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Abstract. There is an increasing body of knowledge on the use of Bacillus spp., a pervasive 

microorganism to enhance plant growth and development. However, there is scanty information on meta-

analysis of bio-fertilizer potential of Bacillus spp. on selected growth parameters in tomato (Solanum 

lycopersicum L.). Hence, this study aimed to use a meta-analysis procedure to determine the effect of 

Bacillus spp. on the following growth parameters in tomato: plant height, shoot fresh weight and shoot 

dry weight, root length, root fresh weight, root dry weight, and number of leaves per plant. A systematic 

search conducted in AGORA, Scopus, ScienceDirect, Web of Science, Google Scholar, Pubmed, 

Elicit.com databases yielded 398 articles of which 51 articles were used for the meta-analysis. Random-

effect model (REM) was used to generate the pooled effects estimated at a 95% confidence interval. All 

the analyses were performed using OpenMEE software. The results showed that Bacillus spp. enhanced 

plant height, shoot fresh weight, and shoot dry weight, root length, root fresh weight, root dry weight and 

number of leaves per plant. Restricted subgroup analysis showed that studied moderators (Bacillus strain, 

B-count, Dosage of bacteria, Mode of application, Days after planting (DAP), Temperature and Duration) 

influenced the result of the meta-analysis. There was evidence of significant heterogeneity and meta-

regression analysis showed that the studied moderators explained most of the sources of heterogeneity. 

These results demonstrated the bio-fertilizer potential of Bacillus spp. in enhancing the physiological 

growth parameters of tomato. The present meta-analysis also sets the steps for future standardized 

experimental designs on the use of Bacillus spp. to enhance growth parameters of tomato. 

Keywords: useful microbes, crop improvement, plant growth, meta-regression, tomato 

Introduction 

Tomato (Solanum lycopersicum) is an important Solanaceae crop that is grown for 

its fruits. Tomato is a perennial crop although it is grown as an annual crop (Shamshiri 

et al., 2017; Costa and Heuvelink, 2018). It is also a warm-season crop that does not 

tolerate frost and it grows optimally at the temperature range of 20-25°C with moderate 

rainfall (Shamshiri et al., 2017). It is grown either in open field or in controlled 

environments (greenhouse/tunnels). Tomato is the second most important vegetable 

after potato (Ogugua et al., 2022). The global production of tomato in 2020 was 

estimated at 186.8 million tons for an area of 5.3 million hectares, producing an average 

yield of 37 tons per hectare (Kouam et al., 2023). A recent study by Caspermeyer 

(2020) showed that tomato is now widely cultivated throughout the world. It is rich in 

minerals, carbohydrates, and vitamins (A, C, K, and B complex). Tomato accounts for 
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about 14% of the world’s annual consumed vegetables (Kousar et al., 2020). Tomato is 

a major dietary source of antioxidant: carotenoids, lycopene, and flavonoids, which are 

known for their several beneficial health effects (Nkolisa et al., 2018). The 

indiscriminate use of agrochemicals has negative impact on crops and sometimes causes 

cancers or related illnesses (Sharma and Singhvi, 2017). Bacterial strains that have 

useful effects on plant growth are considered plant growth promoting bacteria (PGPB). 

The use of PGPB is one of the approaches currently employed for agricultural clean 

production (Cabra Cendales et al., 2017) to enhance crop productivity. PGPB enhances 

plant growth and promotes soil remediation by releasing various metabolites and 

hormones, through the process of nitrogen fixation, and by increasing the availability of 

other essential nutrients through mineral solubilization (Poria et al., 2022; Tsotetsi et al., 

2022). 

Bacillus spp. is one of the PGPB known to be the safest microorganisms that hold 

remarkable abilities for producing a vast array of beneficial substances such as, the 

production of Indole-3-acetic acid (IAA), 1-aminocyclopropane-1-carboxylate-

deaminase (ACC-deaminase), phosphate-solubilizing enzyme (PSE), and siderophores 

(Oleńska et al., 2020; Tsotetsi et al., 2022). Bacillus and its products are considered safe 

for intended use in the environment (Bhattacharyya et al., 2016). Bacillus spp. have 

received much attention as bio-stimulator agents and it has been reported to stimulate 

plant growth (Moncada et al., 2020). Bacillus spp. has been found to significantly 

enhanced growth and development of crops other than tomato (Ogugua et al., 2018; 

Bavaresco et al., 2020; Zhu et al., 2021; Mengistie and Awlachew, 2022). 

Nevertheless, no studies have reported on meta-analytic effects of Bacillus spp. 

amendment on the tomato (Solanum lycopersicum L.) growth parameters, therefore this 

study was initiated. In bridging the identified research gap, the authors quantitatively 

collated and analyzed the results of the effects of Bacillus spp. as a growth enhancer on 

tomato growth parameters from published studies. The study is aimed at availing 

researchers the needed information on the pooled effect of Bacillus as a biofertilizer on 

selected growth parameters in tomato and other explanatory variables reported (day 

after planting (DAP), Bacillus strain, Bacteria count and dosage of bacteria, 

temperature, mode of bacteria application and duration) in enhancing tomato growths. 

As part of this study, the needed database was generated and the resulting data was 

systematically analyzed. 

Methods 

Literature search and study selection 

A systematic literature search of Bacillus spp. and tomato production was conducted 

in Agora, Web of Science, Google Scholar, Scopus, Science Direct, PubMed, Elicit.com 

databases to assess articles published in English. The search was done using the 

following search queries: closeness searching (“…” or “…”), Boolean logic (AND, 

OR), alternate spelling (?), wildcard ($ or *), and search words: Bacillus spp., Bacillus 

as growth enhancer, Bacillus boosting tomato growth parameters. The selection criteria 

for the meta-analysis were: (i) randomized and controlled studies published in peer-

reviewed journals. (ii) Studies that report at least one of the growth response parameters 

of interest: plant height, shoot fresh weight, shoot dry weight, root length, root fresh 

weight, root dry weight and number of leaves per plant. (iii) Studies that reported at 

least one of these studied moderators: Bacillus strain, bacteria count and dosage, DAP, 
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temperature, mode of application, duration. Studies that failed to report any of the 

growth response parameters of interest were excluded from the meta-analysis. (iv) 

Studies on Bacillus not reported on also tomato growth response were dropped. Review 

papers, studies that appear in more than one database and studies not reported in English 

were also excluded. Three hundred and ninety-eight (398) publications were identified 

and 51 full-text studies selected based on the Preferred Reporting Items for Systematic 

Reviews and Meta-analyses (PRISMA) as displayed in Figure 1. 

 

Data extraction 

Data covering the surname of the first author, year of publication, study country, 

and moderator explanatory variables (Bacillus strain, bacteria count, bacteria dosages, 

day after planting, temperature, mode of bacteria application, and duration) were 

extracted from each study that met the predefined inclusion criteria (Table A1). Data 

on growth response parameters were also selected. Data presented in figures were 

retrieved using a Web Digitizer (https://automeris.io/WebPlotDigitizer). Standard 

deviation (SD) is a vital metric for meta-analysis, but in several instances, the SD of 

yield results was not readily available; thus, it was necessary to estimate them. 

