher ‘1-aminocyclopropane-1-carboxylate’ (ACC)-deaminase synthesis, better nutrient solubilization and indole acetic acid (IAA) production.
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1. Introduction


Changing climatic conditions and scarcity of water have made the situation adverse to the cultivation of crops [1,2]. Increasing temperature of the earth due to global warming is playing an important role in the expansion of drought area over cultivatable land [3]. Under drought stress, most of the plants are unable to uptake ample water, which is required for optimum growth [4]. This is why drought stress is considered as the most crucial abiotic stress among all stresses for plants [1,5]. The excessive use of inorganic fertilizers leads to an increased susceptibility to drought, whereas the use of organic fertilizers leads to the risk of xenobiotic contamination [6,7,8,9].



When plants are cultivated with a limited supply of water, they produce higher levels of stress, generating ethylene [10,11]. Server drought stress stimulates ‘1-aminocyclopropane-1-carboxylic acid’, (ACC) an ethylene precursor, that increases ethylene accumulation in plants [12]. Low conductance of stomata, poor transpiration rate, less biological nitrogen fixation, inhibition of abscisic acid activity, less uptake of macronutrients and micronutrients, decrease in chlorophyll contents, low roots elongation, high electrolyte leakage and the evoking of physiological responses are some of the major drawbacks of drought besides higher ethylene accumulation in plants. Such adverse effects in plants caused a significant decrease in yield attributes [12,13,14,15,16]. Among different plants, maize is the third most cultivated cereal worldwide. The share of maize in cereal grains production is 62% [17]. A nutritional diet grain of maize is rich in starch and protein (78 and 10%), fiber (8.5%), oil (4.8%) and sugar (3.1%), which also helped to decrease the cholesterol of human blood [18,19]. However, the cultivation of maize under drought stress can decrease yield (with the loss of 24 million tons yr−1) when compared to a well-watered production [20].



To overcome the problem of drought produced stress ethylene, such plant-growth-promoting rhizobacteria (PGPRs) were identified that were capable to secrete ‘1-aminocyclopropane-1-carboxylate deaminase’ (ACCD) [5,21,22,23,24,25]. The polymeric ACCD enzyme is dependent on pyridoxal 5-phosphate (PLP) [26] that serve as a sink for ACC (ethylene precursor) [22]. The reduction in ACC by its deamination via ACCD resulted in less biosynthesis of ethylene that is an important and beneficial trait of ACCD, producing PGPRs for the cultivation of plants under stress environment [27].



In recent years, the use of an activated black carbon named biochar (BC) has also become a center of interest among scientists all over the world [28,29,30,31]. Research conducted on the Amazonian dark earth called terra preta provided the basis for the application of BC as a soil amendment [29,32]. On other soils, a higher cation exchange capacity [32,33], improved soil fertility status and high concentration of phosphorus and organic contents [32] were attributes of terra preta that captured the attention of scientists, supporting the use of BC as a soil amendment [30,34,35,36,37]. Biochar is produced by the process of pyrolysis, that is an effective carbon sequestration technique which can be used for recycling agricultural and industrial waste [38]. The application of BC in soil significantly enhanced the latter’s water-holding ability, due to its high capacity for the sorption of water and nutrients [39]. It can thus be effective to mitigate drought stress [40,41,42].



A lot of work on the sole application of BC and drought-tolerant ACCD containing PGPRs has been done [43,44,45,46,47,48,49,50], but little investigation has been made regarding the cumulative use of drought-tolerant ACCD containing PGPR with timber waste biochar (TWBC) to alleviate the drought stress in maize. It is hypothesized that the use of drought-tolerant ACCD containing PGPR and TWBC may be an effective and environmentally friendly approach to mitigate drought stress in maize.




2. Materials and Methods


2.1. PGPR Strains


Two most effective drought-tolerant PGPRs were isolated from a maize rhizosphere with ACCD were taken from the Soil Microbiology and Biochemistry Laboratory, Department of Soil Science, Faculty of Agricultural Sciences and Technology, Bahauddin Zakariya University Multan, in Punjab, Pakistan. The strains were identified as Enterobacter cloacae and Achromobacter xylosoxidans, and were grown on a Dworkin and Foster (DF) minimal salt medium, by using 0.5M ACC as a nitrogen source. The inoculum of the desired PGPR was made by using DF media without agar [51].




2.2. Characterization of PGPRs


ACCD activity (E. cloacae = 402.1 ± 27.29, A. xylosoxidans = 381.17 ± 11.69 μmol α-ketobutyrate nmol mg−1 protein h−1) was determined by the method adopted by Honma et. al. and El-Tarabily et al. [26,52] The method adopted by Glickmann et al. [53] was used for indole acetic acid determination by using Salkowski reagent with (E. cloacae = 78.79 ± 0.35 and A. xylosoxidans = 61.19 ± 0.14 μg/mL), and without L-tryptophan (E. cloacae = 3.39 ± 0.41 and A. xylosoxidans = 5.52 ± 0.79 μg/mL) [54,55] methods, were adopted for phosphorus (E. cloacae = 66.3 ± 0.38 and A. xylosoxidans = 77.4 ± 0.98 μg/mL) and potassium solubilizing activities (E. cloacae = 19.1 ± 0.82 and A. xylosoxidans = 24.5 ± 0.42 μg/mL).




