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Abstract: 

Lysinibacillus sphaericus is known for its great larvicidal activity against mosquito 

larvae and toxic metal resistance, but knowledge about its possible activity in soil is 

scarce and poor. Nevertheless, the genome of some strains that have been reported 

(CBAM5, III(3)7 and OT4b.31) revealed genes of nitrogen cycle. Seven L. 

sphaericus strains were tested as nitrogen fixing bacteria, nitrifying bacteria, and 

indole acetic acid producer. Subsequently a consortium was formulated using the 

best strains (CBAM5, III(3)7, OT4b.31 and OT4b.49) to evaluate its effect in 

Canavalia ensiformis growth and lead phytoremediation. All L. sphaericus strains 

were able to fix nitrogen (0,61-1,47mg/L of ammonium), nitrify (0,26-0,7mg/L of 

nitrate) and produce IAA (3,3-5.5 µg/mL in L-tryptophan media and 0,3-1,1µg/mL in 

trypticase broth). They also promoted shoot length, root length, foliar area and leaf 

number in C. ensiformis, enhanced lead bioaccumulation in the root reaching a 

removal of 40% of lead in greenhouse experiment, and increased nitrate content in 

soil 2 fold in contrast to the control in field experiment. We therefore believe that 

Lysinibacillus sphaericus could be a key organism in the formulation of biofertilizers, 

as it shows potential in the  phytoremediation processes and in crop plant nutrition, 

and growth in low nutrient polluted soils, then is a Plant Growth Promoter Bacteria 

(PGPB).   

   

 

1) Introduction: 

Plant-growth promoting bacteria (PGPB) include bacteria from different taxa which 

are able to enhance plant growth by increasing nutrient content in soils such as 

nitrogen and phosphorus. They also produce phytohormones (Bric, Bostck, & 

Silverstone, 1990) or induce phytohormones production in plants like salicylic acid  

during systemic acquired resistance (SAR) (Khan, Mishra, & Nautiyal, 2012). 

Different species of the Bacillaceae family have been classified as PGPB:  Bacillus 

subtillis, Bacillus firmus (Zlotnikov, Shapovalova, & Makarov, 2001), Paenibacillus 

lentimorbus and Paenibacillus riograndensis (Fernandes, Trarbach, de Campos, 

Beneduzi, & Passaglia, 2014).   



The plants have also been used in bioremediation processes using 

phytoremediation techniques in crude oil contaminated areas associated with toxic 

metals such as lead. This method consists in the use of vascular plants for treating 

polluted soils and water sources. Particularly Canavalia ensiformis is used in 

Casanare, Colombia, to perform phytoremediation of petroleum hydrocarbons in 

exploration areas (Ramirez & Dussán, 2014). It has been reported that the 

employment of PGPB enhances the establishment of plants in contaminated and 

low nutrient content soils (de-Bashan, Hernandez, & Maier, 2010). 

A bacterium of great interest in the Bacillaceae family is Lysinibacillus sphaericus, a 

gram positive bacilli with terminal spore generally isolated from water and soil. L. 

sphaericus has been known for its great larvicidal activity against mosquito larvae 

and toxic metal resistance for arsenate, hexavalent chromium, and lead (Velazquez 

& Dussán, 2009). Different nitrogen cycle and toxic metal resistance genes have 

been annotated in the genomes of OT4b.31, CBAM5 and III(3)7 strains of L. 

sphaericus (Peña-Montenegro & Dussán, 2013) (Peña-Montenegro, Lozano, & 

Dussán, 2015) (Rey, Silva, & Dussán, 2016). The first isolation comes from beetle 

larvae (Lozano & Dussán, 2002), the second, from a petroleum exploration area in 

Colombia  and the third from oak forest soil.  

