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Abstract: Microorganisms play a key role in carbon recycling around the world. Because of 

their enormous functional diversity, they can even degrade organic compounds that most 

animals and plants cannot, as aromatic hydrocarbons. Thus, microorganism can be used in 

bioremediation strategies for mitigating the adverse health effects of petroleum compounds. 

In this study, we sequenced the genome of L. sphaericus 2362 and found genes involved in 

aromatics degradation.  We evaluated the biodegradation of mono- and poly-aromatics 

hydrocarbons by providing toluene, naphthalene, and phenanthrene as a sole carbon source. 

L. sphaericus showed to be capable of growing by using the above hydrocarbons and was 

able to degrade 11% of toluene in 9 days. The biodegradation of decane and diesel motor 

fuel was also evaluated, finding removal efficiencies up to 95% for C10-C28 hydrocarbons. 

Catechol was found as an intermediate in toluene metabolism and catechol 2,3-dioxygenase 

seems to be involved in degradation. This suggests L. sphaericus uses meta cleavage pathway 

for aromatics compounds degradation. However, further analyses are need in order to 

determine the enzymes involved in the initial activation of the aromatic ring and further 

conversion to catechol. 
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INTRODUCTION 

Crude oils are composed of a diversity of aliphatic and aromatic hydrocarbons, which 

constitute nowadays, the primary energy supply around the world [1]. Most of these 

hydrocarbons are toxic, widely distributed, and highly persistent [2]. In fact, some aromatic 

hydrocarbons, like benzene, toluene, ethylbenzene, naphthalene, and phenanthrene have 

been listed as priority pollutants by the U.S. Environmental Protection Agency [3]. This, 

because their known toxicity, carcinogenicity, mutagenicity, and many others adverse health 

effects [4-6]. The increasing demand for petroleum-based products makes more frequent 

the exposure of all living forms to these organic compounds, which might bring devastating 

consequences for ecosystems maintenance.  

Taking into account the harmful effects of many of hydrocarbons, there is a need for novel 

technologies that are able to recycle these compounds and convert them in less- or non-

dangerous substances. Besides, those novel technologies should overcome the operational 

drawbacks of existing techniques: high capital, operating and maintenance costs, high energy 

input, and production of toxic byproducts [7]. In this context, bioremediation, which exploits 

the ability of microorganisms to degrade pollutants, is a remarkable alternative. It has proven 

to be an efficient, cost-effective, and environmental safe technology that offers valuable 

advantages as direct degradation, complete mineralization of contaminants, and low 

investments and operational costs [8]. 

The significant role of indigenous microbiota in reducing the environmental impact of 

hydrocarbon spills has been demonstrated in the last few years [9], and, since the first 

isolation of hydrocarbon degrading bacteria in 1913 [10], many others microorganisms with 

this ability have been reported, especially those belonging to the phyla Actinobacteria, 

Proteobacteria, and Firmicute [2, 11, 12]. 

Metabolism of hydrocarbons is a complex process in which the organisms take up the 

hydrocarbon and then, convert these metabolically inactive molecules to more activated 

forms that are readily usable. The recycling of carbon from hydrocarbons represents a 

challenge for most organisms, not only because of the hydrophobicity which makes difficult 



the chemical absorption, but also, because of the limited reactivity of these kind of 

molecules, especially the one of aromatic hydrocarbons [13]. Bacteria tackle this problem by 

using two major biochemical strategies to activate and cleave hydrocarbons. The chosen 

strategy depends primarily on oxygen availability; when oxygen is present, this is both final 

electron acceptor and co-substrate for some catabolic processes, whereas, when no oxygen 

is present, reductive reactions take place. Thus, in aerobic conditions, hydrocarbons are 

normally attacked by oxygenases (monooxygenase, cytochrome-dependent oxygenase, and 

dioxygenase) to produce activate molecules with one or two atoms of oxygen [14]. On the 

contrary, in anaerobic conditions, bacteria employ molecules such as sulphate, carbonate, 

nitrate, and metals as electron acceptors for hydrocarbon oxidation [13]. In the latter 

scenario, hydrocarbon activation is achieved through alternative mechanisms as fumarate 

addition, intra-aerobic hydroxylation, and carboxylation [15]. 

