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Laccases are effective biocatalysts for various biotechnological applications. Treatment of effluents 
containing phenol components such as toluene using fungal laccases is usually limited to the acid to 
neutral pH range and moderate temperatures. In this research, several Bacilli sp., were isolated from 
marine environment in toluene enriched media in purpose to obtain high laccase activities in spore 
forming bacteria. Among all the identified isolates, Bacillus sp. XJT-7 removed more toluene in contrast 
with other strains. The isolated Bacillus grew on toluene as the sole source of carbon and energy with 
maximum laccase activity and compared with Bacillus sphaericus (ATCC: CCM2177) as a standard 
strain which has laccase activity without any growth on toluene. Laccase activities in spore ghosts 
which mislay their germination power by heat shock have been investigated. The results showed that 
the vegetative cell free spore ghosts had thermostable laccase activities and remained active at 100°C 
shock. These heated spores (spore ghosts) are useful in biodegradation due to a high laccase activity. 
The image of Atomic Force Microscopy (AFM) showed that the spore ghosts have 50 nm pores which 
are good for drug delivery and drug synthesis with laccase activity without any chances for having 
spore germination.  
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INTRODUCTION 
 
Laccases are blue multicopper polyphenol oxidases 
(PPO) which couple the oxidation of various substrates 
with the reduction of O2 to H2O (Leonowicz et al., 2001; 
Yaropolov et al., 1994). They are naturally distributed in 
plants, fungi and prokaryotes (Bonugli et al., 2010; Claus 
and Filip, 1997; Harvey and Walker, 1999) such as 
Azospirillum lipoferum (Diamantidis et al., 2000), 
Marinomonas mediterranea (Sanchez-Amat et al., 2001), 
Sinorhizobium meliloti (Rosconi et al., 2005) and 
Pseudomonas desmolyticum (Kalme et al., 2009). 
Laccase-like activity has also been found in other 
bacteria, for example, CopA protein from Pseudomonas 
syringae  (Cha  and  Cooksey,  1991)  and  PcoA  protein  
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from Escherichia coli (Kim et al., 2001). Recently 
scientists determined spore-bound laccases which are 
stable at high temperatures and pH values but these 
spores have germination power and may create some 
problems. The best-studied for bacterial laccase is the 
CotA, the endospore coat component of Bacillus subtilis. 
The cotA gene codes for a 65-kDa protein belonging to 
the outer spore coat. CotA participates in the 
biosynthesis of the brown spore pigment and seems to 
be responsible for most of the protection afforded by the 
spore coat against ultraviolet (UV) light and hydrogen 
peroxide (Hullo et al., 2001; Riesenman and Nicholson, 
2000). CotA protein displays similarities with multi-copper 
oxidases and exhibits a higher thermal stability with a 
half-life of about 2 h at 80°C and optimum temperature 
75°C (Hirose et al., 2003). Laccase is used to make 
different drugs like triazolo (benzo) cycloalkyl 
thiadiazines, vinblastine, mitomycin, penicillin X dimer, 
cephalosporins,     dimerized     vindoline     and      iodine  
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(Leonowicz et al., 2001; Molino et al., 2004; Stahl et al., 
2002). It is also used for the treatment of 
aceruloplasminemia (Harris et al., 2004), for bioreme-
diation and biodegradation of phenolic and polyaromatic 
hydrocarbon compounds (Hublik and Schinner, 2000).  