According to these antecedents, this study specifically focuses on Lysinibacillus 

sphaericus involved in the nitrogen cycle (nitrogen fixing and nitrification), 

phytohormone production (Indol acetic acid) and its possible enhancement of the 

lead phytoremediation process and improvement of polluted soil quality. The aims 

of this research are: to test L. sphaericus in  PGPB traits such as IAA production, 

nitrogen fixing and nitrification; to establish the dynamic of L. sphaericus consortium 

in polluted and low nutrient content soils, and to evaluate the effect of a L. sphaericus 

consortium in C. ensiformis plant-growth parameters during the phytoremediation of 

lead.  

 

2) Methodology:   

 

2.2) Organism, growth condition and inoculum preparation: 

Six L. sphaericus strains were used (OT4b.26, OT4b.31, OT4b.32, OT4b.49, 

CBAM5, and III(3)7) taken from the Centro de Investigaciones  Microbiológicas 

(CIMIC) collection at Universidad de los Andes, Colombia, as well as a reference 

strain from the World Health Organization (2362). To prepare the inoculum seven 

strains were cultivated in nutrient broth for 24h at 30ºC. The culture was then 

inoculated in plates of SPC and cultivated for 48h at 30ºC to obtain 109 UFC/mL 

inoculum. C. ensiformis seeds were germinated in a seedbed with sterile water at 

30ºC  for 5 days. 



 

2.3) Pathogenicity test: 

The pathogenic test was performed in Solanum tuberosum (Dong, Zhang, Xu, & 

Zhang, 2004) and Lactuca sativa. The leaves or piece of tuber were cleaned with 

0.5% sodium hypochlorite for 3 min, followed by 70% alcohol for 30s and finally with 

sterile distilled water. The leaves or tuber were cut into circles and pieces were 

placed in a Petri dish. Three lesions were made in the leaf circle where 5 µL of 

bacterial suspension were introduced, and leaves were incubated at 30°C for 72 h. 

(Vives & Garnica, 2006). The bacteria were grown in LB broth and incubated at 30°C 

for 18 h. After the incubation period, the cultures were centrifuged at 5000 rpm for 3 

min. The supernatant was discarded and the pellets resuspended in 1mL of sterile 

saline. The pythopatogenic bacteria, Pectobacterium carotovorum was used as a 

positive control.   

 

2.4) Nitrogen fixation and nitrification L. sphaericus strain screening:  

L. sphaericus strains were evaluated as nitrogen fixing and nitrifying bacteria using 

the following culture media:  The free nitrogen media reported by (Hashidoko, 

Motohiko, Osaki, & Tahara, 2002) CaCO3 (0.1g/L), glucose (10g/L), agar (15g/L), 

salt solution  (5ml/L) composed by  KH2PO4 (50g/L), MgSO4.7H2O (25g/L), NaCl 

(25g/L), FeSO4.2H2O (1g/L), NaMoO4.4H2O (1g/l),  MnSO4.4H2O (1g/l), pH 7.2; 

the ammonium oxidation media composed by: (NH4)2SO4 (1.7g/L), CaCl2.2H2O 

(20mg/L), MgSO4.7H2O (200mg/L), K2HPO4 (1.5mg/L), NaMoO4.2H2O (100µg/L), 

MnCl2.4H2O (200µg/L), CoCl2.6H2O (2µg/L), ZnSO4.7H2O (100µg/L), 

CuSo45H2O (20µg/L), pH 7.5 (Watson & Mandel, 1971). 

 

Assay conditions: An overnight culture in nutrient broth for 15h, 150rpm at 30C for 

each L. sphaericus strain, followed by a subculture with a final concentration 

inoculum of 1% v/v for 5h or until obtaining a OD(600nm) between 0,5-0,6, 150rpm 

at 30 C. This subculture was then used to inoculate a test tube with10 mL of culture 

media described above, by triplicate with a final inoculum concentration of 2%v/v. 

The cultures were incubated at 30ºC for 96h at 150rpm. Afterwards the cultures were 

centrifuged at 5000rpm for 3min, with the supernatant were  measured the 

concentration of ammonia and nitrate respectively using  Nitrate test ® and  

Ammonium test® by Merk employing Spectroquant Photometer NOVA  60 A. 