Estimation of SD values is achieved through the use of an equation (SD = SE \* √n), 

where n represents the number of replications (Ogbuewu and Mbajiorgu, 2020; Ugwu 

et al., 2020). Similarly, in studies where the SD nor SE values were not reported, a 

10% of mean variables were assigned as the SD values (Adu et al., 2018; Ugwu et al., 

2020). The influence of the estimated SD on the result was considered with sensitivity 

analyses (Adu et al., 2018). 

 

Statistical analysis 

In order to conduct meta-analysis, meta-regression, and predictor-treatment 

interaction determination, all pertinent data were saved as described above. OpenMEE 

meta-analysis software (Wallace et al., 2017) was then used for further analysis. 

 

Effect size 

Effect size shows the colossal difference between the variable means and treatment 

effects of the study interest (Bacillus spp. on selected tomato growth parameters) as 

defined in the meta-analysis. Different types of effect sizes were calculated in the study; 

Hedges’ d and also the standard mean differences (SMD) between the treatment and 

control. Hedges’ d was used in the study as it has been reported as the most ideal metric 

in meta-analysis and has more merits than the response ratio (Morales and Traveset, 

2009; Adu et al., 2018) which can be used in studies that have a small sample size 

(Ogbuewu and Mbajiorgu, 2020; Ugwu et al., 2020). Furthermore, unequal sampling in 

paired groups does not influence Hedges’ d (Ogbuewu and Mbajiorgu, 2020; Ugwu et 

al., 2020). Hedges’ d was used in studies that reported mean and standard deviations 

(Ogbuewu and Mbajiorgu, 2020). Based on Cohen’s (1988) recommendations, the 

difference between an effect size of < 0.2, 0.5 and > 0.8 was interpreted as small, 

moderate and large difference effect sizes. 

According to Higgins and Thompson (2002), heterogeneity was determined using the 

DerSimonian and Laird test (Q-statistic) and inconsistency index (I2 statistic). We used 

a random-effects model (REM) according to DerSimonian and Laird (1986) to assess 

the grand mean effect size of Bacillus spp. amendment on tomato growth parameters. 
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The restrictive maximum likelihood (REML) method and mixed effect models were 

used to estimate the between-study (QB) and within-study variance. Also, treatment and 

covariate interaction effects were determined using standard methods (Wallace et al., 

2017; Ugwu et al., 2020). 
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Figure 1. Article selection flow-chart 

 

 

Sensitivity analysis and publication bias 

Using sensitivity analysis, we determined whether or not the meta-analysis result was 

robust. It is often necessary to perform sensitivity analyses in order to determine the 

impact of studies that are viewed as having unjustified influence in the meta-analysis 

(Lean et al., 2009). Confounding factors may also be introduced when experiments are 

conducted in controlled environments, such as greenhouses (Sadras, 2009). When 

publication bias is absent, a funnel plot should resemble an inverted symmetrical funnel. 

If publication bias is present, for example, as a result of smaller, unpublished studies 

that lack statistically significant effects, the funnel plot will appear asymmetrical with a 

gap in the bottom corner (Higgins and Green, 2011). In order to establish publication 

bias, Rosenberg’s fail-safe number (Nfs) was used, which identifies the number of 

studies with no significant findings that would be required to negate the overall effect 

size. As per Borenstein et al. (2021), with a fail-safe number (Nfs) of greater than 

(>5*(n) + 10), where n = number of effect size, the result of a meta-analysis is regarded 

as robust despite the possibility of publication bias. 
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Results 

Data synopsis 

A total of 51 studies out of 398 studies met the inclusion criteria and were used for 

analysis. Studies utilized for the meta-analysis were conducted in 21 countries that cut 

across 5 continents and reported on the growth parameters of tomato plants. Table A1 

provides a summary of the characteristics of 51 studies selected for the meta-analysis. 

As illustrated in Figure 2, sixteen studies identified Bacillus spp. as promoters of 

tomato growth. The most commonly used spp. were B. subtilis, B. amyloliquefaciens, B. 

cereus, B. pumilus and B. megaterium, while the least used species were B. siamensis, 

B. aerius, B. pacificus, B. mesonae, B. thuringiensis, and B. vallismontis. 

 

 

Figure 2. Bacillus spp. used for the meta-analysis 

 

 

Data as presented in Figure 3 show that most of the experiments were conducted in 

India (27%), followed by China (13%); Spain and Iran had 6% studies conducted; South 

Africa, Japan, Republic of Korea, Tunisia, Pakistan, Canada, Brazil and Mexico had 4% 

of studies each while Afghanistan, Germany, Egypt, Oman, Bangladesh, Cameroun, 

Malaysia, Saudi Arabia and Turkey had 2% studies conducted respectively. 

 

Plant height 

A meta-analysis of 38 articles found that Bacillus spp. significantly increased the 

height of tomato plants when compared to the control (SMD = 3.15, 95% CI: 2.80, 3.51; 

Table 1). Stratified analysis showed that Bacillus strain had a significant effect on 

tomato plant height. Similarly, dosage of Bacillus spp. applied to the plant, mode of 

application, DAP, temperature, and duration of the study had significant effects on plant 

height. The results of the meta-analysis showed evidence of significant heterogeneity 

across the 38 studies on the effect of Bacillus spp. on plant height (Q-statistic p < 0.001, 

I2 = 75%). However, restricted and sensitivity analysis solved the problem of significant 

heterogeneity in this meta-analysis (SMD = 4.35, 95% CI: 3.88, 4.81; I2 = 84%; 
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Table A2). Additionally, a meta-regression demonstrated significant relationship 

between studied moderators [Bacillus spp. (QM = 38.6, p < 0.001; R2 = 6%), bacterial 

count (QM = 50.4, p < 0.001; R2 = 28%), dosage of bacterial applied on the plant 

(QM = 90.1, p < 0.001; R2 = 51%), mode of application (QM = 42.5, p < 0.001; 

R2 = 29%), DAP (QM = 47.1, p < 0.001; R2 = 31%), temperature (QM = 65.5, p < 0.001; 

R2 = 41%) and duration of the study (QM = 32.2, p < 0.001; R2 = 14%)] and plant height 

(Table 2). 