In the past decade, more attention has been focused 
on the applications of nanostructure materials because of 
their benefits as biosensors, bioreporters and biofuel 
cells. Nanotechnology laccases can be applied as 
bioreporters such as a reporter for immunochemical 
(ELISA, Western blotting), histochemical, cytochemical, 
or nucleic acid-detection assay and as biosensors for 
immunoassays, and for the determination of glucose, 
aromatic amines and phenolic compounds (Bauer et al., 
1999; Simkus et al., 1996; Kunamneni et al., 2008). In 
addition to biosensors, immobilized laccases on the 
cathode biofuel cells can be used for small transmitter 
systems. The laccase-based miniature biological fuel cell 
is of particular interest for many medical applications 
calling for a power source implanted in the human body 
(Heller et al., 2008). The immobilized spore laccases can 
also be used for the continuous biotransformation of any 
laccase substrate (Held et al., 2005). Due to high tem-
perature and pH stability, these spores are compatible 
with industrial processes. For this purpose, Bacillus strain 
isolated on toluene agar, then toluene biodegradation 
and laccase activity were studied in spores and spore 
ghosts. In this study, for the first time spore ghost 
(inactive spore) from marine bacteria has been presented 
as an immobilized laccase nanoparticle. Also AFM was 
used to compare the structure of the spore ghost with the 
active spore (with germination capability). 
 
 
MATERIALS AND METHODS 
 
Media preparation 
 

For the isolation of marine bacteria, toluene-contaminated seawater 
samples were collected from three different sites in the Persian Gulf 
and two sites in the Caspian Sea and the Gulf of Oman during 
spring. Seawater samples were collected from a depth of 15 cm in 
sterile 100 ml bottles and transported on ice to a laboratory for 
isolation.  
 
 
Isolation of bacteria 

 
A liquid mineral medium (MM) was prepared isolation of toluene 
degrading bacteria. This medium contained (gl

-1
) KH2PO4 4, 

Na2HPO4 4, NH4Cl 2, MgSO4 0.2, CaCl2 0.001, CuSO4 0.001 and 
FeCl3 0.001 in 1000 ml distillated water and pH 6.8. About 5 ml 
seawater and 1ml wastewater samples were added to 50 ml of 
sterile mineral medium in 250 ml flasks. Toluene was added to the 
sterile mineral medium by 1% (v/v). The flasks were incubated at 
28°C. After one week of enrichment, 1ml culture was transferred 
into a fresh medium and further incubated. After four subcultures, 
an appropriate dilution of the culture was spread onto the toluene 
agar (mineral medium with toluene and agar) plates. Phenotypically 

different colonies obtained from the plates were transferred to fresh 
mineral medium with and without toluene to eliminate autotrophs 
and agar-utilizing bacteria. The  procedure  was  repeated  and  the 

 
 
 
 
marine spore-forming bacteria which showed significant growth on 
toluene were stored for further characterization (Wang et al., 2008).  
 
 

Identification of isolates 
 

Isolated strains were biochemically analyzed for Gram staining, 
acid-fast staining, the catalase test, the oxidase test, oxygen 
requirement, motility, the ability to grow on different carbon sources 
and in the presence of some inhibitors according to the standards 
of microbial identification (Slepecky and Hemphill, 2006). 
 
 
Growth and toluene removal assay 

 
The growth rates of the isolates were routinely assessed indirectly 
by a turbidity measurement as (O.D. at 600 nm) in a UV visible 
spectrophotometer (Shimadzu UV-160, Japan). The toluene 
removal assay was carried out by dissolving the residual toluene of 
the aforementioned medium in 1 ml n-hexane and reading the 
optical density of the toluene against a blank at 261 nm wavelength. 
The control was a sterile medium (Wang et al., 2008). 
 
 
Spore preparation  

 
The marine spore-forming species were grown in the nutrient agar 
and toluene agar (MM agar medium with toluene as a carbon 
source) and incubated in 28°C for 24 h. Then these plates were 
transferred to an incubator set at a temperature level of 37°C for 
five days. After incubation the plates were stored in a refrigerator 

set at a temperature level of 4°C for two weeks for the 
enhancement of the spores. 
 
 
Removal of vegetative cells form bacterial spore  

 
After maximum sporulation, the spores and remaining vegetative 
cells were removed from the growth media by heating shock (for 

Bacillus species 80°C, 10 min and for Sporosarcina 70°C 10 min) 
and centrifugation at 2000 rpm for 30 min in the cold. The 
supernatant having a lot of spores was tested with a microscope. 
The final stock spore suspension contained approximately 10

7
 

spores/ml as determined by direct aerobic colony counts on nutrient 
agar (NA) (Sterling and Williams, 1958). 
 