2.5) Indoleacetic acid production L. sphaericus strains screening: 

The qualitative assay was performed using solid LB (Luria Bertani) media culture  

supplemented with 5mM of L-tryptophan (Bric, Bostck, & Silverstone, 1990)  where 

all L. sphaericus strains were inoculated by puncture in the center of the plate. A 



piece of Whatman sterile filter paper was then placed over the agar to make sure 

the bacteria could grow over the membrane. The culture was incubated at 30ºC for 

96h. The Whatman membrane was then placed in a petri dish and 2mL of Salkowski 

reagent was added (sulfuric acid [7.9M] and Iron chloride 3 [40mM]) (Bric, Bostck, & 

Silverstone, 1990)  with a 30min reaction time. A positive result occurs when the 

membrane turns pink. 

The quantitative assay was performed using the assay condition of nitrogen fixing 

and nitrifying bacteria screening above, using LB+L-tryptophan liquid media. After 

96h of incubation, the cultures were centrifuged at 5000 rpm for 3min, then 1mL of 

the supernatant was transferred to a test tube and 2mL of the Salkowski reagent 

was added. The measurement was performed at 530nm. The calibration curve was 

carried out using different concentrations of IAA: 5, 10, 15, 20, 25 and 30µg/mL. 

 

2.6) Presence evaluation of L. sphaericus  in rhizosphere : 

To assess the persistence and dynamic population of the L. sphaericus consortium, 

microcosms with C. ensiformis seedlings in the greenhouse were set up using 

polluted and non-polluted soil from Casanare Colombia, and adding L. sphaericus 

consortium with sterile soil controls. Every week, for six weeks, were measured the 

bacterial titer, using serial dilution method and plate count in SPC media by triplicate 

at 30 ºC for 24h. The spore titers were determined using thermal shock (90 ºC for 

20min). 

 

2.7) Greenhouse experiment set up: 

The germinated C. ensiformis seeds were sown in 300g of a mix of  polluted soil with 

petroleum hydrocarbons associated with lead and a non-polluted soil form Casanare 

Colombia in a 1:3 ratio Table 1. In total there were 100 seedling per treatment that 

were planted in Universidad de los Andes’ greenhouse over a table in a systematic 

arrangement; a L. sphaericus consortium (OT4b.31, OT4b.49, III(3)7 and CBAM5 

strains) was  added to the bacteria treatment in solid media, 40g of inoculum per 

seedling ( 109 CFU/g). At day 45 a reinforcement inoculum was added. 

 Non polluted soil 
(ppm) 

Mixed soil  
(ppm) 

Polluted soil 
(ppm) 

Ammonium 30±8,16         260±8,164           30±11,05 

Nitrate 60±16,32         1800±0,0          100±81,64 

Lead 117±38,58 657±33,00         742±21,147 

TPH 0,0             300              1200 

 
Table1. Chemical analysis for greenhouse and field experiment soil for nitrogen content 
(ammonium and nitrate) and pollutants (lead and Total Petroleum Hydrocarbons). 
 



 

2.7.1) Plant-growth parameters: 

Plant-growth parameters such as height and leaf number (measured for all 

individuals), shoot length, root length, dry weight, root mass, and total foliar area 

were assessed  on days 30 and 60. The measurements were performed for six 

replicates. 

 

2.7.2) Lead determination in C. ensiformis root: 

The concentration of lead in C. ensiformis root was measured using Crack set ® by 

Merk, nitric acid 65% (Escobar & Jenny, 2016) and  Lead test ® by Merk employing 

Spectroquant Photometer NOVA 60 A. This quantification was  performed on days 

30 and 60 by triplicate. 