2.3. Timber-Waste Biochar


Timber waste was collected from local timber market for the production of biochar (BC). First the collected timber waste was sun dried and then subjected to pyrolysis at 389 °C for 80 min [49]. Finally, fine powder of biochar was collected by grinding and passing it through a ≤ 2 mm sieve. Biochar pH and EC were assessed by making 1:20 w/v biochar to water ratio [49]. Nitric and perchloric acid mixture in 2:1 ratio were used for wet digestion of TWBC [56]. The yellow colour method was used for phosphorus (P) determination on a spectrophotometer [57]. Potassium and sodium were determined on flamephotometer [58]. Nitrogen (N) analysis was done by H2SO4 digestion, followed by distillation on Kjeldahl’s distillation apparatus [59]. Ash content and volatile matter were assessed according to the methodology described by Qayyum et al. (2012), samples were heated in a muffle furnace at 550 °C and 450 °C, respectively [60]. The fixed carbon in TWBC was assessed using the equation given by Noor et al. [61]:


Fixed Carbon (%) = 100 − (%Volatile Matter + %Ash Content)



(1)




Physio-chemical characteristics of TWBC are provided in Table 1.




2.4. Soil Characteristic


The experiment was conducted in the research area of the Department of Soil Science, Bahauddin Zakariya University Multan. For the characterization of soil, sampling was done in a zig-zag manner. Six samples were collected from the field and a composite sample was prepared for analyses by mixing 6 samples in equal amount. Soil was then passed through a ≤ 2 mm sieve and analyzed for characterization [62]. Hydrometer method was adopted from Gee et al. [63] and Walkley et al. [64] for the determination of soil organic matter. Extractable soil phosphorus was determined by Olsen and Sommers [65] methodology. Nadeem et al.’s [58] method was adopted for the analysis of extractable soil potassium. Soil characteristics vary with land use [66,67,68]; they are given in Table 1.




2.5. Seeds Collection and Inoculation


The seeds of maize (Kenzo Hybride-123) were purchased from the local market. Seed sterilization was done using sodium hypochlorite (5%) and ethanol (95%) [69]. Inoculation was done by taking 100 g sterilized seeds, 10 mL PGPR inoculum and 10% glucose solution [70]. However, top dressing was done with biochar. Biochar was sterilized at 121 °C for 20 min in an autoclave before inoculation of seeds [71]. For the control treatment, seeds were also top-dressed with TWBC, along with 10% sugar solution [72].




2.6. Field Preparation, Nutrients and Biochar Application


In the experimental field, the plot of 4m width and 5m length with an area of 20 m2 was created for each treatment. To provide macronutrients for maize cultivation N, P2O5 and K2O were applied at the rate of 200:150:100 kg ha−1, as recommended NPK fertilizer (RNPKF) respectively [73]. All P and K fertilizers were applied in a single dose at the time of sowing, while N was applied in 4 splits (1st = 5–6 leaf stage, 2nd 8–10 leaf stage, 3rd 14–16 leaf stage and 4th tasseling stage). For the application of N, P and K, fertilizers of urea, DAP and SOP were used. Timber waster BC was added at the rate of 0.75% = 15 tons ha−1 selected as the best application rate in a previous pot experiment. The conversion was made by using the equation of:


1% = 20 tons ha−1 (where 1 ton = 1000 UK Kg)



(2)








2.7. Seeds Sowing, Drought Stress and Treatment Plan


In each plot, seeds of maize were sown by hand. Sterilized gloves were used for the PGPR inoculated seeds to avoid any contamination. Sixteen irrigations were provided for control, as per “production technology of maize 2017”, issued by Directorate of Agricultural Information Punjab [74]. Fourteen irrigations were provided to introduce mild drought stress condition (1st skipped at tasseling, 2nd at flowering) and severe drought stress condition was induced by providing 12 irrigations (1st skipped after the end of juvenile, 2nd at tasseling, 3rd at flowering and 4th at milking). Each irrigation was 3 inches per plot. All 6 treatments were applied at 3 levels of irrigation (16, 14 and 12I), with 3 replications each, following randomized complete block design (RCBD). The treatments were control (without TWBC and PGPR), E. cloacae, A. xylosoxidans, TWBC (15 Mg ha−1), E. cloacae + TWBC and A. xylosoxidans + TWBC. Drought levels were maintained in main plots, while treatments were randomized in subplots.




2.8. Vegetative Harvest


Vegetative harvesting was done after 45 days of sowing, from 4 random spots of each plot and was analysed for photosynthetic pigments, electrolyte leakage and nutrients concentration in the shoot.




2.9. Yield Attributes


The maize plants’ cob length, grains weight cob−1, number of grains cob−1, grains yield, 1000-grains weight and biological yield were noted at the time of maturity (115 days after sowing).




2.10. Nutrients Concentration in Grain and Shoot


Leaves were digested with H2SO4 for the N analysis [57] on Kjeldahl’s distillation apparatus [59]. Phosporous concentration of leaf was determine by yellow colour method, and absorbance was set at 420 nm [57]. Total K concentration in shoot and grains were analyzed after digestion with di-acid (HNO3-HClO4) mixture. Finally, reading was noted on a flame photometer, as described by Nadeem et al. [58]




2.11. Gas Exchange Parameters


Infra-Red Gas Analyzer (CI-340) was used for the determination of net transpiration rate, net photosynthetic rate and stomatal conductance [75].




2.12. Chlorophyll Content and Electrolyte Leakage


The Arnon et al.’s [76] methodology was used for the determination of chlorophyll. Fresh leaves were taken once at vegetative maturity i.e., 50 days old plants when chlorophyll contents are at maximum. Lutts et al.’s [77] method was followed for analyses of electrolyte leakage (EL).




2.13. Statistical Analyses


Statistical analysis was carried out using standard procedures followed by steel et al. [78] Two factorial ANOVA was applied to get interactive graphs using Statistic 8.1 and SPSS 20. Treatments were compared at p ≤ 0.05 using Tukey’s test.





3. Result


3.1. Plant Height, Shoot Dry Weight and Electrolyte Leakage


Main effect and interactive effects of treatments (T) and various sources of irrigation (I) differed significantly for plant height. However, the main effect of T and I remained significant, while their interaction (T × I) did not differ significantly for shoot dry weight and electrolyte leakage (Table 2). At 16, 14 and 12I, the interaction of PGPRs × TWBC was ordinal and significant for plant height (Figure 1A–C). However, the interactive effect of PGPRs × TWBC did not differ significantly, but ordinal at 16, 14 and 12I, for shoot dry weight and electrolyte leakage.