 
Spore ghost preparation 

 
For spore ghost production, strains were heated and then filtered by 
millipore filtration. After filtration the filters were washed by sterile 
double distillated water to isolate the ghost and stained with 
malachite green as the main color and safranine as the 
background.  
 
 
Laccase activity 

 
Laccase activity was measured in 1ml reaction measure containing 
75 mM catechol as substrate in 50 mM sodium phosphate buffer, 
pH5 and 200 µl of culture fluid. The progress of the reaction was 
monitored at 440 nm for 10 min. One unit of laccase activity was 
defined as a change in A440 of 1ml in 1min (Ruttimann et al., 1992).   
 
 
Atomic force microscopy 

 
All imaging was done by  scanning  probe  microscope  (Dualscope/ 
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Figure 1. Electrophoresis gel for the PCR products. DL: 100 bp DNA 
ladder, C

+
: Positive control: B. sphaericus ATCC: CCM2177, C

-
: 

Negative control, B: Bacillus sp. XJT-7.  
 
 
 

Rasterscope C26, DME, Denmark) with DS 95-50-E scanner. 
Silicon probes of resonant frequency 150 to 190 kHz were used 

(Model Mikromasch NSC16). New cantilever aluminum coating was 
used for each sample to prevent cross-contamination. Seven to ten 
spores of each species, selected randomly, were imaged by AFM. 
Both topography and phase images were captured.  
 
 

Genotypic characterization  
 

The best marine Bacillus with high laccase activity was selected for 
genotypic characterization. Chromosomal deoxyribonucleic acid 
(DNA) isolation was made by the heating method 100°C for 10 s- 
from cells grown overnight at 28°C in TSB (Tryptone Soya Broth). 
DNA concentration was quantified by UV Biophotometer at 260 nm 
(Eppendorf AG: 22331 Hamburg). 16s ribosomal deoxyribonucleic 
acid (rDNA) genes were amplified with DG74-
AGGAGGTGATCCAACCGCA as a forward primer and RW01- 
AACTGGAGGAAGGTGGGGAT as a backward primer (Bickley et 
al., 1996). Polymerase chain reaction products were separated by 

agarose gel electrophoresis. Purification and sequencing was 
performed by Eurofins MWG Operon's sequencing service, 
Germany. 
 

  

RESULTS 
 

Isolation and characterization of toluene utilizing 
bacteria  
 

Twenty toluene-degrading bacterial strains  were isolated 

from the seawater of the Persian Gulf and Caspian Sea. 
Among them three Gram-positive rods, one Gram-
positive coccus was selected for more study. The Gram 
positive, spore-forming, oxidase- negative and catalase-
positive rods which produce convex orange colonies 
were identi-fied as Bacillus amyloliquefaciens. The Gram-
positive coccus, which had aerobic growth and which was 
capable of nitrate reduction, oxidase and catalase 
positive and capable of endospore forming, was identified 
as Sporosarcina halophila. The Gram-positive spore-
forming, oxidase negative catalase-positive rods which 
produce slime white colonies were identified as Bacillus 
firmus. The 16s rDNA sequence analyses for one strain 
that with highest laccase activity showed that this marine 
Bacillus was close to Bacillus sp.XJT-7(GU269615.1) 
(98%) and is constituted by Gram-positive, spore-
forming, oxidase negative and catalase-positive rods 
which produce slime black colonies. The electrophoresis 
gel is shown in Figure 1. 

 
 
Growth rate and toluene removal by isolates 

 
After 24 h, strains grown in the mineral medium by 
toluene as the carbon and energy source reduced the 
toluene (Figure 2). The  results  showed  that  Bacillus sp.  
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Figure 2. AThe growth rates of isolates in toluene after 24 h; B Analyses of toluene consumption by strains, assayed 
with UV spectroscopy in 261 nm after 24 h (the averages of three replications have been shown). Control was the 
sterile mineral medium with toluene. 