 

2.7.3) Ammonium, nitrate and lead determination in soils: 

The concentration of lead in soil was measured using Crack set® by Merck with nitric 

acid 65% and Lead test ® by Merk. Ammonium and nitrate in soil was measured 

using the Nitrate test ® and Ammonium test® by Merk employing Spectroquant 

Photometer NOVA  60 A. This quantification was  performed on days 30 and 60 for 

six replicates. 

 

2.8) Field experiment: 

Following the same methodology in the greenhouse experiment, 100 seed per 

treatment were placed in a field in Casanare Colombia ( N 5O 5.855´ E 72O24.130´) 

with polluted soil (Table 1). The field is certified to be used to promote bio-crops 

sponsored by the petroleum industry. The L. sphaericus consortium was added to 

the soil as in the greenhouse work. 

 

2.9) Statistical analysis:  

For the  L. sphaericus  strain screening data, we used the Kruskal Wallis and Tukey 

test to identify the best strains in each parameter evaluated. For the greenhouse and 

field experiment data, we used a Student´s t test for the data on days 30 and 60. 

 

 

 



 

3) Results and discussion: 

 

3.1) L. sphaericus non-phytopathogenic bacteria: 

According to the pathogenic test in Figure 1 using the Lactuca sativa and Solanum 

tuberosum model, in contrast to the positive control (Pectobacterium carotovorum), 

none of the L. sphaericus strains caused lesions on leaves or rotting on the tuber 

after 72h of inoculation. Therefore, L. sphaericus does not have genes that encode 

cellulolytic or pectinolytic enzymes. Thus, it cannot be classified as phytopatogenic 

bacteria or secondary pathogen. This result was expected mainly because the plant 

pathogen bacteria belong to α-proteobacteria, γ-proteobacteria, actinobacteria and 

a few members of Firmicutes (Phytoplasmas), but no Bacillaceae family members 

are reported as plant pathogens. 

 

 
Figure1. Pathogenicity test in Lactuca sativa leaves and Solanum tuberosum tuber, positive 
control (Pectobacterium carotovorum) and negative control(saline solution 0.85%). All L. 
sphaericus strains presented a negative result 
 
 

 
3.2) L. sphaericus nitrogen fixer and nitrifying bacteria: 
 
The results of in vitro nitrogen fixation are shown in Figure 2A, all L. sphaericus strains 
were able to fix molecular nitrogen in ammonium and translocate it outside the cytoplasm 



in a range of  0,61-1,47mg/L  after 96h culture in MSM. This quantification was an indirect 
measure of nitrogenase activity. A number of other studies report nitrogen fixation in 
Bacillaceae members such as Bacillus subtilis and Bacillus polymyxa, but the nitrogenase 
activity is determined by acetylene reduction.   
 
The physiology of nitrogen fixation has been reported for B. polymyxa (Grau & Wilson, 
1962),  their results showed that iron and molybdenum are required for nitrogen fixation 
and the process is  anaerobic as in gram negative bacteria. However, in this study the 
assay condition was under constant shaking and oxygenation in order to ensure nitrogen 
diffusion to the aqueous phase, suggesting that probably in some gram positive bacteria, 
the process can be carried out in the presence of oxygen or L. sphaericus has 
mechanisms that protect the nitrogenase from oxygen (Poole & Hill, 1997) .  
 
The nitrogen fixing regulatory mechanism in gram positive bacteria is poorly understood. 
New regulatory features were recently reported for Paenibacillus riograndensis 
(Fernandes, Trarbach, de Campos, Beneduzi, & Passaglia, 2014), showing novel 
regulatory elements and an alternative nitrogenase for the system. Particulary for L. 
sphaericus, the sequencing and gene annotation of three of our strains (OT4b.31, 
CBAM5 and III(3)7) (Peña-Montenegro & Dussán, 2013) (Peña-Montenegro, Lozano, & 
Dussán, 2015) (Rey, Silva, & Dussán, 2016) showed genes for nitrogen fixing such as 
nifA (regulatory protein), ntrC (nitrogen assimilation regulatory protein) and nifU 
(nitrogenase activator), but no other nif genes were annotated. Thus, it is probable that 
L. sphaericus possesses a different nitrogenase system.  
 