For plant height, all treatments did not differ significantly to each other at 16I and 14I. Application of treatments TWBC, A. xylosoxidans + TWBC and E. cloacae + TWBC differed significantly over control at 12I for plant height. Inoculation of A. xylosoxidans and E. cloacae with TWBC at 12I did not differ for plant height. Similarly, treatments A. xylosoxidans and E. cloacae did not differ significantly over control at 12I for plant height. However, A. xylosoxidans + TWBC and E. cloacae + TWBC treatments remained significant over A. xylosoxidans and E. cloacae treatments at 12I for plant height. The highest increase of 24% in plant height of maize was noted over control, where A. xylosoxidans + TWBC was applied as a treatment at 12I.



No significant increase or decrease in shoot dry weight was observed for treatments TWBC, A. xylosoxidans + TWBC and E. cloacae + TWBC, whereas a significant increase in shoot dry weight was noted in A. xylosoxidans + TWBC and E. cloacae + TWBC treatments, as compared to control. The highest increase of 28% in shoot dry weight was noted over the control in E. cloacae + TWBC treatment.



For electrolyte leakage, treatments A. xylosoxidans, TWBC, A. xylosoxidans + TWBC and E. cloacae + TWBC remained significant over control. Inoculation of E. cloacae as treatment was non-significant over control for electrolyte leakage. However, treatments A. xylosoxidans + TWBC and E. cloacae + TWBC also did not differ significantly over A. xylosoxidans and E. cloacae for electrolyte leakage. A significant reduction of 35% in electrolyte leakage was noted in A. xylosoxidans + TWBC treatment over control.




3.2. Yield Attributes


The main effects of T and I were significant for 1000 grains weight, grains yield and biological yield of maize (Table 3). Inoculation of PGPRs with TWBC gave ordinal interaction at 16, 14 and 12I, for 1000 grains weight, grain yield and biological yield. However, at 14I interaction of PGPRs and TWBC was disordinal for biological yield. Application of treatments E. cloacae + TWBC remained significant over control for 1000 grains weight. Treatments E. cloacae, A. xylosoxidans, TWBC and A. xylosoxidans + TWBC were non-significant to each other and with control. The highest increase of 19% in 1000 grains weight was noted over control, where E. cloacae + TWBC was applied.



For grain yield, treatments TWBC, E. cloacae + TWBC and A. xylosoxidans + TWBC remained non-significant to each other, but significant over control. Treatments E. cloacae + TWBC and A. xylosoxidans + TWBC remained significantly over E. cloacae and A. xylosoxidans, for improvement in grains yield. Inoculation of E. cloacae and A. xylosoxidans gave significant results over control for grains yield. The highest increase of 27% in grain yield was noted over control where E. cloacae + TWBC was applied.



For biological yield, application of E. cloacae + TWBC and A. xylosoxidans + TWBC treatments remained significant over control. Treatments E. cloacae + TWBC and TWBC did not differ significantly with each other, but A. xylosoxidans + TWBC was significant over TWBC for biological yield. Inoculation of E. cloacae and A. xylosoxidans treatments were non-significant over control for biological yield. Both E. cloacae + TWBC and A. xylosoxidans + TWBC treatments remained significant over E. cloacae and A. xylosoxidans treatments for biological yield. The highest increase of 30% in biological yield was noted over control where A. xylosoxidans + TWBC was applied.




3.3. Cob Length, Number of Grains Cob−1 and Grains Weight Cob−1


The main effect of T and I were significant for cob length, number of grains cob−1 and grains weight cob−1 of maize (Table 4). Ordinal interaction was observed between PGPRs with TWBC at 16, 14 and 12I for cob length, number of grains cob−1 and grains weight cob−1. For cob length, application of TWBC and A. xylosoxidans + TWBC remained significantly best over control. It was noted that E. cloacae + TWBC, A. xylosoxidans and E. cloacae were non-significant over control for cob length. The highest increase of 9% in cob length was noted over control, where A. xylosoxidans + TWBC was applied.



For number of grains cob−1, A. xylosoxidans + TWBC and E. cloacae + TWBC performed significantly better over control. Application of treatments A. xylosoxidans + TWBC and E. cloacae + TWBC remained significant over TWBC, A. xylosoxidans and E. cloacae treatments for the number of grains cob−1. It was noted that E. cloacae and TWBC remained non-significant with each other but significant over control for number of grains cob−1. However, no significant difference was observed among control and A. xylosoxidans for number of grains cob−1. The highest increase of 21% in number of grains cob−1 was noted over control where E. cloacae + TWBC was applied.



For grains weight cob−1 application of A. xylosoxidans + TWBC and E. cloacae + TWBC treatments remained significant over control. Treatments A. xylosoxidans + TWBC did not differ significantly to TWBC, but E. cloacae + TWBC differed significantly over TWBC for improvement in grains weight cob−1. Inoculation of A. xylosoxidans and E. cloacae as treatments remained non-significant over control for grains weight cob−1. The highest increase of 44% in grains weight cob−1 was noted over control where E. cloacae + TWBC was applied.




3.4. Grains Nutrients


The main effect of T and I was significant for N, P and K concentration in maize grains (Table 5). Ordinal interaction was noted for PGPR × TWBC at 14 and 12I for N, P and K concentration in grains. For improvement in grain N concentration, treatments TWBC, A. xylosoxidans + TWBC and E. cloacae + TWBC were significant over control. No significant change was observed in grains N concentration where A. xylosoxidans and E. cloacae were inoculated as treatments over control. Inoculation of A. xylosoxidans and E. cloacae with TWBC remained significant over treatments A. xylosoxidans and E. cloacae, for improvement in grain N concentration. The highest increase of 43% in grains N concentration was noted over control, where E. cloacae + TWBC was applied.