 

 

Figure 3. Study country used for the meta-analysis 

 

 
Table 1. Effect of Bacillus spp. as growth enhancer on tomato plant height 

Pooled/subgroup effect NS SMD 95% CI I2 (%) Het. p-value 

Overall 155 3.15 2.80, 3.51 75  < 0.001 

Bacillus strain 154 3.12 2.77, 3.48 74  < 0.001 

B- count 141 3.00 2.61, 3.33 73  < 0.001 

Dosage of bac 124 3.27 2.86, 3.68 76  < 0.001 

Mode of app 119 3.20 2.79, 3.62 74  < 0.001 

DAP 131 3.17 2.79, 3.56 74  < 0.001 

Temp 121 3.18 2.77, 3.60 74  < 0.001 

Duration 122 3.24 2.82, 3.66 75  < 0.001 

NS: number of studies included in the analysis, B-count: bacteria count, Dosage of Bac: dosage of 

bacillus, Mode of app: mode of bacteria application, DAP: days after planting, Temp: temperature of 

the greenhouse, Duration, duration of the study, SMD: standardized mean differences, I2: inconsistency 

index, Het: heterogeneity, p: probability 
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Table 2. Effect of Bacillus spp. as growth enhancer on tomato plant growth parameters 

Outcomes Moderators QM Estimate df p-value R2 (%) 

Plant height 

Bacillus strain 38.6 4.64 15  < 0.001 6 

B- count 50.4 3.25 10  < 0.001 28 

Dosage of Bac 90.1 2.84 13  < 0.001 51 

Mode of app 42.5 4.18 8  < 0.001 29 

DAP 47.1 3.91 9  < 0.001 31 

Temp 65.5 3.29 7  < 0.001 41 

Duration 32.2 5.13 12  < 0.001 14 

Shoot fresh weight 

Bacillus strain 15.04 2.84 13  < 0.305 0 

B- count 16.05 2.58 9  < 0.066 6 

Dosage of Bac 57.80 1.06 11  < 0.01 68 

Mode of app 17.73 3.00 7  < 0.01 9 

DAP 21.30 3.16 9 0.012 17 

Temp 7.16 3.37 4 0.128 3 

Duration 47.80 1.58 8  < 0.001 40 

Shoot dry weight 

Bacillus strain 32.10 0.73 10  < 0.001 13 

B- count 85.90 0.49 10  < 0.001 42 

Dosage of Bac 86.60 0.06 10  < 0.001 90 

Mode of app 32.70 0.83 6  < 0.001 0 

DAP 58.10 0.35 11  < 0.001 61 

Temp 50.30 0.37 9  < 0.001 49 

Duration 57.60 0.48 8  < 0.001 42 

Root length 

Bacillus strain 14.9 4.46 8 0.061 10 

B- count 26.3 3.05 9 0.002 18 

Dosage of Bac 10.07 3.38 9 0.35 0 

Mode of app 4.55 4.83 5 0.473 0 

DAP 26.8 3.41 8  < 0.001 31 

Temp 1.29 3.32 3 0.73 0 

Duration 37.29 2.34 10  < 0.001 31 

Root fresh weight 

Bacillus strain 8.36 4.27 10  < 0.594 0 

B- count 23.10 1.75 4  < 0.001 50 

Dosage of Bac 35.30 1.43 6  < 0.001 67 

Mode of app 22.10 1.99 6  < 0.001 43 

DAP 32.90 2.06 8  < 0.001 47 

Temp 5.39 3.30 3 0.145 5 

Duration 19.31 2.56 5  < 0.002 34 

Root dry weight 

Bacillus strain 16.20 1.75 10 0.09 13 

B- count 69.60 0.75 10  < 0.001 64 

Dosage of Bac 15.60 1.93 7 0.03 3 

Mode of app 39.60 1.26 7  < 0.001 37 

DAP 45.80 0.80 9  < 0.001 47 

Temp 26.60 1.57 6  < 0.001 21 

Duration 15.61 1.92 7 0.03 3 

Number of leaves 

Bacillus strain 17.60 1.92 4  < 0.001 74 

B- count 14.60 2.74 7  < 0.006 63 

Dosage of Bac 6.24 5.46 3 0.10 27 

Mode of app 15.20 2.23 3  < 0.002 70 

DAP 12.63 2.47 3  < 0.006 67 

Temp 4.45 6.47 2 0.11 14 

Duration 14.60 2.74 4  < 0.006 63 

NS: number of studies included in the analysis, B-count: bacteria count, Dosage of Bac: dosage of 

bacillus, Mode of app: mode of bacteria application, DAP: days after planting, Temp: temperature of 

the greenhouse, Duration, duration of the study, SMD: standardized mean differences, I2: inconsistency 

index, Het: heterogeneity, p: probability, QM: coefficient of moderators, df: degree of freedom, R2: 

amount of heterogeneity explained by the moderators 
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Shoot fresh weight 

The pooled analysis of 31 trials showed that Bacillus spp. significantly increased the 

shoot fresh weight of tomato plant (SMD = 2.66, 95% CI: 2.33, 3.00; Table 3). 

Stratified analysis revealed that Bacillus strain acted as a moderator on the shoot fresh 

weight (SMD = 2.66, 95% CI: 2.32, 3.00). Furthermore, stratified analysis indicated that 

the bacterial count, dosage of bacterial applied on the plant, mode of application, DAP, 

temperature, and duration of the study had an effect on tomatoes plant height. The 

results of the analysis showed a significant degree of variability across the 31 studies 

that assessed the effect of Bacillus spp. on shoot fresh weight (Q-statistic p < 0.001, 

I2 = 70%). Restricted and sensitivity analysis resolved the issue of significant 

heterogeneity in this meta-analysis (SMD = 3.62, 95% CI: 3.16, 4.08; I2 = 82%; 

Table A2). Meta-regression found significant linear relationships between aspects of 

moderators (dosage of bacterial applied on the plant, mode of application, DAP, and 

duration of the study and shoot fresh weight (Table 2). However, there are no treatment 

effects of Bacillus spp., bacterial count, and temperature on the shoot fresh weight. 

 
Table 3. Effect of Bacillus spp. as growth enhancer on tomato shoot fresh weight 

Pooled/subgroup effect NS SMD 95% CI I2 (%) Het. p-value 

Overall 103 2.66 2.33, 3.00 71  < 0.001 

Bacillus strain 102 2.66 2.33, 3.00 70  < 0.001 

B- count 74 2.81 2.45, 3.17 70   < 0.001 

Dosage of bac 66 2.77 2.32, 3.21 71  < 0.001 

Mode of app 84 2.75 2.36, 3.14 73  < 0.001 

DAP 72 2.96 2.50, 3.41 76  < 0.001 

Temp 59 2.88 2.48, 3.28 70  < 0.001 

Duration 103 2.66 2.33, 3.00 70  < 0.001 

NS: number of studies included in the analysis, B-count: bacteria count, Dosage of Bac: dosage of 

bacillus, Mode of app: mode of bacteria application, DAP: days after planting, Temp: temperature of 

the greenhouse, Duration: duration of the study, SMD: standardized mean differences, I2: inconsistency 

index, Het: heterogeneity, p: probability 

 

 

Shoot dry weight 

A total of 35 articles included in the pooled analysis revealed that Bacillus spp. 

increased tomato shoot dry weight (SMD = 1.68, 95% CI: 1.48, 1.87; Table 4). Results 

from the stratified analysis showed that Bacillus spp. positively influenced shoot dry 

weight of tomato plant. Bacterial count, dosage of bacterial applied on the plant, mode 

of application, DAP, temperature, and duration of the study had an impact on tomato 

shoot dry weight. The Q-statistic and I2 = statistic indicated significant heterogeneity 

across the 35 studies on the overall effect of Bacillus spp. on shoot dry weight (Q-

statistic p < 0.001, I2 = 60%). However, restricted and sensitivity analyses addressed the 

problem of significant heterogeneity (SMD = 1.85, 95% CI: 1.62, 2.08; I2 = 71%; 

Table A2). The meta-regression results found significant linear association between 