Lysinibacillus sphaericus is an aerobic, sporulating, and functionally diverse bacterial species, 

widely known by its toxic activity against larvae of mosquitoes [16-18].  Recently, novel 

biotechnological potential has been discovered inside this group, especially in the fields of 

toxic metals bioremediation [19, 20] and xenobiotics degradation [21-24]. In a previous work, 

a consortium composed mainly of L. sphaericus strains was evaluated for oil sludge 

degradation in landfarming processes implemented in greenhouse as well as in field; 

consortium proved to be effective on the removal of total petroleum hydrocarbon in less 

than 50 days [25]. Later, the ability of this species for producing biosurfactants was 

demonstrated when petroleum hydrocarbons degradation was carried out in the presence 

of toxic metals [26]. However, to the best of our knowledge, nothing is known about the 

molecular mechanisms for hydrocarbon degradation in L. sphaericus. In this study, aromatic 

hydrocarbons degradation ability of L. sphaericus was evaluated and the genome of one 

strain was fully sequenced, providing new insights into genetic machinery responsible for 

hydrocarbon degradation.  

 

 



METHODS 

Bacterial strains: 

Two L. sphaericus strains (2362 and OT4b.31) were selected from the culture collection of 

the Centro de Investigaciones Microbiológicas (CIMIC) at the Universidad de los Andes 

(Bogotá, Colombia). Strain 2362 was isolated for the first time in 1984 from an adult Simulium 

damnosum in Nigeria [27] and donated to our collection by A. Delecluse. On the other hand, 

strain OT4b.31 was isolated by Dussán et al. from a coleopteran larvae near Bogotá, 

Colombia [28]; its genome was previously sequenced by Peña and Dussán [16] (Accession 

number on NCBI: AQPX00000000). The selection of these two strains was made on the basis 

of a recent comparative genomic analysis for the L. sphaericus group, which reveals this 

group comprises a novel species [29]. Strain 2362 is the most studied representative for the 

proposed novel species, whereas strain OT4b.31 is the most related with the type strain KCTC 

3346. 

Growth conditions and DNA isolation: 

Lysinibacillus sphaericus strains were grown in nutrient broth for 17 h at 30 °C and 150 rpm. 

Genomic DNA of strain 2362 was isolated and purified using the GeneJet Genomic DNA 

purification Kit (ThermoFisher Scientific, USA) and the protocol for gram positive bacteria 

with slight modifications on the lysis incubation time, extending this to 1 h. DNA purity and 

concentration was determined by using Nanodrop 2000 spectrophotometer (Thermo 

Scientific, USA). 

Genome sequencing and assembly: 

The genome sequencing of L. sphaericus 2362 was carried out using the Pacific Biosciences 

technology with 1 SMRT cell, P4-C2 chemistry, and a mixed library. This service was provided 

by McGill University and Génome Québec Innovation Centre. Contig assembly was done 

using HGAP 2.0 workflow [30]. Sequencing errors were corrected by aligning multiple short 

reads on longer reads and then, the corrected reads were used as seeds into Celera 

Assembler to obtain contigs [31]. These contigs were further polished through an alignment 



of raw reads on contigs by BLASR [32]. Finally, high quality consensus sequences were 

generated by a variant calling algorithm (Quiver). 

Genome annotation: 

The genome of L. sphaericus 2362 was annotated using the NCBI Prokaryotic Genome 

Annotation Pipeline [33], KAAS [34], and RAST [35]. Prokka was also used for the annotation 

of this strain and the re-annotation of OT4b.31 [36]. Candidate genes to be involved in 

hydrocarbon biodegradation were examined on the different annotation files. 