For grains P concentration, treatments A. xylosoxidans + TWBC and E. cloacae + TWBC remained significant over control. Treatment A. xylosoxidans + TWBC was non-significant over TWBC, A. xylosoxidans and E. cloacae treatments for grains P concentration. Treatments TWBC, A. xylosoxidans and E. cloacae were significant over control for grains P concentration. Inoculation of E. cloacae with TWBC also remained significant, as compared to E. cloacae treatment for grains P concentration. The highest increase of 92% in grains P concentration was noted over control where E. cloacae + TWBC was applied.



For grains K concentration, treatments A. xylosoxidans + TWBC and E. cloacae + TWBC were significant over control. Application of A. xylosoxidans + TWBC was non-significant over TWBC and A. xylosoxidans treatments for grains K concentration. Inoculation of E. cloacae with TWBC remained significant, as compared to E. cloacae, for grains K concentration. Treatment TWBC, A. xylosoxidans and E. cloacae were significantly different over control for grains K concentration. The highest increase of 71% in grains K concentration was noted in E. cloacae + TWBC treatment over control.




3.5. Shoot Nutrients


The main effect of T and I was significant for nitrogen (N), phosphorus (P) and potassium (K) concentration in the shoot of maize (Table 6). Two factorial ANOVA showed that PGPRs × TWBC at 16, 14 and 12I was ordinal for N and K concentration in maize shoot. However, for P concentration in maize shoot, PGPRs × TWBC was disordinal at 16, 14 and 12I.



For N and P concentration, treatments A. xylosoxidans + TWBC and E. cloacae + TWBC were significant over control. Application of A. xylosoxidans + TWBC and TWBC were non-significant with each other for N and P concentration in the shoot. Inoculation of A. xylosoxidans and E. cloacae also remained non-significantly over TWBC for N and P concentration in the shoot. No significant difference was noted among A. xylosoxidans, E. cloacae and control for N concentration in the shoot. However, for P concentration in shoot inoculation of A. xylosoxidans and E. cloacae as treatments remained significant over control. Both A. xylosoxidans + TWBC and E. cloacae + TWBC were significant over A. xylosoxidans and E. cloacae for N and P concentration in the shoot. The highest increase of 45 and 73% was noted in N and P concentration in shoot respectively, over control in E. cloacae + BC.



For K concentration in the shoot, TWBC, A. xylosoxidans + TWBC and E. cloacae + TWBC were significant over control. Inoculation of A. xylosoxidans and E. cloacae remained non-significant to TWBC for K concentration in the shoot. However, for K, concentration in shoot treatments A. xylosoxidans and E. cloacae remained significant over control. It was observed that A. xylosoxidans + TWBC and E. cloacae + TWBC remained significantly better over A. xylosoxidans and E. cloacae for K concentration in the shoot. The highest increase of 71% in K concentration was noted over control, where A. xylosoxidans + TWBC was applied.




3.6. Gas Exchange Attributes


The main effect of T and I was significant for photosynthetic rate, respiration rate and stomatal conductance of maize (Table 7). An ordinal interaction was found at 16I for TWBC and PGPRs, but disordinal at 14 and 12I for photosynthetic rate in maize. In case of transpiration rate, interaction of PGPRs and TWBC were ordinal at 14 and 12I, but disordinal at 16I. However, at 16, 14 and 12I, TWBC and PGPRs interaction was ordinal for stomatal conductance in maize.



For photosynthetic rate, treatments TWBC, A. xylosoxidans + TWBC and E. cloacae + TWBC remained significant over control. It was noted that treatments E. cloacae and TWBC were non-significant to each other for photosynthetic rate. Inoculation of A. xylosoxidans and E. cloacae as treatments did not differ significantly over control for photosynthetic rate. However, A. xylosoxidans + TWBC and E. cloacae + TWBC as treatments remained significant over A. xylosoxidans and E. cloacae for photosynthetic rate. The highest increase of 33% in photosynthetic rate was noted over control where E. cloacae + TWBC was applied.



For transpiration rate, A. xylosoxidans + TWBC and E. cloacae + TWBC were significant over control for transpiration rate. Treatments E. cloacae, A. xylosoxidans and TWBC were non-significant over control for transpiration rate. However, E. cloacae + TWBC differed significantly over E. cloacae and TWBC for transpiration rate. The highest increase of 55% in transpiration rate was noted over control where E. cloacae + TWBC was applied.



Application of A. xylosoxidans + TWBC and E. cloacae + TWBC were significant over control for stomatal conductance. It was observed that A. xylosoxidans + TWBC and TWBC were non-significant to each other for stomatal conductance. Inoculation of E. cloacae and A. xylosoxidans did not differ significantly over control for stomatal conductance. However, E. cloacae + TWBC remained significant over E. cloacae and TWBC for stomatal conductance. The highest increase of 104% was noted over control where E. cloacae + TWBC was applied.




3.7. Chlorophyll Contents


The main effect of T and I differs significantly for chlorophyll a, chlorophyll b and total chlorophyll of maize (Table 8). Inoculation of PGPRs and TWBC showed ordinal interaction at 16I and 12I, but disordinal at 14I for chlorophyll a and b. For total chlorophyll, TWBC × PGPRs remained ordinal at 16I, but disordinal at 14 and 12I.



Application of treatments A. xylosoxidans + TWBC and E. cloacae + TWBC remained significant over control for chlorophyll a content. E. cloacae + TWBC and A. xylosoxidans + TWBC remained significant over E. cloacae and A. xylosoxidans for chlorophyll a. Both TWBC and A. xylosoxidans + TWBC for chlorophyll a content. Similarly, TWBC and E. cloacae treatments remained non-significant with each other for chlorophyll a content. Inoculation of E. cloacae and TWBC remained significant over control for chlorophyll a. However, inoculation of A. xylosoxidans was non-significant over control for chlorophyll a content. Highest increase of 33% in chlorophyll a content was noted over control where E. cloacae + TWBC was applied.