 

 
Figure2. Boxplot shows the nitrogen fixation and ammonium oxidation (nitrification) for L. 
sphaericus strains. The asterisk (*) labeled strains were the best in each process according to 
the Tukey test.  

 



 
The best nitrogen fixing strains were CBAM5, III(3)7 and 2362 (Figure 2A). This trend 
could be related to the number of genes (gene dosage) or associated to the place in 
which they  were isolated. The strains CBMA5 and III(3)7 were isolated from petroleum 
contaminated soil and oak forest soil respectively. Thus, these strains’ enhanced 
capability to fix nitrogen may be a response to a low nutrient stress in soils, in contrast to 
the strains OT4b.26, OT4b.31, OT4b.32, and OT4b.49 that were isolated from beetle 
larva gut, where the nutrient stress is lower, this being consistent with their performance 
during nitrogen fixation assay.   
 
According to ammonium oxidation or nitrification in vitro results (Figure 2B)  almost all L. 
sphaericus strains except for  the OT4b.26 strain were able to oxidize ammonium to 
nitrate after 96h in a range of 0,26-0,7mg/L. In the abiotic control nitrate was detected  
due to chemical ammonium oxidation by oxygen diffusion in the culture. The ammonium 
oxidation to nitrite and subsequent nitrite oxidation to nitrate are processes carried out by 
bacteria belonging to the Nitrisomonas sp, Nitrococcus sp and Nitrospira sp genera (Tal, 
Watts, Schreier, & Schreier, 2003), which are chemoautotroph bacteria. However, 
heterotrophic nitrification has been reported in Bacillus subitlis (Hongxin Tan, Luo, & 
Lyang, 2012) and Bacillus methylotrophicus (Zang, Liu, Min Ai, Miao, & Zheng, 2011) . 
In fact both species are involved not only in nitrification processes but they are also able 
to denitrify, therefore they are considered nitrogen recycling bacteria.   
 
Particularly, as a heterotrophic bacterium, it is probable that L. sphaericus carried out  
heterotrophic nitrification despite the fact that we did not use any carbon source in the 
assay. In addition, according to OT4b.31, CBAM5 and III(3)7 strain  genomes, there were 
annotated genes involved in the denitrification processes (Peña-Montenegro & Dussán, 
2013) (Peña-Montenegro, Lozano, & Dussán, 2015) (Rey, Silva, & Dussán, 2016) such 
as nitric oxide and nitrous oxide reduction to molecular nitrogen. These genes are nosL 
(outer membrane nitrous oxide reductase maturation protein), nosY (transmembranal 
nitrous oxide reductase maturation protein), nosF (nitric oxide protein) nosD (maturation 
protein) and nrsR (transcriptional repressor nitrite sensitive). Thus, L. sphaericus could 
be a nitrogen recycling bacteria.  
 
The best nitrifying strains were OT4b.31 and OT4b.49 (Figure 2B). Interestingly, the 
trend in this process shows that the strains isolated from beetle larva gut are better 
nitrifying bacteria than the isolated soil strains, in contrast to nitrogen fixing process where 
the trend were inversed. Therefore, it may be possible that differences in nitrogen 
metabolism performance among strains is explained by the origin isolate. 
 