 
 
 

Table 1. The effect of temperature for the inactivation of spore then ghost production.  
 

Strains Temperature (°C) Time (min) 

S. halophila 80 10 

B. sphaericus 100 10 

B. sp. XJT-7 100 10 

B. firmus 100 30 

B. amyloliquefaciens 100 30 
 

 
 

XJT-7 had a high ability of growing on toluene as the only 
source of carbon and energy and removed toluene by 
65%. 
 
 

Checking of spore ghost preparation 
 
The inactivation of spores from different strains occurred 
at different temperatures (Table 1). The specific 
temperature and time was identified by lack of growth on 
nutrient agar after heating. As is shown, the spore of B. 
sphaericus is resistant to 100°C for 10 min, however, 
some strains are resistant to 100°C for 30 min. Spore 
staining showed that the spores had been damaged and 
with malachite green staining (Wirtz- Conklin method) 
had turned red. Therefore, we supposed that spore 
ghosts have pores on their surface through which 
malachite green is washed from the core. 
 
 
Laccase assay in vegetative cells 
 
The supernatant of all strains grown  on  toluene  showed 

that the vegetative cells have laccase activity. In this 
situation, induction with toluene was more effective than 
without toluene (Figure 3). 
 
 
Laccase assay in spores and spore ghosts 
 
The cell free spores were obtained by filtration and the 
laccase activities of the spores were determined and 
compared with those of B. sphaericus. The laccase 
activity had an additive process during eight days. The 
results are shown in Figure 4. Induction with toluene did 
not have any significant effect on laccase activity in most 
strains (Figure 5). The laccase activities of the cell free 
spore and the heated spore (ghost) are shown in Figure 
6. As is shown Bacillus sp.XJT-7 significantly has more 
laccase activities when it was heated for 10 min. 
 
 

Atomic force microscopy of the Bacillus spore and 
the Bacillus ghost 
 
Bacillus spore surface morphology was imaged with AFM 
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Figure 3. Comparison of laccase activity between vegetative cells in cell free supernatant from 

toluene and peptone broth (the averages of three replications have been shown). Control was without 
bacterial inoculation. 
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Figure 4. The effect of time on laccase activities in the spores of different strains.  

 
 
 

to determine if the characteristic surface features of the 
spore ghost could be used for drug syntheses, delivery 
and bioremediation without any chance of spore 
germination. For this purpose, spore was collected with 
millipore filter and was heated such that no live cell could 
be seen in the nutrient agar. The spore and spore ghost 
was imaged with AFM. The AFM images of the spores 

showed that there were no damages to the spores. Their 
size was 2*2.61 μm with a roughness of 36.7% and a 
surface of 243 nm with a smooth layer and they had 
laccase activities; however the spore ghosts were 
damaged and were smaller with a rough surface and had 
50 nm pores (Table 2). Figures 7, 8 and 9 show AFM 
images of  the  spores and  the surface  topography   and 
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Figure 5. Comparison of laccase activity in spores obtained from nutrient and toluene agar (the averages of three 

replications have been shown). Control was sterile medium. 

 
 
 

 
 

Spore ghost 

Spore 

Strains 

A
B

S
 (

4
4
0

 n
m

)
 

 
 
Figure 6. Comparison of laccase activity in spore ghost and spore obtained from nutrient agar (the 

averages of three replications have been shown). Control was sterile medium. 
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Table 2. AFM analysis of spore and spore ghost. 
 

  Properties Spore Spore ghost 

Width (µm) 2 1 

Height (µm) 2.61 1.26 

Roughness (%) 36.7 78.2 

Core's width (nm) 418.5 204 

Core's height (nm) 780 394 

Width of layers (nm) 243 100 

Pore (nm) - 42 to 50 

 
 
 

 
 

Figure 7. AFM images of Bacillus sp. XJT-7 spore and spore ghost. A (spore 2*2.61um, topography data), B (Spore, 
3 dimential phase data), C (spore ghost 1*1.26 um, topography data), D (Spore ghost, 3 dimential phase data).  