For chlorophyll b, treatments A. xylosoxidans + TWBC and E. cloacae + TWBC were significant over control. Application of TWBC remained non-significant with A. xylosoxidans + TWBC for chlorophyll b content. Treatments with E. cloacae + TWBC were significant over TWBC and E. cloacae treatments for chlorophyll b. Similarly, A. xylosoxidans + TWBC was significant over A. xylosoxidans treatment. It was noted that E. cloacae and A. xylosoxidans as treatments did not differ significantly to each other, but differ significantly over control for chlorophyll b content. Highest increase of 62% in chlorophyll b content was noted over control in E. cloacae + TWBC treatment.



For total chlorophyll, A. xylosoxidans + TWBC and E. cloacae + TWBC treatments were statistically similar to each other, but differ significantly over control. Both A. xylosoxidans + TWBC and E. cloacae + TWBC treatments remained significantly better over TWBC, A. xylosoxidans and E. cloacae treatments for total chlorophyll. Inoculation of A. xylosoxidans and E. cloacae did not differ significantly with each other, but differ significantly over control for total chlorophyll content. Highest increase of 45% in total chlorophyll content was noted over control where E. cloacae + TWBC was applied.





4. Discussion


In the current study, the application of drought tolerent ACC-deaminase containing PGPRs i.e., E. cloacae and A. xylosoxidans with TWBC, significantly enhanced maize growth, photosynthetic pigments, nutrients in shoot and grains cultivated under various levels of irrigation (16I, 14I and 12I). Under severe drought stress, co-application of ACC-deaminase containing PGPRs E. cloacae and A. xylosoxidans with 15 Mg ha−1 TWBC produced significantly better results as compared to sole inoculation of E. cloacae and A. xylosoxidans treatments with respect to plant height and shoot dry weight of maize. Better PGPR colonization, ACCD activity and improvement in water holding capacity by co-application of PGPRs and TWBC might be responsible for improvement in plant height and shoot dry weight of maize. Application of TWBC with PGPRs in the current study significantly enhanced photosynthetic rate, transpiration rate and stomatal conductance, especially at 14I and 12I. This improvement in photosynthetic rate, transpiration rate and stomatal conductance might be due to the high water holding capacity (WHC) of TWBC and reduction of ethylene biosysnthesis.



Mayak et al. [79] suggested that the upregulation of ACC from root to shoot under drought stress and limited availibility of nutrients enhances the synthesis of stress ethylene in root and shoot of plants. Glick et al. [80] proposed that the synthesis of indole acetic acid (IAA) by PGPR stimulates ACC synthase enzyme that converts S-adenosylmethionine to ACC. Plants, roots and seeds exude accumulated stress ethylene in rhizosphere, which is cleaved into NH3 and α-ketobutyrate by PGPRs secreted ACCD. Reduction in ethylene due to its cleavage resulted in the better elongation of roots. This improvement in root elongation facilitates plant to uptake water and nutrients by increasing rhizosphere area [81]. In addition to the above, higher surface area and pore spaces are such characteristics that make biochar an effective soil amendment for improvement in the bioavailibility of water to plants under drought stress [40,82,83,84].



A significant improvement in plant height signified the imperative role of co-application of E. cloacae and A. xylosoxidans with TWBC over sole application of TWBC and control. Roots secrete organic acids, sugars, vitamins, phytosiderophores, nucleosides amino acids and mucilage, that attract PGPRs and resulted in better colonization of PGPRs, uptake of water and nutrients [85,86,87]. However, it is well documented that the colonization of PGPR is also improved when PGPR are inoculated with biochar [47]. In current study inoculation of E. cloacae and A. xylosoxidans TWBC significantly decreased electrolyte leakage over control is another solid evidence of less ethylene accumulation under drought stress. The findings of Nadeem et al. (2017) in cucumber under drought stress justified our results regarding less electrolyte leakage when they applied PGPRs and biochar cumulatively [88]. Matile et al. [89] suggested that cell membrane mostly loses its integrity by the degradation of lipid molecules as a result of higher accumulation of ethylene. Direct contact of ethylene with chloroplast by degradation of lipids in cell membrane activates chlorophyllase (chlase) gene that severely damaged chlorophyll [89].



A significant improvement in chlorophyll pigments synthesis at 14I and 12I is in agreement with low ethylene accumulation due to deamination of ACC and improvement in soil water holding capacity by TWBC. According to Zheng et al. [90] and Borch et al. [91], the limited availability of N and P is an allied factor that significantly contributes to higher biosynthesis and accumulation of ethylene. The improvement in shoot P (E. cloacae and A. xylosoxidans) and K (E. cloacae + TWBC and A. xylosoxidans + TWBC) concentration at 14I and 12I signified an imperative effect of PGPR and TWBC for significant improvement in the yield attributes (1000-grains weight, grains yield and biological yield) of maize plants. Younis et al. 2014 also noted similar results for the improvement in the uptake of nutrients concentration by the addition of cotton sticks biochar [92]. Richardson et al. [93] found a significant increase in the fresh and dry weight of plants by the better uptake of P. Application of biochar significantly increased the uptake of P in the plants [50]. According to Chan et al. [94], a significant increase in the bioavailability of N is due to improvement in the soil cation exchange capacity when biochar is applied as an amendment. In the current study, better uptake of K in maize at 14I and 12I by co-application of PGPR and TWBC might be another allied factor responsible for the mitigation of drought stress.