3.3) L.sphaericus indole acetic acid (IAA) producer:  
 
The qualitative IAA production test showed a positive results for all L. sphaericus strains 
(data not shown) where the Whatman membrane turned pink after adding Salkowski 
reagent. The quantitative test results are shown in Figure3, L.  sphaericus strains 
produced IAA in a range of 3,3-5.5 µg/mL in LB L-tryptophan supplemented broth, 
whereas in trypticase soy broth they produced 0,3-1,1µg/mL. It is a well-known fact that 
the majority of IAA bacteria producers are gram negative nitrogen fixing bacteria such as 



Rhizobium sp and  Bradirhizomium sp—which  need plant metabolites to regulate IAA 
production—and diazotrophs such as Azosprillum sp, Azotobacter sp and Klebsiella sp 
(Dobbelaere, Vanderleyden, Okon, & Yaacov, 2013). Nevertheless, nitrogen fixing 
Bacillus  members such as Bacillus licheniformis, Bacillus polymyxa and Bacillus subtilis   
are also reported as IAA producers. All depend on tryptophan in the environment for IAA 
synthesis. 

 

Figure3. Boxplot shows the Indole acetic acid production for L. sphaericus strains The 

asterisk (*) labeled strains were the best in each process according to the Tukey test. 

Specifically, L. spahericus  was able to produce IAA in vitro by constitutive pathways 

using L-tryptophan and non L-tryptophan media.  This suggests that L. sphaericus 

may use the Indole-3-acetamide pathway, the synthesis by this route is generally 

constitutive (Dobbelaere, Vanderleyden, Okon, & Yaacov, 2013). The IAA 

production in trypticase broth had a lower performance as L. sphaericus had to 

hydrolyze proteins and peptides to obtain tryptophan and follow with the IAA 

synthesis, which is a process that requires greater energy and obtains less 

tryptophan, in contrast to the L-tryptophan supplemented broth. 

The best IAA producers in L-tryptophan media were OT4b.49, CBAM5, III(3) and 

2362, and in trypticase broth, the best producers were OT4b.32 and CBAM5 (Figure 

3). These results show that there are no similar trends in IAA production per strain 

for each media, suggesting that other factors may be influencing the synthesis—

especially in trypticase broth—such as proteolytic capacity or different biosynthesis 

pathways in the absence of tryptophan. 

Comparing the IAA production in other Bacillaceae members, Bacillus licheniformins 

strain A2 (Goswami, Dhandhukia, Patel, & Thakker, 2013) produced 7,5 µg/mL in L-

tryptophan media under the same conditions in our study. This value is close to ours 

(5,5 µg/mL). 



 

3.4) L.sphaericus population dynamic in microcosm soil 

The L. spahericus consortium population in soil is show in Figure 4. For all kinds of 

soil, the bacterial titer through  time  of  total cells (spores and vegetative cells) and 

spores were similar. From week one to week three there were no spore titer, which 

indicates that L. sphaericus presented an active metabolism during this period. The 

sporulation started at week four and only lasted until week five, except in polluted 

soils that lasted until week six.  

Particularly, at week two, the polluted and non-polluted soils had a lower titer of 

vegetative cells. This could be a response to the effect of soil microbiota on the 

consortium; however, after week three there were no differences in the vegetative 

cell titers between sterile and non-sterile soils, indicating that L. sphaericus is a good 

competitor in polluted and low nitrogen soils. In fact, it is reported that CBAM5, 

III(3)7, OT4b.31 and OT4b.49 (consortium) strains  produce acyl homoserin 

lactonases  (Gómez & Dussán, 2016)   which are quorum sensing  inhibitors in gram 

negative bacteria. This is coherent with the gram-negative titer decay in the 

experiment (data not shown). 

 

Figure4. L. sphaericus population behavior of total cells (solid line) and spores 

(discontinuous lines) in microcosms with C. ensiformis for four kinds of soils. 

 



In general, the sporulation started at week four (Figure 4) and lasted until week 5, 

presenting a similar behavior in four soils, which coincides with the vegetative cell 

titer decay during the same period. This behavior could be associated to the nutrient 

stress in both soils where the nitrogen is low, and especially in non-polluted soils 

where there are no carbon sources. Nevertheless, at week six the vegetative cell 

titer increased in all soils until reaching the same initial titer inoculum. The fast growth 

of consortium may be explained by the fact that L. sphaericus is able to degrade 

petroleum hydrocarbons and use them as a carbon source, but the degradation is a 

long process which requires the synthesis of biosurfactants that allow the 

bioavailability of hydrocarbons (Manchola & Dussán, 2014 ). This results suggest 

that an adaptation phase took place from week one to week five that triggered fast 

growing and  a more active metabolism, which may have enhanced PGPB traits 

such as nitrogen fixing, nitrification, and IAA production. 