Bacillus spp. (QM = 32.10, p < 0.001; R2 = 13%), bacterial count (QM = 85.90, 

p < 0.001; R2 = 41%), dosage of bacterial applied on the plant (QM = 86.60, p < 0.001; 

R2 = 90%), mode of application (QM = 32.70, p < 0.001; R2 = 0.00), DAP (QM = 58.10, 

p < 0.001; R2 = 61%), temperature (QM = 50.30, p < 0.001; R2 = 49%) and duration of 

the study (QM = 57.60, p < 0.001; R2 = 42%) and shoot dry weight (Table 2). 
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Table 4. Effect of Bacillus spp. as growth enhancer on tomato shoot dry weight 

Pooled/subgroup effect NS SMD 95% CI I2 (%) Het. p-value 

Overall 198 1.68 1.48, 1.87 60  < 0.001 

Bacillus strain 184 1.68 1.48, 1.89 60  < 0.001 

B- count 184 1.68 1.48, 1.87 60   < 0.001 

Dosage of bac 152 1.60 1.39, 1.80 53  < 0.001 

Mode of app 161 1.56 1.35, 1.77 57  < 0.001 

DAP 163 1.62 1.40, 1.83 59  < 0.001 

Temp 151 1.64 1.43, 1.85 57  < 0.001 

Duration 161 1.59 1.38, 1.80 58  < 0.001 

NS: number of studies included in the analysis, B-count: bacteria count, Dosage of Bac: dosage of 

bacillus, Mode of app: mode of bacteria application, DAP: days after planting, Temp: temperature of 

the greenhouse, Duration: duration of the study, SMD: standardized mean differences, I2: inconsistency 

index, Het: heterogeneity, p: probability 

 

 

Root length 

Restricted subgroup analysis of 23 studies demonstrated that Bacillus spp. enhanced 

the root length of tomato plant (SMD = 2.07, 95% CI: 1.67, 2.46; Table 5). The stratified 

analysis revealed that Bacillus strain had large effect on the root length (SMD = 2.00, 

95% CI: 1.47, 2.53). Similarly bacterial count (SMD = 1.90, 95% CI: 1.48, 2.53), dosage 

of bacterial applied on the plant (SMD = 1.85, 95% CI: 1.38, 2.32), mode of application 

(SMD = 1.98, 95% CI: 1.50, 2.46), DAP (SMD = 2.00, 95% CI: 1.47, 2.53), temperature 

(SMD = 1.77, 95% CI: 1.32, 2.22) and duration of the study (SMD = 1.99, 95% CI: 1.60, 

2.38) all had positive and large effect on root length. The results also indicated significant 

heterogeneity across the 23 studies for the overall effect on root length (Q-statistic 

p < 0.001, I2 = 76% and restricted and sensitivity analysis was not able to solve this 

problem (SMD = 2.20, 95% CI: 1.74, 2.67; I2 = 82%; Table A2). Results indicated that 

bacterial count (QM = 26.30, p < 0.002; R2 = 18%), dosage of bacterial applied on the 

plant (QM = 10.07, p < 0.35; R2 = 0%), DAP (QM = 26.8, p < 0.001; R2 = 31%) and 

duration of the study (QM = 37.29, p < 0.001; R2 = 31%) had significant effects on the root 

length, while Bacillus strain (QM = 14.9, p < 0.061; R2 = 10%), mode of application 

(QM = 4.55, p < 0.473; R2 = 0%) and temperature (QM = 1.29, p < 0.73; R2 = 0%) had no 

significant effect on the root length (Table 2). 

 
Table 5. Effect of Bacillus spp. as growth enhancer on tomato root length 

Pooled/subgroup effect NS SMD 95% CI I2 (%) Het. p-value 

Overall 79 2.07 1.67, 2.46 76  < 0.001 

Bacillus strain 50 2.00 1.47, 2.53 76  < 0.001 

B- count 75 1.90 1.48, 2.33 77  < 0.001 

Dosage of bac 51 1.85 1.38, 2.32 72  < 0.001 

Mode of app 57 1.98 1.50, 2.46 75  < 0.001 

DAP 50 2.00 1.47, 2.53 76  < 0.001 

Temp 54 1.77 1.32, 2.22 72  < 0.001 

Duration 76 1.99 1.60, 2.38 75  < 0.001 

NS: number of studies included in the analysis, B-count: bacteria count, Dosage of Bac: dosage of 

bacillus, Mode of app: mode of bacteria application, DAP: days after planting, Temp: temperature of 

the greenhouse, Duration: duration of the study, SMD: standardized mean differences, I2: inconsistency 

index, Het: heterogeneity, p: probability 
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Root fresh weight 

The results revealed that Bacillus spp. enhanced root fresh weight, with a 

standardized mean difference (SMD = 2.72, 95% CI: 2.09, 3.36; Table 6). The stratified 

analysis revealed that Bacillus strain acted as a moderator on root fresh weight, with an 

SMD of 2.74, 95% CI: 2.09, 3.39. The stratified analysis also indicated that the bacterial 

count (SMD = 2.91, 95% CI: 2.25, 3.57), dosage of bacteria applied on the plant 

(SMD = 3.22, 95% CI: 2.42, 4.01), mode of application (SMD = 2.91, 95% CI: 2.25, 

3.57), DAP (SMD = 2.95, 95% CI: 2.27, 3.62), temperature (SMD = 2.91, 95% CI: 

2.25, 3.57), and study duration (SMD = 2.72, 95% CI: 2.09, 3.36) had significant effects 

on root fresh weight. Heterogeneity was present across the 13 studies for the overall 

effect on root fresh weight (Q-statistic p < 0.001, I2 = 83%). Significant heterogeneity 

was also observed on the restricted and sensitivity analysis (SMD = 4.03, 95% CI: 3.08, 

4.98; I2 = 89%; Table A2). Meta-regression revealed that bacterial count (QM = 23.10, 

p < 0.001; R2 = 50%), dosage of bacteria applied to the plant (QM = 35.30, p < 0.001; 

R2 = 43%), mode of application (QM = 22.10, p < 0.001; R2 = 43%), DAP (QM = 32.90, 

p < 0.001; R2 = 47%), and study duration (QM = 19.31, p < 0.002; R2 = 34%) had 

significant effects on root fresh weight, while Bacillus strain (QM = 8.36, p < 0.594; 

R2 = 0%) and temperature (QM = 5.39, p < 0.145; R2 = 5%) showed no significant effect 

on root fresh weight (Table 2). 