Biodegradation assays: 

The inoculum was prepared in nutrient broth as follows: one colony was placed on 5 mL of 

nutrient broth [2.0 g yeast extract, 2.0 g peptone, and 5.0 g NaCl per liter] and incubated at 

30 °C and 150 rpm for 17 h. After that, a subculture was made (1% v/v) and incubated at 30 

°C and 150 rpm until an optical density of 0.5 at 600 nm was reached. The culture was then 

centrifuged for 10 min at 8,000 rpm and the cell pellet was washed twice in minimal salt 

medium before inoculation. Bacterial inoculum containing 10% of the total assay volume was 

added to all of non-control experiments.  

Hydrocarbon biodegradation assays were carried out in 30 mL of liquid minimal salt 

medium(MSM) [0.5 g KH2PO4, 2.0 g Na2SO4, 2.0 g KNO3, 0.001g CaCl2·2H2O, 1.0 g 

MgSO4·7H2O and 0.0004 g FeSO4 per liter] at 30 °C without agitation. Assays were carried out 

with toluene, naphthalene, and phenanthrene. The evaluated hydrocarbon was 

supplemented to a final concentration of 50 mg L-1. For solid hydrocarbons naphthalene and 

phenanthrene, a solution in acetone which contained the proper amount of hydrocarbon 

was previously made. This solution was aseptically added to autoclaved glass flasks allowing 

the acetone to evaporate. After complete evaporation of acetone, solution of sterile culture 

media and inoculum were added under laminar flow hood so as to reach the desired final 

concentration of organic compound (50 mg L-1) in the final assay volume of 30 mL.  

Decane and diesel oil biodegradation was also examined. Bacterial inoculum was prepared 

as described above. Assays of 30 mL in minimal salt medium with 50 ppm of decane or 5% 



(v/v) of diesel oil, and 10%(v/v) of bacterial inoculum were made. All described experiments 

as well as non-inoculated controls were carried out by triplicate, incubated at 30 °C, without 

agitation. Growth was monitored by serial dilution plating every 7 days.  

Gas cromatography: 

Toluene removal was determined in the gas cromatograph Trace 1300 (ThermoFisher 

Scientific) equipped with a mass detector and a 15 m TG-SQC column (ThermoFisher 

Scientific). The carrier gas was nitrogen at a rate of 1.20 mL/min. Injector and detector 

temperatures were both set to 200 °C. Injection was made using TriPlus 300 Headspace 

Autosampler (ThermoFisher Scientific). Agitator temperature was set to 60 °C and incubation 

time was 2.0 min. The column temperature was initially set at 40°C for 5 minutes and then 

raised to 100 °C at the rate of 10°C/min. Experiments were made by triplicate.  

Diesel oil removal was also determined by gas chromatography. Residual hydrocarbons were 

extracted using dichloromethane and the solvent extract was subjected to gas 

chromatography analysis in Hewlett Packard 5890 series II plus GC system. The system was 

equipped with FID detector and Agilent HP-5MS column. The carrier gas was helium and the 

rate was 2.5 mL/min. The oven temperature was initially set at 40 °C and then raised to 100 

°C at the rate of 2 °C/min. Later, temperature was raised to 290 °C at the rate of 10 °C/min. 

PCR-based identification of PAH dioxygenase: 

A set of primers previously designed [37] for determining the presence of poly-aromatic 

hydrocarbons (PAHs) ring-hydroxylating dioxygenases was used in a nested PCR (Nid-for: 

TCCRMTGCCCDTACCACGG; Nid-rev1: GAASGAYA RRTTSGGGAACA; Nid-rev2: GCGSCKR 

KCTTCCAG TTCG). For the first round of PCR, the components were: 5 µL of reaction buffer 

1X, 0.5 µL of dNTPs 10 mM, 1.25 µl of 10 µM primer each, 0.25 µL DNA polymerase Q5 (New 

England Biolabs, USA), 1 µL of DNA, and molecular biology grade water to a final volume of 

25 µL. The PCR cycle conditions were 94 °C for 3 min, then, 40 cycles of 94 °C for 45 s, 55°C 

for 45 s, and 72 °C for 45 s, and a final extension of 72 °C for 5 min. For the nested round, 0.1 

µL of PCR product of the first round was used as a template. The components and conditions 

were the same as the first round, except that 30 cycles were used. Both PCR products were 



subject to 2% agarose gel electrophoresis and purified by band cutting, followed by Wizard 

SV Gel and PCR Clean-Up System (Promega, USA). Purified products were sequenced by 

Sanger technology at Sequencing Centre of Universidad de los Andes. 