5. Conclusions


From the results, it is concluded that the application of TWBC with E. cloacae and A. xylosoxidans is a better approach for promotion of growth, gas exchange attributes, nutrients concentration in shoot and grains and yield in maize under drought stress. However, combined application of PGPR E. cloacae is more effective than A. xylosoxidans with 15 Mg ha−1 TWBC, to mitigate drought stress in maize.
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Figure 1. Interaction graph of plant-growth-promoting rhizobacteria (PGPR) and TWBC at 16 (A), 14 (B) and 12 (C) number of irrigation (I) for maize plant height (PH), where D represents drought levels. 
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Table 1. Pre-experimental characteristics of timber waste biochar and soil.
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	Biochar
	Value
	Soil
	Value





	pH
	7.26
	Sand (%)
	60



	ECe (dS m−1)
	1.22
	Silt (%)
	30



	Volatile Matter (%)
	8.96
	Clay (%)
	10



	Ash Content (%)
	28.9
	Texture
	Sandy Clay Loam



	Fixed Carbon (%)
	62.1
	pHs
	8.44



	Total N (%)
	0.21
	ECe (dS m−1)
	3.84



	Total P (%)
	0.62
	Organic Matter (%)
	0.40



	Total K (%)
	1.61
	Extractable P (μg g−1)
	4.31



	Total Na (%)
	0.19
	Extractable K (μg g−1)
	110
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Table 2. Effect of sole and co-application of E. cloacae and A. xylosoxidans and timber waste biochar (TWBC) on plant height, shoot dry weight and electrolyte leakage of maize.






Table 2. Effect of sole and co-application of E. cloacae and A. xylosoxidans and timber waste biochar (TWBC) on plant height, shoot dry weight and electrolyte leakage of maize.





	
Treatments (T)

	
Plant Height (cm)

	
Shoot Dry Weight (g)

	
Electrolyte Leakage (%)




	
No. of Irrigations (I)




	
16I

	
14I

	
12I

	
Mean

	
16I

	
14I

	
12I

	
Mean

	
16I

	
14I

	
12I

	
Mean






	
Control

	
173 a,b

	
155 c–g

	
133 h

	
154 C

	
61.0

	
48.1

	
34.0

	
47.7 C

	
34.0

	
58.7

	
71.0

	
54.6 A




	
E. cloacae

	
171 a–d

	
154 d–g

	
139 g,h

	
155 C

	
61.2

	
49.4

	
38.5

	
49.7 B,C

	
28.7

	
51.3

	
61.3

	
47.1 A,B




	
A. xylosoxidans

	
176 a

	
158 b–f

	
143 f–h

	
159 B,C

	
62.7

	
48.2

	
31.5

	
47.5 C

	
28.0

	
47.0

	
56.7

	
43.9 B,C




	
TWBC

	
175 a

	
168 a–e

	
152 e–g

	
165 A,B

	
67.1

	
57.4

	
41.5

	
55.3 A–C

	
29.3

	
43.3

	
56.7

	
43.1 B,C




	
E. cloacae + TWBC

	
178 a

	
171 a–c

	
163 a–e

	
171 A

	
74.4

	
62.2

	
46.2

	
61.0 A

	
28.7

	
40.0

	
48.7

	
39.1 B,C




	
A. xylosoxidans + TWBC

	
180 a

	
168 a–e

	
165 a–e

	
171 A

	
72.4

	
58.4

	
46.0

	
58.9 A,B

	
25.3

	
33.7

	
47.3

	
35.4 C




	
Mean

	
176 A

	
162 B

	
149 C

	

	
66.5 A

	
54.0 B

	
39.6 C

	

	
29.0 C

	
45.7 B

	
56.9 A

	








Small letters indicate interactive effect, while capital letters indicate main effect significance at p ≤ 0.05. TWBC = Timber waste biochar; I = Number of irrigations.
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Table 3. Effect of sole and co-application of E. cloacae and A. xylosoxidans and TWBC (15 Mg ha−1) on 1000 grains’ weight, grains’ yield and biological yield of maize.






Table 3. Effect of sole and co-application of E. cloacae and A. xylosoxidans and TWBC (15 Mg ha−1) on 1000 grains’ weight, grains’ yield and biological yield of maize.





	
Treatments (T)

	
1000 Grains Weight (g)

	
Grain Yield (Mg ha−1)

	
Biological Yield (Mg ha−1)




	
No. of Irrigations (I)




	
16I

	
14I

	
12I

	
Mean

	
16I

	
14I

	
12I

	
Mean

	
16I

	
14I

	
12I

	
Mean






	
Control

	
243.9

	
192.8

	
145.8

	
194.2 B

	
3.23

	
2.84

	
1.90

	
2.66 C

	
11.4

	
9.78

	
7.36

	
9.51 C




	
E. cloacae

	
260.7

	
215.7

	
154.1

	
210.2 A,B

	
3.40

	
3.05

	
2.30

	
2.92 B

	
11.8

	
10.4

	
8.44

	
10.2 C




	
A. xylosoxidans

	
240.6

	
194.1

	
155.2

	
196.6 B

	
3.41

	
3.14

	
2.28

	
2.94 B

	
11.6

	
10.6

	
8.28

	
10.2 C




	
TWBC

	
266.7

	
217.0

	
184.3

	
222.7 A,B

	
3.68

	
3.28

	
2.43

	
3.13 A,B

	
13.2

	
11.7

	
8.88

	
11.2 B




	
E. cloacae + TWBC

	
273.4

	
232.0

	
193.4

	
232.9 A

	
3.96

	
3.43

	
2.73

	
3.37 A

	
14.3

	
12.2

	
9.12

	
11.9 A,B




	
A. xylosoxidans + TWBC

	
264.6

	
225.4

	
175.7

	
221.9 A,B

	
3.92

	
3.47

	
2.64

	
3.34 A

	
14.6

	
12.8

	
9.79

	
12.4 A




	
Mean

	
258.3 A

	
212.8 B

	
168.1 C

	

	
3.60 A

	
3.20 B

	
2.38 C

	

	
12.8 A

	
11.2 B

	
8.65 C

	








Capital letters indicate main effect significance at p ≤ 0.05. TWBC = Timber waste biochar; I = Number of irrigations.
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Table 4. Effect of sole and co-application of E. cloacae and A. xylosoxidans and TWBC (15 Mg ha−1) on cob length, number of grains cob−1 and grains weight cob−1 of maize.