 
Table 6. Effect of Bacillus spp. as growth enhancer on tomato root fresh weight 

Pooled/subgroup effect NS SMD 95% CI I2 (%) Het. p-value 

Overall 38 2.72 2.09, 3.36 83  < 0.001 

Bacillus strain 37 2.74 2.09, 3.39 86  < 0.001 

B- count 33 2.91 2.25, 3.57 77  < 0.001 

Dosage of bac 28 3.22 2.42, 4.01 80  < 0.001 

Mode of app 33 2.91 2.25, 3.57 77  < 0.001 

DAP 32 2.95 2.27, 3.62 78  < 0.001 

Temp 33 2.91 2.25, 3.57 77  < 0.001 

Duration 37 2.72 2.09, 3.36 83  < 0.001 

NS: number of studies included in the analysis, B-count: bacteria count, Dosage of Bac: dosage of 

bacillus, Mode of app: mode of bacteria application, DAP: days after planting, Temp: temperature of 

the greenhouse, Duration: duration of the study, SMD: standardized mean differences, I2: inconsistency 

index, Het: heterogeneity, p: probability 

 

 

Root dry weight 

The results of the 19 studies selected for the meta-analysis showed that Bacillus spp. 

increased the root dry weight of tomato plants. Based on these findings, root dry weight 

was enhanced by Bacillus spp. (SMD = 1.46, 95% CI: 1.14, 1.78; Table 7). Stratified 

analysis of the results showed that Bacillus strain and bacterial counts moderated the 

root dry weight (SMD = 1.46, 95% CI: 1.14, 1.78). In addition, stratified analysis 

revealed that the dosage of bacteria applied to the plant (SMD = 1.31, 95% CI: 0.96, 

1.67), mode of application (SMD = 1.42, 95% CI: 1.08, 1.76), DAP (SMD = 1.33, 95% 

CI: 1.01, 1.65), temperature (SMD = 1.37, 95% CI: 1.03, 1.72), and duration of the 

study (SMD = 1.46, 95% CI: 1.14, 1.78) had significant effects on root dry weight. 

Heterogeneity was evident across the 19 studies on the overall effect of Bacillus strain 
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and bacterial count on root dry weight (Q-statistic p < 0.001, I2 = statistic = 69%). 

Significant heterogeneity was observed in restricted and sensitivity analyses 

(SMD = 1.47, 95% CI: 1.09, 1.86; I2 = 78%; Table A2). Furthermore, the results of the 

meta-regression analysis showed that the bacterial count (QM = 69.60, p < 0.001; 

R2 = 64%), dosage of bacteria applied to the plant (QM = 15.60, p < 0.03; R2 = 3%), 

DAP (QM = 45.80, p < 0.001; R2 = 47%), temperature (QM = 26.60, p < 0.001; 

R2 = 21%), and duration of the study (QM = 15.61, p < 0.001; R2 = 3%) had significant 

effects on root dry weight (Table 2), whereas Bacillus strain (QM = 16.20, p < 0.09; 

R2 = 12%) showed a no significant effect on the root dry weight (Table 2). 

 
Table 7. Effect of Bacillus spp. as growth enhancer on tomato root dry weight 

Pooled/subgroup effect NS SMD 95% CI I2 (%) Het. p-value 

Overall 92 1.46 1.14, 1.78 69  < 0.001 

Bacillus strain 92 1.46 1.14, 1.78 69  < 0.001 

B- count 93 1.46 1.14, 1.78 69  < 0.001 

Dosage of bac 75 1.31 0.96, 1.67 67  < 0.001 

Mode of app 82 1.42 1.08, 1.76 68  < 0.001 

DAP 85 1.33 1.01, 1.65 64  < 0.001 

Temp 78 1.37 1.03, 1.72 68  < 0.001 

Duration 92 1.46 1.14, 1.78 69  < 0.001 

NS: number of studies included in the analysis, B-count: bacteria count, Dosage of Bac: dosage of 

bacillus, Mode of app: mode of bacteria application, DAP: days after planting, Temp: temperature of 

the greenhouse, Duration: duration of the study, SMD: standardized mean differences, I2: inconsistency 

index, Het: heterogeneity, p: probability 

 

 

Number of leaves per plant 

The number of leaves per plant was enhanced by Bacillus spp. (SMD = 3.22, 95% 

CI: 1.93, 4.52; Table 8) with evidence of significant heterogeneity. Stratified analysis 

showed that Bacillus strain and bacterial count, dosage of bacterial applied on the plant, 

mode of application, DAP, temperature and duration of the study had an effect on the 

number of leaves per plant. Heterogeneity results followed the same trend across the 

five studies on the overall effect, Bacillus strain, bacterial count, dosage of bacteria 

applied to the plant, mode of application, DAP, Temperature, and duration of the study 

on the number of leaves per plant. Restricted and sensitivity analyses did not remove 

problem of significant heterogeneity (Table A2). Meta-regression results showed that 

Bacillus strain (QM = 17.60, p < 0.001; R2 = 74%) and mode of application (QM = 15.20, 

p < 0.002; R2 = 70%) had significant effects on the number of leaves per plant (Table 8), 

while there was no significant relationship between number of leaves per plant and 

moderators [bacterial count (QM = 14. 60, p < 0.006; R2 = 63%), dosage of bacterial 

applied on the plant (QM = 6.24, p < 0.10; R2 = 27%), DAP (QM = 12.63, p < 0.006; 

R2 = 67%) temperature (QM = 4.45, p < 0.10; R2 = 14%) and duration of the study 

(QM = 15%, p < 0.006; R2 = 63%)] as presented in Table 2. 

 

Analysis of publication bias 

A visual analysis of the funnel plots in Figures 4 and 5 indicates a moderate trend for 

studies to report greater negative effects. The asymmetrical in the funnel plots 

warranted further investigation; therefore, we calculated Rosenberg’s fail-safe number 
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(Nfs) to detect evidence of publication bias. The calculated fail-safe numbers (Nfs) for 

the database were 39,635 (plant height), 20,161 (shoot fresh weight), 30,452 (shoot dry 

weight), 5, 637 (root length), 2,405 (root fresh weight), 3,980 (root dry weight), and 112 

(number of leaves per plant). These values were 198, 122, 165, 45, 9, 38, and 3.2 times 

higher than the thresholds of 200 (5×38 + 10), 165 (5×31 + 10), 185 (5×35 + 10), 265 

(5×51 + 10), 265 (5×51 + 10), 105 (5×19 + 10), 125 (5×23 + 10), and 35 (5×5 + 10), 

respectively, required for the mean effect size to be considered robust. 

 
Table 8. Effect of Bacillus spp. as growth enhancer on tomato number leaves per plant 

Pooled/subgroup effect NS SMD 95% CI I2 (%) Het. p-value 

Overall 12 3.22 1.93, 4.52 76  < 0.001 

Bacillus strain 12 3.22 1.93, 4.52 76  < 0.000 

B- count 12 3.22 1.93, 4.52 76  < 0.000 

Dosage of bac 12 4.22 1.97, 6.48 75  < 0.003 

Mode of app 12 3.22 1.93, 4.52 76  < 0.000 

DAP 12 3.22 1.93, 4.52 76  < 0.000 

Temp 12 3.22 1.93, 4.52 76  < 0.000 

Duration 12 3.22 1.93, 4.52 76  < 0.000 

NS: number of studies included in the analysis, B-count: bacteria count, Dosage of Bac: dosage of 

bacillus, Mode of app: mode of bacteria application, DAP: days after planting, Temp: temperature of 

the greenhouse, Duration: duration of the study, SMD: standardized mean differences, I2: inconsistency 

index, Het: heterogeneity, p: probability 

 

 

 

Figure 4. Funnel graph on the effect of Bacillus spp. as a growth enhancer on (A) plant height, 

(B) shoot fresh weight, (C) shoot dry weight, (d) root fresh weight 
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Figure 5. Funnel graph on the effect of Bacillus spp. as a growth enhancer on (A) root dry 

weight, (B) root length and (C) number of leaves per plant on tomatoes 

Discussion 

Overall effect of Bacillus spp. as growth enhancement on tomatoes 

Plant growth is limited by nutrient shortages, and studies have shown that Bacillus 

can promote plant growth using several mechanisms including improvement in nutrient 

utilization (Xue et al., 2021). Also, they are known to regulate hormones such as 

salicylic acid (SA), jasmonic acid (JA) and abscisic acid (ABA) which aids plant 

growth by modulating cell division and expansion and also by reducing enzyme 

production (such as ACC) as suggested by Castillo et al. (2013) and Li et al. (2022). 