Catechol determination: 

In toluene biodegradation assays, catechol was evaluated by the method of 4-

aminoantipyrine according to Laure and Blakley [38]. 3 mL of the basic solution of 4-

aminoantipyrine was added to 1 mL of sample, followed by thoroughly mixing. After 20 min, 

the optical density at 515 nm was read in BioMate 3 spectrophotometer (ThermoFisher 

Scientific, USA). A standard curve was prepared in order to determine catechol concentration 

in toluene biodegradation assays.  

RNA isolation and quantitative real time PCR (qRT-PCR): 

The expression of catechol 2,3-dioxygenase gene was evaluated by qRT-PCR in toluene 

biodegradation assays. Total RNA was extracted from 30 mL of bacterial culture in MSM with 

toluene as a sole carbon source (previously incubated for 9 days at 30 °C), as well as from 

bacterial culture in nutrient broth, using the Quick-RNA Microprep (Zymo Research, USA) 

according to manufacturer’s protocol with the addition of 10 µL of lysozyme (20  mg/mL) for 

1 h (37 °C) in lysis step. Then, the residual DNA was digested with DNAse I (New England 

Biolabs, USA) following the manufacturer’s instructions. After checking for total RNA, about 

1000 ng of RNA from each sample were used for cDNA synthesis using random hexamers 

from iScript cDNA Synthesis Kit (BioRad, USA). For qRT-PCR, 2 µL of cDNA was mixed with 10 

µL of Sso Advanced universal SYBR Green Supermix 2x (BioRad, USA), and 1 µL of each primer 

10 mM (F: GATTGGCATCAGGACCAA GT; R: GTTCAGCCTCTG CCAAGTTC) in a final volume of 

20 µL in three replicates. No-template controls were also made by triplicate. The sigma H 

factor gene was used as an internal standard. The qRT-PCR reaction was carried out with the 

7500 Fast qRT-PCR System (Applied Biosystems, USA) with the following temperature profile: 

one cycle at 95 °C for 10 min, 40 cycles at 95 °C for 1 min, followed by 60 °C for 1 min.  

 



Chemotaxis assay: 

Agarose plug assays were carried out as previously described [39]. Basically, plugs contained 

2% low-melting temperature agarose (NuSieve GTG Agarose, FMC Bioproducts, USA) in 

chemotaxis buffer (40 mM potassium phosphate pH 7.0, 0.05% glycerol, 10 mM EDTA), 1% 

(vol/vol) toluene, and a few crystals of Coomassie blue. A drop of the above mixture was 

placed on a microscope slide and a coverslip supported by two other coverslips was then 

placed on top, forming a chamber. Cells of L. sphaericus 2362 previously grown in MSM with 

50 ppm toluene were resuspended in chemotaxis buffer to an OD660 of approximately 0.5, 

and flooded into the chamber to surround agarose plug. Cell behavior was observed after 30 

min with a magnification of x40.  

Statistical analysis: 

Statistical analysis was made in R statistical package [40]. A significance level of 0.05 was 

chosen in all cases. Significance was evaluated by means of ANOVA. Assumptions for 

normality and homoscedasticity were previously evaluated. 

 

RESULTS AND DISCUSSION 

Genome properties: 

After sequencing by Pacific Biosciences technology, the genome of L. sphaericus 2362 was 

obtained as a single circular chromosomal contig of 4.69 Mb and a GC content of 37.3%. A 

total of 981,395,584 bp were produced, of which 11,921,224 bp were from circular 

consensus sequencing. The estimated coverage of sequencing project was 197x. The 

complete genome sequence has been deposited to DDBJ/EMBL/GenBank repository under 

accession number CP015224. Nucleotide and gene content are shown in Table 1, and 

genome map is depicted in Figure 1. Genome size and GC content were as expected for this 

species.  