In non-polluted soils there are no carbon sources, but the consortium grew rapidly 

all the same at week six. This could be explained by the influence of C. ensiformis 

in rhizosphere chemical composition. Members of the Fabaceae family exudate 

flavonoids and other aromatic compounds during nutrient and toxic metal stress 

(Kanu & Dakora, 2012). Therefore, L. sphaericus could use those compounds, as a 

carbon source as it is able to degrade aromatic hydrocarbons.  

 

3.5) Effect of L. sphaericus  in C. ensiformis plant-growth parameter and lead 

phytoremediation: 

During the greenhouse experiment, L. sphaericus significantly increased C. 

ensiformis plant growth parameters such as root length, shoot length (Figure 5A 

and Figure6), leaf number (Figure 5B), and foliar area (Figure 5C) at day 60. 

However, it did not have a significant effect on root mass and in dry weight. 

Accordingly, the soil’s nutrient content (ammonium and nitrate) decreased through 

time presenting no differences between control and consortium (data not shown). 

This trend also occurred for lead content in soil. Lead bioaccumulation in root is 

shown in (Figure 5D), whereby lead concentration was almost twice as much at day 

60 in the consortium than in the control, representing a 40% of initial lead in soil. 

It is important to mention that the experiment was carried out until day 90, but the 

measurements of that point in time were omitted. This was due to the fact that by 

that point in time, the plants had growing limitations due to the set up of the 

experiment, making the results invalid. 

It has been reported that IAA plays an integral role in plant salinity and toxic metals 

stress, increasing root and shoot length under those conditions (Wani, Kumar, 

Shriram, & Kumar Sah, 2016). This is consistent with our results, suggesting that L. 

sphaericus produces IAA in polluted and low nutrient content soils (Table 1). In 

addition, IAA is known to stimulate cell elongation and cell differentiation 



(Dobbelaere, Vanderleyden, Okon, & Yaacov, 2013) , which might be associated 

with increased leaf number and foliar area using the consortium. Nevertheless, the 

fact L. sphaericus did not have effect on root mass and dry weigh might be related 

to low nitrogen fixation, and nitrification due to low carbon sources in soil, which is 

consistent with the decay in nitrogen concentration. Otherwise, it is possible that 

during the experiment period, C. ensiformis underwent an adaptation phase where 

there was no high protein synthesis that could promote biomass production.  

 

Figure5. Canavalia ensiformis plant-growth parameters and  lead bioaccumulation in root 

through time during greenhouse experiment. Asterisk (*) labeled points correspond to 

statistical difference for the Student´s t test ((*) correspond to a p-value<0,05;(**) 

corresponds to a p-value<0,01 and  (***) corresponds to a  p-value<0,001). 



On the other hand, the fast growth rate of C. ensiformis may affect the accumulation 

of nutrients, especially in low nitrogen environments. This means that the plant 

rapidly assimilates the nitrate produced by nitrogen fixing and nitrification, avoiding 

the raising of nutrients in soil. 

It is important to note that this is the first report on C. ensiformis as a lead 

accumulating plant. In fact, there are few lead hyper-accumulating plants, and most 

of these are nickel, arsenic, cadmium, and zinc accumulator. In addition, there are 

few reports where Bacillaceae members are used to assist phytoremediation. Some 

of these are B.pumillus, B.thurigiensis and B. subtilis (Ullah, Heng, Fahad, & Yang, 

2015). 