Furtherance to this, Bai et al. (2014) reported that using Bacillus as a biofertilizer can 

effectively increase plant yield and quality indicating that there is a significant potential 

for the Bacillus strains to be used as biofertilizers in agriculture, enhancing growth and 

production of plants from a wide range of plants (Gamez et al., 2019; Dimopoulou et 

al., 2021). 

Overall, the findings of this study provide important insights into the relationship 

between the bacterial count, dosage of bacterial applied on the plant, mode of 

application, DAP, temperature, and duration of the study and the tomato growth 

parameters. These effects are discussed in the following paragraphs 

 

Shoot biomass as enhanced by Bacillus spp. 

Results obtained in the present meta-analysis confirmed that the shoot biomass which 

constitutes the plant height, shoot fresh weight, shoot dry weight and number of leaves 

were enhanced by Bacillus spp. Hence, indicating that Bacillus spp. can serve as 

alternative to inorganic fertilizers. In agreement with the meta-analysis study, potted 

tomato seedlings with cell suspensions of Bacillus enhanced shoot biomass, higher 
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levels of GA and IAA were detected in plants treated with Bacillus (Chowdappa et al., 

2013). Additionally, the significant improvement of the shoot biomass of tomato using 

Bacillus spp. as biofertilizer has been reported by Kouam et al. (2023) on tomato 

varieties in Cameroun. Furthermore, Cervantes-Vázquez et al. (2021) documented 

similar results on tomato in Mexico. In a similar study, Akram et al. (2015) observed a 

significantly increase on the shoot length and total biomass of three different varieties of 

tomato plants, which increased tomato fruit production. Also, Almoneafy et al. (2014) 

reported similar result on tomato plant height, plant fresh weight and plant dry weight. 

Soil amendment using Bacillus spp. as a potential bio-fertilizer has been reported to 

enhance tomato shoot biomass (fresh shoot weight and plant height) when compared 

with untreated plants (Samaras et al., 2016). In a similar study, Li et al. (2020) used 

microbial inocula to increase the soil enzyme activity and available nutrients thereby 

improving significantly the growth of oats, alfalfa and cucumber. Bacillus as bio-

fertilizer has also shown to significantly enhance the fresh weight of Arabidopsis plant 

(Lu et al., 2021). Again, in their studies, Hong and Lee (2014), indicated that Bacillus 

spp. boosted shoot biomass of Peucedanum japonicum by 62.6%. An increase in wheat 

biomass (total dry weight and shoot dry weight) 29.76% and 66.17% was recorded 

when Bacillus was used as bio-fertilizer (Shahid et al., 2021). In contrast, Diaz et al. 

(2019) reported a none significant effect of cotton plant height between the Bacillus 

treated and the untreated, similar result was reported on pepper stem diameter, plant 

height, and plant weight (Díaz-Pérez, 2022). Diaz et al. (2019) suggested that the none 

significant effect of the cotton plant height could be due to the short experimental 

period, hence longer study periods would be ideal to evaluate the increase in growth of 

plants that received the microbial inoculums. The enhancement in plant growth as 

elucidated by several authors has been attributed to molecules produced by the Bacillus 

spp. such as phosphate solubilization, production of hormones, and biological nitrogen 

fixation (Oleńska et al., 2020; Tsotetsi et al., 2022). The remarkable abilities for 

producing vast array of beneficial substances such as Indole-3-acetic acid (IAA), 1-

aminocyclopropane-1-carboxylate-deaminase (ACC-deaminase), phosphate-solubilizing 

enzyme (PSE), and siderophores makes Bacillus the right microbe to be used in place of 

inorganic fertilizers. Also, auxin (IAA) as reported by Goswami et al. (2016) aids in cell 

elongation and division, and tissue differentiation and consequently helps in apical 

dominance (Goswami et al., 2016). It is possible that this could be attributed to the 

significant increase of the shoot biomass obtained in the present meta-analysis. Another 

common mechanism of plant growth promoting bacteria (PGPB) is ammonia 

production which is essential for nitrogen accumulation as it promotes shoot biomass 

that facilitates plant growth (Masclaux-Daubresse et al., 2010; Gohil et al., 2022). 

According to the result of this study, Bacillus application increased the shoot biomass of 

tomato plants, indicating a positive influence of Bacillus spp. as bio-fertilizer on the 

tomato shoot biomass. This highlights the bio-fertilizer potentials of Bacillus spp. to 

promote plant growth, which have a profound impact on crop productivity as indicated 

previously by several scholars (Janahiraman et al., 2016; Jamily et al., 2019; Masood et 

al., 2022; Sun et al., 2022). 

 

Root biomass as enhanced by Bacillus spp. 

Findings of the present meta-analysis indicated that the root biomass which constitutes 

the root length, root fresh weight and root dry weight was enhanced significantly by using 

Bacillus spp. The beneficial activities of Bacillus spp. to the plant provides nutrient source 
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that stimulate root development (Hashem et al., 2019). Also, they produce hormones and 

volatile organic compounds (VOCs) that regulates plant cell growth and root development 

through the root colonization which is the proliferation of microorganisms such as 

Bacillus spp. in, on, or around plant roots (Hossain et al., 2019). 

From the result of the current meta-analysis, Bacillus spp. has significantly enhanced 

the root biomass of tomato plant. In addition, plant inoculations with Bacillus have been 

reported to significantly increased the root length, roots fresh and dry weight (Mengistie 

and Awlachew, 2022). In this present meta-analysis study, all the Bacillus spp. improved 

the growth parameters of tomato plants over the control (untreated). The results of this 

study are in agreement with the previous studies (Dilfuza, 2012; Shah et al., 2020; Salehin 

et al., 2021) which found positive effects of Bacillus spp. as a bio-fertilizer on growth 

parameters of tomato plants. Similarly, earlier study of Chowdappa et al. (2013) reported 

that inoculation of Bacillus spp. in potted tomato seedling enhanced the root growth. 

Also, Akram et al. (2015) reported that Bacillus spp. increased the root biomass of three 

different varieties (Fine Star, Río Grande, Red Power) of tomato plants. Janahiraman et al. 