 



Table 1.  Nucleotide and gene content of L. sphaericus 2362 genome 

Attribute Value % of total 

Genome size (bp) 4,692,801 100.00 

DNA GC content (bp) 1,750,884 37.31 

DNA coding region (bp) 3,942,900 84.02 

Number of replicons 1  

Extrachromosomal elements 0  

Total genes 4539 100.00 

RNA genes 149 3.28 

tRNA genes 107 2.36 

Pseudogenes 90 1.98 

Protein coding genes 4300 94.73 

 

Genomic potential for hydrocarbon degradation: 

L. sphaericus 2362 (herein sequenced) and OT4b.31 genomes were annotated and examined 

for genes involved in hydrocarbon degradation. Table 2 shows identified genes, which are 

shared by both strains.  

Hydrocarbon uptake is the first step in biodegradation, thus transport proteins play a key 

role in the metabolic utilization of aromatics hydrocarbons. A benzoate transporter (benK) 

belonging to major facilitator superfamily was found, which might be involved in benzoate 

and another aromatics uptake [41].  

In the traditional aerobic catabolism, the aromatic ring is activated by hydroxylating 

oxygenases and further cleaved by ring-cleavage dioxygenases, converging to catecholic 

intermediates [14]. Interestingly, neither hydroxylating monooxygenases nor hydroxylating 

dioxygenases for aromatic compounds as toluene or naphthalene were found. However, 

three enzymes of the meta cleavage pathway of catechol were annotated, namely: catechol 

2,3-dioxygenase (catE), 4-oxolocrotonate tautomerase (praC), and acetaldehyde 

dehydrogenase (adhE). The first one is a key enzyme in aromatic compounds degradation  



[14, 42, 43], which is responsible for catechol cleavage to 2-hydroxymuconate semialdehyde, 

which is further oxidized to 2-hydroxymuconate. Then, praC catalyzes the isomerization of 

the β,γ-unsaturated enone to its α,β-isomer: γ-oxalocrotonate. Through further oxidations, 

the γ-oxalocrotonate is converted to acetaldehyde which is oxidized to acetyl-CoA by an 

acetaldehyde dehydrogenase (Figure 2).  

 

 

Figure 1. Graphical map of the genome. From outside to the center: forward CDS, reverse CDS, rRNA, 

tRNA, GC content, GC skew. 

 

 



Table 2. Identified genes to be involved in hydrocarbon degradation. 

Gen Annotation Accession No. Degradation pathway Ref. 

benK Benzoate MFS transporter WP_012292042 Benzoate [41] 

catE Catechol 2,3-dioxygenase WP_031418236 Meta cleavage of 

aromatic compounds 

[44] 

praC 4-oxolocrotonate 

tautomerase 

WP_012292709 Aromatic compounds [45] 

catB Muconate cicloisomerase WP_010857752d Ortho cleavage of 

aromatic compounds 

[46] 

scoA-

scoB 

Succinyl-CoA transferase, 

subunit A and B. 

WP_012292565 Catechol branch of 

beta-ketoadipate 

[41] 

aldH Aldehyde dehydrogenase WP_031418381 Hydrocarbons and 

aromatic compounds 

[47] 

adhE 

adhP 

Acetaldehyde 

dehydrogenase/ Alcohol 

dehydrogenase 

WP_012293769 

WP_012295678 

Hydrocarbons and 

aromatic compounds 

[48] 

hpaB 4-hydroxyphenyl acetate 

3- monoxygenase 

WP_036162219 

 

Aromatic compounds [49] 

 Toluenesulfonate zinc-

independent alcohol 

dehydrogenase 

WP_012293869 Toluene [50] 

 

There was no evidence neither for the enzyme responsible for the oxidation of 2-

hydroxymuconate semialdehyde, nor for the enzymes responsible for the conversion of γ-

oxalocrotonate to acetaldehyde. Unknown homologous proteins might be responsible for 

the completion of the metabolic pathway.  