 

 

Figure6. Effect of L. sphaericus consortium over C. ensiformis  growth parameters in 

greenhouse experiment. A(height),B(Shoot length) and C(Foliar area). 

 

According to lead bioaccumulation, it was expected that a higher root mass would 

potentiate lead phytoremediation. However, in our study this did not occur, even 

though other factors or mechanisms could have been involved during the process. 

For example, a larger root allowed the plant to reach other areas in the rhizosphere, 

in turn, allowing lead accumulation. Besides, a wider foliar area and more leaves 

triggered a raised photosynthetic rate, and thus a more active metabolism. In 

addition, L. sphaericus probably also aids the bioleaching of lead associated to 



organic matter or in non-soluble state, releasing siderophores to the environment 

(Ullah, Heng, Fahad, & Yang, 2015). 

Particularly, at day 60, L. spahericus had an effect on plant growth parameters and 

on lead accumulation in the root. This result is consistent with the consortium 

dynamic mentioned before, given that after the fourth week, the L. sphaericus 

consortium finalized the adaptation phase and subsequently increased the cell titer 

for starting to express its PGBP traits. 

 

3.6) The effect of L. sphaericus in lead phytoremediation and nutrient content 

in field: 

The results of the experiment carried out in a field polluted with petroleum 

hydrocarbons are shown in Figure7. None of the plant growth parameters presented 

a significant effect when the L. spahericus consortium was added (data not shown). 

This can be explained by the fact that we had many difficulties during the field 

experiment, especially in the sampling. In the greenhouse experiment, we undertook 

the sampling randomly, whereas in the field experiment, the sampling was performed 

by field operators because we had no access to the field, meaning that the sampling 

was biased and the results, inconsistent. 

 

 

Figure7. Nitrate content in soil and  lead bioaccumulation in root through time in field 

experiment. . Asterisk (*) labeled points correspond to statistical difference for the Student´s 

t test ((*) corresponds to a p-value<0,05). 

 



Nevertheless, Figure 7A shows that the nitrate content in soil increased in time, and 

that the L. sphaericus consortium had significantly affected the nitrate content, 

increasing it six-fold with respect to the initial concentration, and two fold with respect 

to the control. This result is not consistent with the greenhouse experiment where 

the trend was inverted. This suggests that an abundant carbon source is needed for 

nitrogen fixation and heterotrophic nitrification. The ammonium content also 

increased in time but there were no differences between the control and consortium, 

given that all fixed nitrogen was nitrified rapidly to nitrate to be used by the plant. 

The results for lead bioaccumulation in the root are shown in Figure 7B. By day 60, 

the L. sphaericus consortium had a significant effect on lead accumulation but not 

as much as in the greenhouse experiment. This could be associated to the low 

nutrient, toxic metal, and hydrocarbon stress, which is higher than in the greenhouse 

experiment soil (Table 1). Therefore, the C. ensiformis adaptation phase is longer 

than in the greenhouse experiment, so it is suspected that in a further period, there 

will be a higher lead concentration in the root when the consortium is added. 

 

Conclusions: 

This study showed the potential of Lysinibacillus sphaericus for the phytoremediation 

processes and in crop plant nutrition and growth in low nutrient content polluted soils. 

The sequenced and annotated genes of different L. sphaericus strains evaluated in 

the lab, greenhouse, and field showed that it is nitrogen fixing bacteria, heterotrophic 

nitrifying bacteria, and IAA producer. In addition, it is persistent in the C. ensiformis 

rhizosphere in non-polluted and polluted soils, and it was able to promote the growth 

of C. ensiformis and enhance its lead bioaccumulation in roots in both greenhouse 

and field experiments. Moreover, L. sphaericus increased the nitrate content in 

hydrocarbon polluted soils. Therefore, we believe that L. sphaericus is a key 

organism in the formulation of biofertilizers, because the metabolic potential of these 

bacteria is essential for the development of non-pollutant biofertilizers as opposed 

to chemical fertilizers. 
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