(2016), also indicated that Bacillus significantly enhanced tomato root length and dry 

weight. Similarly, Shahid et al. (2021) using Bacillus as a bio-fertilizer that it increased 

the root length (20.91%) and root dry weight (96.63%) of wheat. The results of this meta-

analysis comparably validate the earlier report of Gohil et al. (2022) which stated that 

IAA primarily stimulates plant growth by expanding the root system to enter into the 

larger volume of the soil for increased water and nutrient uptake. This deciphers the 

significant increase in the root biomass recorded in the study. In this regard, Bacillus 

isolates improved the plant growth by producing IAA. The production of IAA hormones 

is very common among the PGPB because it facilitates the root expansion and uptake of 

nutrients and also influences cell division and elongation (Ng et al., 2015; Gohil et al., 

2022). Also, the production of hormones and the subsequent enhancement of root growth 

parameters are known to enhance nutrient uptake in plants (Kumar et al., 2015). The 

present meta-analysis showed that the mean effect sizes for the root length, root fresh and 

dry weight significantly improved as Bacillus was administered as bio-fertilizer. In 

agreement with the result of the current meta-analysis, Hasibuan et al. (2021), indicated 

that inoculating Bacillus as a bio-fertilizer resulted in a distinct increase in root dry weight 

of soybean. Furthermore, Seerat et al. (2019) recorded a significant increase in the root 

dry weight of paddy rice using Bacillus as bio-fertilizer. Ngo et al. (2019) also showed 

that inoculation of Bacillus increased root and crown root formation of rice plants. 

Hasibuan et al. (2021) reported in their study that Bacillus used as bio-fertilizer promoted 

the growth of soybean plants, especially in their roots, as observed in rice plants. 

Application of Bacillus as a bio-fertilizer with the ability to promote root development 

was reported to be beneficial in legumes, rice and other crops (Hasibuan et al., 2021). 

Previously, Bacillus has shown to have beneficial effects on rice plant, such as improving 

nitrogen uptake and better rooting system (Ngo et al., 2019). Contrary to this study, 

Gattoni et al. (2019) reported a none significant effect of cotton plant roots between the 

Bacillus treated and untreated. This could be due to the different root locations, root 

response to other environmental factor, including the soil type and plant species. It may 

possibly be assuaged as Bacillus releases compounds (VOC) and enzymes (ACC) for 

easy root colonization and support to aid water and nutrient up take (Koo et al., 2004). 

Importantly, root biomass enhancement by Bacillus spp. involves understanding the 

role of Bacillus in promoting and increasing the biomass of tomato roots. Thus, the use 

of Bacillus spp. as a bio-fertilizer in agriculture is promising for promoting root biomass 
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by leveraging on the plant growth promotion (PGP) traits, induced systemic resistance 

(ISR) induction, biofilm formation, nutrient mobilization, and improvement of soil 

structure. This approach does not only contribute to increasing the plant growth and 

productivity but also offers sustainable and eco-friendly solutions against the use of 

inorganic fertilizers. 

Conclusion 

The current meta-analysis established the bio-fertilizer potentials of Bacillus spp. in 

enhancing the physiological growth parameters of tomato. The present meta-analysis 

study also sets the steps for future standardized experimental designs on the use of 

Bacillus spp. as a bio-fertilizer to enhancing growth parameters of tomato as alternative 

to inorganic fertilizers. 

With the increasing health risks on the use of inorganic fertilizers as growth 

promoters in crop productivity, it is important to note that over-reliance on inorganic 

fertilizers can disrupt the natural balance of nutrients in the soil, leading to nutrient 

imbalances and reduced soil quality. This can result in the loss of soil organic matter, 

decreased soil fertility and increased susceptibility to erosion, Bacillus as bio-fertilizer 

have demonstrated its potential as an alternative to enhancing crop productivity. The 

result of the pooled estimates of the 51 primary studies indicated that Bacillus 

amendment is associated with significant improvement in plant growth and 

development in tomato plant. 
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APPENDIX 

Table A1. Master table of the primary data used in the meta-analysis 

No Authors Year Country DAP Duration Bacillus spp. B/Count 
Qtty of Bac 

inco (ml) 
Temp Mode of app Growth parameters 

1 
Mena-Violante and Olalde-

Portugal 
2007 Mexico 21  B. subtilis 1x107 3 28 Root inoculation 

P/R/L (cm), R/D/W (g), R/L (cm), 

R/D/W (g) 

2 Ajilogba et al. 2013 South Africa 35 70 B. amyloliquefaciens 5x107 5 25 Root dipped Sht/L (cm), Rt/L (cm), 

3 Xu et al. 2014 China 0  B. subtilis 1x105 Soaked 25 Seed soaked 

Sht/L, Sht/Fre weight, Sht Dry weig, 

Root length, Root Fresh weig, Root dry 
weight 

4 Asaka and Shoda, 1996 Japan 0  B. subtilis 7.76x107 20 30 Mixed with soil Sht/length, Sht/Dry weight 

5 Xu et al. 2016 
Republic of 

Korea 
0  B. subtilis 1x108 20 20-30 Soil drench 

Sht/L, Sht/Fresh weight, Sht/Dry 

weight, Rt/L, Rt/Fresh weight, Rt/Dry 

weight 

6 Kurabachew and Wydra 2013 Germany 30  B. cereus 7.8x 107 20 20-30 Root Inoculation Dry weight 

7 Seleim et al. 2011 Egypt 30  B. subtilis 1x108 9 25-35 Root Inoculation Fresh weight 

8 Dursun et al. 2010 Turkey 30  B. subtilis 1x108 - - 
Sprayed on the 

leaves 
Plt hei, Dry matter, 

9 Solanki et al. 2012 India 500  B. megaterium 1x108 0 22-28 Dipped 

Shoot length, Root length, Shoot fresh 

weight, Root fresh weight, shoot dry 
weight 

10 Singh and Siddiqui 2015 India 50  B. subtilis 

1.6×105, 
1.3×105, 

1.4×105, 

1.0×105, 
0.8×105, 

1.2×105 

22 20 
Sprayed on the 

roots 
Dry weight 

11 Walia et al. 2012 India 0  B. subtilis 1.5x108 Soaked - Seed soak 
Shoot length, Root length, shoot dry 

weight, Root weight 

12 Abdulwareth, 2014 China 21  B. amyloliquefaciens 1.0x107 40 22-24 Soil drenched 
Plant height, Plant fresh weight, plant 

dry weight 

13 Jamily et al. 2018 Afghanistan 14  B. subtilis 2.0x108 2 28 Root Inoculation Shoot dry weight, Root dry weight 



Ogugua et al.: Meta-analysis of bio-fertilizer potentials of Bacillus species as tomato growth enhancers 

- 2528 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 22(3):2507-2530. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/2203_25072530 

© 2024, ALÖKI Kft., Budapest, Hungary 

14 Abdallah et al. 2017 Tunisia 14  B. tequilensis 1.0x108 25 20-30 Soil drench 
Plant height, Fresh weight, Root fresh 

weight 

15 Ramavath et al. 2019 India 0  
B. siamensis, B. velezensis, 

B. tequilensis, B. subtilis 
- - - Soaked Shoot length, Root length, Dry weight 

16 Singh et al. 2013 India 25  

B. cereus, B. subtilis, B. 

licheniformis, B. 
amyloliquefaciens 

2.5x109 100 25-27 Mixed with soil 
Shoot length, Fresh weight, Dry shoot, 

Root length, Fresh Root weight 

17 Akram et al. 2015 Pakistan -  B. fortis 1x108 100 25-27 Root Inoculation Shoot length, Root length, Fresh weight 

18 Ajilogba and Babalola 2016 South Africa 35 70 
B. amyloliquefaciens, B. 

cereus, B. pumilus, B. 