Other enzymes involved in catechol metabolism were found. This is the case of muconate 

cicloisomerase (catB) and succinyl-CoA transferase (scoA-B). The muconate cicloisomerase 



is an enzyme acting in the ortho cleavage pathway [46], whereas the succinyl-CoA 

transferase is involved in β-ketoadipyl-CoA pathway [41]. The latter is responsible for 

converting products from the ortho cleavage route to central intermediates as succinyl-CoA 

and acetyl-CoA.  

In spite of the presence of the aforementioned genes coding enzymes involved in the ortho 

cleavage of catechol, no evidence was found for central enzymes acting in this pathway such 

as the catechol 1,2-dioxygenase. Thus, we hypothesize that in the case of L. sphaericus being 

able to metabolize aromatic hydrocarbons, it is likely to occur through a ortho cleavage 

pathway of catecholic intermediates (Figure 2). 

 

 

Figure 2.  Metabolic map of aromatics degradation in L. sphaericus constructed from genomic 

information. Dashed lines represent metabolic steps for which no enzyme was identified.

 



Interestingly, a gene involved in degradation of sulfonated aromatics, as well as a gene 

coding the enzyme 4-hydroxyphenyl acetate 3-mono-oxygenase were identified. The latter 

enzyme is a two-component FAD-dependent mono-oxygenase that hydroxylates a broad 

spectrum of phenolic compounds [49]. This suggests the ability of L. sphaericus for degrading 

hydroxylated aromatics.  

From the information obtained by genome sequencing, it is not possible to state 

unequivocally if L. sphaericus is able to metabolize aromatic compounds due to the lack of 

central enzymes participating in the reported catabolic pathways.  However, the presence of 

some genes involved in the upper pathways suggests a metabolic potential that is worthy to 

consider. Thus, a functional screening for aromatic hydrocarbon degradation activity is 

needed. 

Hydrocarbon degradation assays: 

Utilization of different hydrocarbons by L. sphaericus was evidenced by significant increases 

of cell numbers through experiment when different aromatic hydrocarbons were 

proportionated as a sole carbon sources (Figure 3a-c).  Increases up to four magnitude order 

in cell numbers were observed in 21 days of experimentation. The degradation potential of 

other non-aromatic hydrocarbons was also investigated. L. sphaericus was able to 

successfully grow when decane (Figure 3d) and diesel motor oil (Figure 3e) were added to 

MSM. By contrast, in the control experiment with no carbon source, bacterial number 

decreased by the end of the experiment (Figure 3f) which dismisses nutrient reserves as 

being responsible for growth in biodegradation assays. Thus, L. sphaericus is able to use the 

provided hydrocarbons for growing, implying a metabolic activity towards aromatic and 

aliphatic hydrocarbons.  

The significant growth of L. sphaericus was accompanied by a reduction in hydrocarbons 

concentration over the course of biodegradation assays. By day 9 of the toluene degradation 

experiment, 11% of hydrocarbon degradation was seen compared to control assays (Figure 

4).  

 



 

a)                 b) 

  

c)             d) 

  

       e )                                                                                    f)   

Figure 3. Time course of L. sphaericus 2362 (red) and OT4b.31 (blue) growth in MSM containing 50 
mg L-1 of a) toluene, b) naphthalene, c) phenanthrene, d) decane, and e) diesel oil as a sole carbon 
source. A control experiment without carbon source is shown in f).  Cells were grown at 30°C for 21 
days. Values represent the average of triplicate determinations. Intervals at 95% of confidence are 
shown.  

 



In the same way, diesel motor fuel assays were monitored for hydrocarbon degradation; 

Table 3 and 4 show reduction for selected hydrocarbons in those experiments for each L. 

sphaericus strain. As it is shown, removal efficiencies up to 95% were found in 28 days for 

light and medium hydrocarbons composing diesel motor oil. Both strains exhibit a similar 

behavior toward the evaluated hydrocarbons, except for dodecane in which strain 2362 

shows a higher removal than strain OT4b.31. Chromatographs are shown in Figure S1 and 

S2. 

 

 

Figure 4. Toluene concentration after 9 days of experiment setting.  Experiments were carried out by 

triplicate. 

 

Table 3. Degradation of selected hydrocarbons of diesel motor fuel in L. sphaericus OT4b.31. Cell 

were grown by 28 days at 30°C without agitation. 