Table 4. Effect of sole and co-application of E. cloacae and A. xylosoxidans and TWBC (15 Mg ha−1) on cob length, number of grains cob−1 and grains weight cob−1 of maize.





	
Treatments (T)

	
Cob Length (cm)

	
Number of Grains Cob−1

	
Grains Weight Cob−1




	
No. of Irrigations (I)




	
16I

	
14I

	
12I

	
Mean

	
16I

	
14I

	
12I

	
Mean

	
16I

	
14I

	
12I

	
Mean






	
Control

	
16.5

	
14.0

	
12.8

	
14.5 B

	
349

	
307

	
265

	
307 C

	
85.2

	
59.0

	
38.5

	
60.9 D




	
E. cloacae

	
17.0

	
15.1

	
13.7

	
15.2 A,B

	
364

	
326

	
293

	
328 B

	
95.1

	
70.2

	
45.3

	
70.2 C,D




	
A. xylosoxidans

	
16.6

	
15.0

	
13.2

	
14.9 A,B

	
377

	
323

	
272

	
324 B,C

	
90.9

	
62.6

	
42.2

	
65.2 D




	
TWBC

	
17.0

	
15.7

	
14.2

	
15.6 A

	
384

	
334

	
305

	
341 B

	
102.2

	
72.3

	
56.3

	
76.9 B,C




	
E. cloacae + TWBC

	
16.8

	
15.6

	
14.0

	
15.5 A,B

	
404

	
375

	
340

	
373 A

	
110.3

	
86.7

	
65.5

	
87.5 A




	
A. xylosoxidans + TWBC

	
17.8

	
15.3

	
14.3

	
15.8 A

	
405

	
361

	
326

	
364 A

	
106.8

	
81.5

	
57.4

	
81.9 A,B




	
Mean

	
17.0 A

	
15.1 B

	
13.7 C

	

	
381 A

	
338 B

	
300 C

	

	
98.4 A

	
72.1 B

	
50.9 C

	








Capital letters show a significant difference of main effect at p ≤ 0.05. TWBC = Timber waste biochar; I = Number of irrigations.
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Table 5. Effect of sole and co-application of E. cloacae and A. xylosoxidans and TWBC (15 Mg ha−1) on N, P and K concentration in maize grains.






Table 5. Effect of sole and co-application of E. cloacae and A. xylosoxidans and TWBC (15 Mg ha−1) on N, P and K concentration in maize grains.





	
Treatments (T)

	
Grains Nitrogen (%)

	
Grains Phosphorus (%)

	
Grains Potassium (%)




	
No. of Irrigations (I)




	
16I

	
14I

	
12I

	
Mean

	
16I

	
14I

	
12I

	
Mean

	
16I

	
14I

	
12I

	
Mean






	
Control

	
1.64

	
1.36

	
0.90

	
1.30 B

	
0.16

	
0.11

	
0.09

	
0.12 C

	
0.95

	
0.67

	
0.36

	
0.66 D




	
E. cloacae

	
1.73

	
1.41

	
1.14

	
1.43 B

	
0.22

	
0.16

	
0.12

	
0.17 B

	
1.07

	
0.87

	
0.64

	
0.86 C




	
A. xylosoxidans

	
1.67

	
1.43

	
1.15

	
1.42 B

	
0.22

	
0.18

	
0.13

	
0.17 B

	
1.09

	
0.86

	
0.67

	
0.88 B,C




	
TWBC

	
2.03

	
1.64

	
1.35

	
1.68 A

	
0.25

	
0.19

	
0.14

	
0.19 B

	
1.22

	
0.95

	
0.76

	
0.98 B,C




	
E. cloacae + TWBC

	
2.16

	
1.82

	
1.59

	
1.86 A

	
0.28

	
0.23

	
0.18

	
0.23 A

	
1.30

	
1.15

	
0.94

	
1.13 A




	
A. xylosoxidans + TWBC

	
2.13

	
1.67

	
1.43

	
1.75 A

	
0.25

	
0.20

	
0.15

	
0.20 A,B

	
1.29

	
1.00

	
0.75

	
1.01 A,B




	
Mean

	
1.89 A

	
1.56 B

	
1.26 C

	

	
0.23 A

	
0.18 B

	
0.14 C

	

	
1.15 A

	
0.92 B

	
0.68 C

	








Capital letters show a significant difference of main effect at p ≤ 0.05. TWBC = Timber waste biochar; I = Number of irrigations.













[image: Table] 





Table 6. Effect of sole and co-application of E. cloacae and A. xylosoxidans and TWBC (15 Mg ha−1) on N, P and K concentration in maize shoot.






Table 6. Effect of sole and co-application of E. cloacae and A. xylosoxidans and TWBC (15 Mg ha−1) on N, P and K concentration in maize shoot.