subtilis 

5x107 5 25 Root dipped Sht/L (cm), Rt/L (cm), 

19 Qiao et al. 2017 China 21 30 B. subtilis 1x105 20 18-30 Root Inoculation Plant height 

20 Wang et al. 2011 China 21 58 
B. subtilis, B. 

amyloliquefaciens 
1x109 

Mixed with 

soil 
25-27 Root Inoculation Plant height 

21 Masood et al. 2022 China 21  B. pumilus 1x108 1 18-24 Seed soaked 

Plant height, shoot fresh weight, shoot 

dry weight, root fresh weight, root dry 
weight 

22 Sun et al. 2022 China   B. methylotrophicus 1x105 

0.25, 0.5, 

0.75, 1, 1.25, 

1.5 

23 - 
Plant height, shoot fresh weight, shoot 

dry weight, root length 

23 He et al. 2019 China 14 63 

B. pumilus, B. 

amyloliquefaciens, B. 
mojavensis, B. putida 

1x108 1 28 - 
Plant height, shoot fresh weight, shoot 

dry weight, root length 

24 Qi et al. 2016 Japan 30  B. thuringiensis 3x108 3 25 Root Inoculation 
Plant height, shoot fresh weight, shoot 

dry weight, root length 

25 Janahiraman et al. 2016 
Republic of 

Korea 
21  B. subtilis, B. cereus 1x109 20 28 

Sprayed on the 

leaves 

Plant height, shoot fresh weight, shoot 

dry weight, root length 

26 Yoo et al. 2019 
Republic of 

Korea 
21 21 B. vallismortis, B. mesonae 1x100.25   Root drenched Shoot fresh weight, shoot dry weight 

27 Singh et al. 2016 India 21 30 
B. amyloliquefaciens, B. 

subtilis, B. cereus 
3x108 50 25-30 Root inoculation 

Plant height, shoot fresh weight, shoot 

dry weight, root length 

28 Elanchezhiyan et al. 2018 India 25 50 B. subtilis 1x1010  22-28 Soil drenched Plant height, number of leaves per plant 

29 Solanki et al. 2013 India 30 45 
B. subtilis, B. 

amyloliquefaciens 
1X108 500 28-30 Root dipped 

Plant height, shoot fresh weight, shoot 

dry weight 

30 Prabhukarthikeyan et al. 2013 India 10 60 B. subtilis 3x108 2 28 Soil drenched Plant height, number of leaves per plant 

31 Patani et al. 2023 India 30  
B. pumilus, B. firmus, B. 

licheniformis, B. cereus, B. 

safensis 

- 30 - Seed soaked 
Plant height, shoot fresh weight, shoot 

dry weight, root length 

32 Shanmugam and Kanoujia 2011 India 45 90 B. subtilis, B. atrophaeus 3x108 50 20-30 Mixed with soil Shoot fresh weight 
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33 Chowdappa et al. 2012 India 14 30 B. subtilis 1x108 1 25-27 Soil incorporated 
Plant height, shoot fresh weight, root 

length 

34 Mehta et al. 2014 India 50 60 B. circulans 1.5x106 - - Seed soaked 
Plant height, Shoot dry weight, root 

length, root dry weight 

35 Abdallah et al. 2016 Tunisia 7 60 B. cereus 1x108 25 28 Root drenched Plant height, root fresh weight 

36 Hanif et al. 2014 Pakistan   

B. megaterium, B. subtilis, 

B. fortis, B. theruingenesis, 
B. megaterium 

1x108 100 - - 
Plant height, Shoot dry weight, root 

length, root length 

37 Kamali et al. 2018 Iran 42 45 B. subtilis, B. velezensis, 1x108 100 30 Root drenched Plant height, root dry weight, 

38 Ramezani Moghaddam et al. 2014 Iran 45 60 B. pumilus 1x106 10 25-27 Root inoculation 
Plant height, root fresh weight, root dry 

weight 

39 Almaghrabi et al. 2012 Saudi Arabia 7 - 

B. subtilis, B. 

amyloliquefaciens, B. 

cereus 

2x106 Seed soaked 20-28 Root inoculation Plant height, shoot dry weight 

40 Porcel et al. 2014 Spain 10  B. megaterium 1x109 0.5 18-24 
Sprayed on the 

leaves 

Plant height, shoot dry weight, root dry 

weight 

41 Ibort et al. 2018 Spain 7 60 Bacillus megaterium 1x107 1 24 
Sprayed on the 

leaves 
Shoot fresh weight, root fresh weight 

42 Torres et al. 2020 Spain - - B. velezensis 1x106 5 25 Drenched Plant height 

43 Akter et al. 2023 Malaysia 14  B. subtilis, B. tequilensis 1x108 2 28 Dipped Plant height, root length 

44 Kouam et al. 2023 Cameroun 21 42 

B. pacificus, B. 

thuringiensis, B. cereus, B. 
aerius 

1x108 1  Stem based 
Plant height, shoot fresh weight, shoot 

dry weight 

45 Mukhtar et al. 2023 Canada 14 96 B. safensis 1x107 2 25 Seed soaked 
Plant height, shoot fresh weight, shoot 

dry weight, root length 

46 Mukhtar et al. 2020 Canada 14 96 B. cereus 1x107 20 25 Seed soaked 
Plant height, shoot fresh weight, shoot 

dry weight, root length 

47 Obrzut et al. 2021 Brazil 30  B. subtilis 1.76x1010 0.05 28 Seed soaked 
Plant height, shoot fresh weight, shoot 

dry weight 

48 Nascimento et al. 2020 Brazil 35  B. megaterium 5x101 100 23.3  Shoot dry weight, root dry weight 

49 Islam et al. 2019 Bangladesh 10 90 B. siamensi 1x108  25 Seed soaked 

Plant height, shoot fresh weight, shoot 

dry weight, root fresh weight, root dry 
weight, root length, number of leaves 

per plant 

50 Martínez-Cano et al. 2022 Mexico 7 35 B. pumilus 1x109 1 21 
Sprayed on the 

leaves 

Plant height, Number of leaves per 

plant 

51 Khan et al. 2017 Oman 21  B. amyloliquefaciens 1x108 5 30  Plant height 
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Table A2. Restricted and sensitivity analysis on the covariate variables 

Overall SMD 95% CI I2 (%) Het. P-value 

Plant height 4.35 3.88, 4.81 84  < 0.001 

     

Shoot fresh weight 3.62 3.16, 4.08 82  < 0.001 

Shoot dry weight 1.85 1.62, 2.08 71  < 0.001 

Root length 2.20 1.74, 2.67 82  < 0.001 

Root fresh weight 4.03 3.08, 4.98 89  < 0.001 

Root dry weight 1.47 1.09, 1.86 78  < 0.001 

Number of leaves per plant 2.81 1.34, 4.27 82  < 0.001 

 