Hydrocarbon Initial concentration 

 (mgL-1) 

Final concentration 

(mgL-1) 

Degradation (%) 

Decane 22.67 0.99 95.59 

Dodecane 51.04 47.83 6.29 

Tetracosane 14.01 2.50 82.16 

Hexacosane 9.33 1.47 84.22 

Octacosane 1.05 0.64 38.94 



Table 4. Degradation of selected hydrocarbons of diesel motor fuel in L. sphaericus 2362. Cell were 

grown by 28 days at 30°C without agitation. 

Hydrocarbon Initial concentration 

(mgL-1) 

Final concentration 

(mgL-1) 

Degradation (%) 

Decane 30.86 1.38 95.52 

Dodecane 74.08 8.62 88.36 

Tetracosane 16.75 1.61 90.39 

Hexacosane 8.86 0.80 90.95 

Octacosane 1.48 0.42 71.61 

 

PCR-based identification of PAH dioxygenase: 

The Rieske non-heme iron oxygenases (RHOs) are a key family of enzymes that initiate the 

aerobic degradation of aromatic hydrocarbons. As already mentioned, although we found 

functional evidence for aromatics metabolism, no aromatic ring activating dioxygenases 

were predicted by genome annotation. Therefore, we attempted to evaluate the presence 

of these RHOs by means of PCR in order to detect non-annotated protein coding genes.  

The RHOs are multicomponent enzymes in which α-subunit contains the residues 

catalytically important and those that determine substrate specificity [51]. In a previous 

report, authors construct a phylogenetic tree based on amino acid sequence of the α-subunit 

in 32 PAH-dioxygenases [37]. They determined that dioxygenases genes were clustered into 

two subgroups surrounding nahAc and nidA genes. Finally, they designed primers in order to 

determine the presence of PAH-dioxygenases genes in environmental samples. We used 

these primers set and evaluated the presence of PAH dioxygenase by nested PCR.  

After the second round of PCR, several products were visualized (Figure 5); we chose 

products with length of 500, 700, and 1000 pb, and purified them from the gel for further 

sequencing. Products of 500 and 700 bp were nonspecific amplifications with no domains of 

RHOs associated, whereas product of 1000 pb constituted a non-annotated benzoate 



transporter. Unfortunately, no PAH dioxygenase could be found and thus, the mechanism 

for which L. sphaericus activates aromatic rings remains to be elucidated.  

 

 

Figure 5.  Products of second round in nested PCR of nidA-like dioxygenases. Lane 1: GeneRuler 1kb; 

2: strain 2362; 3: strain OT4b.31. Arrows mark bands of 1000, 700, and 500 pb. 

In a recent study, Meynet et al. highlight the differences in sequence similarity in spite of 

well-conserved domains of ring-hydroxylating dioxygenases [51]. This difference might be 

responsible for mask dioxygenases in L. sphaericus or it could be also possible that another 

activation mechanism is involved in aromatics degradation.  

Catechol determination: 

As catecholic intermediates are frequent metabolites in aromatics aerobic degradation, and 

since some enzymes involved in meta cleavage of catechol were identified in genomes of L. 

sphaericus, we performed the 4-aminoantipyryne spectrophotometric test in order to 

identify catechol in degradation flasks.  As it is shown in Figure 6, both 2362 and OT4b.31 

toluene degradations flasks have catechol concentrations that are significant higher than 

concentration in control flasks.  Besides, catechol concentration for flaks with the strain 

OT4b.31 was significant higher than the one for flasks with the strain 2362. It strongly 



supports the hypothesis of aromatic degradation occurring through catecholic 

intermediates; however, isotopic marking of initial hydrocarbons and subsequent analysis of 

intermediates will certainly clarify this issue.  

 

Figure 6. Catechol concentration on day 9 in toluene biodegradation assays. Measurements were 

made by triplicate.  