	
Treatments (T)

	
Shoot Nitrogen (%)

	
Shoot Phosphorus (%)

	
Shoot Potassium (%)




	
No. of Irrigations (I)




	
16I

	
14I

	
12I

	
Mean

	
16I

	
14I

	
12I

	
Mean

	
16I

	
14I

	
12I

	
Mean






	
Control

	
1.73

	
1.47

	
1.06

	
1.42 D

	
0.19

	
0.16

	
0.12

	
0.15 D

	
0.99

	
0.74

	
0.45

	
0.73 C




	
E. cloacae

	
1.93

	
1.71

	
1.24

	
1.63 C,D

	
0.24

	
0.21

	
0.16

	
0.21 C

	
1.17

	
1.03

	
0.65

	
0.95 B




	
A. xylosoxidans

	
1.80

	
1.55

	
1.23

	
1.53 C,D

	
0.24

	
0.20

	
0.16

	
0.20 C

	
1.14

	
0.96

	
0.72

	
0.94 B




	
TWBC

	
2.08

	
1.72

	
1.36

	
1.72 B,C

	
0.26

	
0.21

	
0.17

	
0.22 B,C

	
1.32

	
1.14

	
0.84

	
1.10 A,B




	
E. cloacae + TWBC

	
2.48

	
2.04

	
1.68

	
2.06 A

	
0.30

	
0.26

	
0.21

	
0.26 A

	
1.39

	
1.26

	
0.99

	
1.21 A




	
A. xylosoxidans + TWBC

	
2.37

	
2.06

	
1.37

	
1.93 A,B

	
0.30

	
0.25

	
0.20

	
0.25 A,B

	
1.48

	
1.30

	
0.97

	
1.25 A




	
Mean

	
2.07 A

	
1.76 B

	
1.32 C

	

	
0.26 A

	
0.22 B

	
0.17 C

	

	
1.25 A

	
1.07 B

	
0.77 C

	








Capital letters show a significant difference of main effect at p ≤ 0.05. TWBC = Timber waste biochar; I = Number of irrigations.
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Table 7. Effect of sole and co-application of E. cloacae and A. xylosoxidans and TWBC (15 Mg ha−1) on gas exchange attributes of maize.
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Treatments (T)

	
Photosynthetic Rate (μmol m−1 s−1)

	
Transpiration Rate (mmol m−1 s−1)

	
Stomatal Conductance (μmol m−1 s−1)




	
No. of Irrigations (I)




	
16I

	
14I

	
12I

	
Mean

	
16I

	
14I

	
12I

	
Mean

	
16I

	
14I

	
12I

	
Mean






	
Control

	
23.4

	
18.4

	
12.9

	
18.2 C

	
3.30

	
2.47

	
1.70

	
2.49 C

	
0.26

	
0.18

	
0.12

	
0.19 C




	
E. cloacae

	
22.7

	
19.4

	
16.9

	
19.7 B,C

	
3.70

	
2.87

	
2.00

	
2.86 B,C

	
0.27

	
0.20

	
0.14

	
0.21 C




	
A. xylosoxidans

	
22.1

	
18.7

	
14.2

	
18.3 C

	
3.43

	
2.80

	
2.03

	
2.76 B,C

	
0.28

	
0.21

	
0.17

	
0.22 C




	
TWBC

	
25.5

	
22.0

	
17.0

	
21.5 A,B

	
4.03

	
3.10

	
2.20

	
3.11 B,C

	
0.39

	
0.28

	
0.22

	
0.30 B




	
E. cloacae + TWBC

	
28.3

	
24.1

	
20.2

	
24.2 A

	
4.63

	
3.83

	
3.10

	
3.86 A

	
0.46

	
0.36

	
0.31

	
0.38 A




	
A. xylosoxidans + TWBC

	
28.2

	
22.8

	
18.0

	
23.0 A

	
4.23

	
3.43

	
2.43

	
3.37 A,B

	
0.42

	
0.33

	
0.24

	
0.33 A,B




	
Mean

	
25.0 A

	
20.9 B

	
16.5 C

	

	
3.89 A

	
3.08 B

	
2.24 C

	

	
0.35 A

	
0.26 B

	
0.20 C

	








Capital letters show a significant difference of main effect at p ≤ 0.05. TWBC = Timber waste biochar; I = Number of irrigations.
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Table 8. Effect of sole and co-application of E. cloacae and A. xylosoxidans and TWBC (15 Mg ha−1) on chlorophyll contents of maize.






Table 8. Effect of sole and co-application of E. cloacae and A. xylosoxidans and TWBC (15 Mg ha−1) on chlorophyll contents of maize.





	
Treatments (T)

	
Chlorophyll a (mg g−1)

	
Chlorophyll b (mg g−1)

	
Total Chlorophyll (mg g−1)




	
No. of Irrigations (I)




	
16I

	
14I

	
12I

	
Mean

	
16I

	
14I

	
12I

	
Mean

	
16I

	
14I

	
12I

	
Mean






	
Control

	
0.65

	
0.56

	
0.43

	
0.55 E

	
0.44

	
0.35

	
0.24

	
0.34 D

	
1.08

	
0.91

	
0.67

	
0.89 D




	
E. cloacae

	
0.71

	
0.61

	
0.52

	
0.61 C,D

	
0.52

	
0.43

	
0.29

	
0.42 C

	
1.23

	
1.05

	
0.81

	
1.03 C




	
A. xylosoxidans

	
0.71

	
0.57

	
0.50

	
0.59 D,E

	
0.50

	
0.43

	
0.29

	
0.41 C

	
1.22

	
1.00

	
0.79

	
1.00 C




	
TWBC

	
0.78

	
0.66

	
0.55

	
0.66 B,C

	
0.56

	
0.48

	
0.39

	
0.48 B

	
1.34

	
1.15

	
0.94

	
1.14 B




	
E. cloacae + TWBC

	
0.84

	
0.73

	
0.62

	
0.73 A

	
0.64

	
0.56

	
0.46

	
0.55 A

	
1.49

	
1.29

	
1.08

	
1.29 A




	
A. xylosoxidans + TWBC

	
0.81

	
0.70

	
0.63

	
0.71 A,B

	
0.60

	
0.53

	
0.41

	
0.51 A,B

	
1.41

	
1.24

	
1.04

	
1.23 A




	
Mean

	
0.75 A

	
0.64 B

	
0.54 C

	

	
0.54 A

	
0.46 B

	
0.35 C

	

	
1.29 A

	
1.10 B

	
0.89 C

	








Capital letters shows a significant difference of main effect at p ≤ 0.05. TWBC = Timber waste biochar; I = Number of irrigations.
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