 
 

 

surface roughness of heated and not heated spore. 
 
 
DISCUSSION  
 
The rate of laccase activity in spores and spore ghosts is 
more than that of vegetative cells and the laccase pro-
duction in the spores was not different in induction and 
non induction media. Although toluene was not  needed 

for the induction of laccase in the spores, induction with 
toluene had increased laccase activity in vegetative cells. 
Toluene biodegradation in vegetative cells may be under 
the impression of laccase activity (Hullo et al., 2001). 
Since laccase activity in spores depends on CotA protein 
(Kalme et al., 2009; Bauer et al., 1999) induction with 
toluene probably is not necessary. In this article, for the 
first time, laccase activity in Bacillus sp.XJT-7 was 
studied; it was noticeably more than the  standard  strain,   



 

400          Afr. J. Microbiol. Res. 
 
 
 

 
 
Figure 8. AFM images of surface topography data (3D). A (Spore), B (Spore ghost). 

 
 
 

 
 

Figure 9. Spore ghost topography data. The diagonal induced pore is 50 nm. 

 
 
 
B. sphaericus. Thus the spore and spore ghost of this 
novel strain, Bacillus sp.XJT-7, is a good candidate for 
industrial uses and bioremediation. Laccase activity in 
spores was progressively increased during eight days up 
to the consumption of all of the catechol. Fortunately, 
laccase activity in the spore ghosts did not decrease but 
showed significant increase in Bacillus sp. XJT-7 with a 
heat shock (Figure 5). Zolock et al. (2006) showed that 
AFM revealed that spore surface is rich with information 
for distinguishing the samples of different spores of 
closely related species (Zolock et al., 2006). Spore ghost 
surface was significantly different from spore surface. Its 
size   was  in  the  nano-scale.  Due  to  the  high  laccase 

activity, we can claim that the spore ghost is the novel 
nanoparticle with active immobilized laccase. 

The existences of 50 nm pores in the spore ghost were 
observed by AFM and are good candidates for drug or 
gene delivery. However the ghost was not alive, the 
laccase activity was significantly higher than that of the 
unheated spore (Figure 6). This nanoparticle is very 
usable in industry, drug synthesis and bioremediation. 
Also spore ghost is used as a biosensor and bioreporter 
in nanotechnology and this damaged spore acts as an 
empty capsule for remediation (with laccase activities) 
and textile industry is resistant to heat and high 
temperature (Hirose et al.,  2003;  Enguita  et  al.,  2003), 



 

 
 
 
 
the spore ghost is the best candidate to use. Laccases 
have been immobilized on chitosan and many 
nanometals (Hua et al., 2007; Qiu et al., 2009) but their 
producing processes are difficult and expensive on a 
large scale basis and these ways are not cheap. Since 
spore ghost preparation is inexpensive and easy, it is 
clear that the spore ghost, in connection with the use of 
laccase, has opened a novel interesting way for its 
applications. The systemic application of anticancer 
drugs often causes severe toxic side effects for drug 
production because of their toxicity. To reduce the 
undesired effects, advanced drug delivery systems are 
needed which are based on specific cell targeting 
vehicles (Paukner et al., 2004). Used bacterial ghosts 
from Mannheimia haemolytica for site-specific delivery of 
doxorubicin (DOX) to human colorectal adenocarcinoma 
cells (Caco-2) (Paukner et al., 2004). Bacterial ghosts are 
non-denatured envelopes of Gram-negative bacteria with 
fully intact surface structures for specific attachment to 
mammalian cells. To our best knowledge spore ghost is 
not used for drug delivery but bacterial spore is used as 
immobilized laccase enzyme. Therefore the spore ghost 
obtained from marine Bacillus is a good candidate for 
bioremediation and drug delivery. Also this small particle 
can immobilize lantibiotic for food preservative and can 
be used in nanotechnology.  
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