 

catE expression in toluene degradation:  

We previously hypothesize that catecholic intermediates are cleaved through the meta 

cleavage pathway. In order to bolstering this hypothesis, we measured the expression of the 

catechol 2,3-dioxygenase gene in toluene degradation assays compared with the expression 

of the same gene in normal growth conditions (nutrient broth).  Thus, we isolated RNA from 

bacteria in both conditions and performed a qRT-PCR using sigH gene as the endogenous 

control.  

The expression of catE in bacteria growing with toluene as a sole carbon source is shown in 

Figure 7. The figure suggests fundamental differences in the biodegradation carried out by 

the two strains. It is clear that catE plays a key role in toluene degradation for strain OT4b.31 

(catE upregulated), but it is not the same case for strain 2362 (catE downregulated), for 

which further experiments are needed in order to clarify the role of this enzyme in toluene 

degradation by strain 2362.  



 

Figure 7. Expression of catE on day 9 in toluene biodegradation assays. Error bars show standard error 

of the mean.  Expression of catE in each strain is normalized by the expression of catE when bacteria 

grow in nutrient broth.  

Chemotaxis experiment: 

As degradation of hydrocarbons is often hindered by the requirement to get into direct 

contact with substrates, chemotaxis is a desired property for hydrocarbon degraders 

microorganisms that allows them to move towards hydrocarbons [52, 53].  The degradation 

rate is further enhanced by the secretion of biosurfactants, which increase the bioavailability 

of hydrocarbons in the medium [54, 55].  

It has been proved that L. sphaericus is able to produce biosurfactants during crude oil 

degradation [26], but nothing is known about chemotactic properties of this bacteria. Thus, 

we evaluated the genomic and functional potential of L. sphaericus.  

Many genes for chemotaxis were identified in the genome of L. sphaericus 2362. They 

included genes for chemotaxis proteins McpA, McpB, McpC, CheV, CheY, CheA, CheW, CheC, 

and CheD. We confirmed the chemotactic activity of L. sphaericus 2362 towards toluene by 

using a plug agarose assay that shows a band of cells (seen as a halo around blue agarose 

plug) that accumulated around the toluene containing plug (Figure 8). This feature makes L. 

sphaericus an excellent candidate for aromatic hydrocarbons bioremediation. 



 

a)                                 b)  

Figure 8. Chemotaxis assay of L. sphaericus 2362. a) no chemoattractant used; b) toluene as 

chemoattractant. 

 

CONCLUSIONS 

The genome of L. sphaericus 2362 was sequenced obtaining a single chromosomal contig of 

4.7 Mb. The identification of some genes involved in aerobic pathways for aromatic 

hydrocarbons catabolism motivated a further analysis for aromatics degradation. It was 

found that L. sphaericus is able to grow using different mono- and poly-aromatics 

hydrocarbons, as well as aliphatic and complex mixtures of hydrocarbons as a sole carbon 

source. Growth was accompanied by a reduction in toluene and C10-C28 hydrocarbons 

concentration in the degradation flasks for toluene and diesel motor fuel. Thus, the 

functional potential of this microorganism for aromatics hydrocarbon biodegradation was 

demonstrated.  

New insights in molecular mechanisms underlying biodegradation were gained. Catechol was 

found as an intermediate in toluene degradation and the enzyme catechol 2,3-dioxygenase 

seems to be involved in the cleavage of aromatic ring.  This bolster our hypothesis of 

biodegradation occurring through meta cleavage pathway, however, it was not found any 

evidence for the mechanism responsible for transforming toluene in its catecholic 

intermediate. This is the first report concerning about molecular mechanisms for aromatic 

hydrocarbons degradation in Lysinibacillus. Further proteomic studies are needed in order 

to get a better understanding in the catabolic pathway of aromatic compounds.  
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SUPPLEMENTARY INFORMATION 

 

Figure S1. Gas chromatograph for diesel oil degradation assay by strain OT4b.31. Blue lines 

represent concentrations of day 0 and red lines represent concentrations on day 28.  

 

 

 

 

 

 

 

 

 

 



 

Figure S2. Gas chromatograph for diesel oil degradation assay by strain 2362. Blue lines 

represent concentrations of day 0 and red lines represent concentrations on day 28 

 


