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Abstract: The role of Paenibacillus naphthalenovorans biofilm formation in degrading a model polycyclic aromatic 
hydrocarbon (PAH) (naphthalene) was investigated via an array of microscopy techniques. The early stages of biofilm 
formation near a naphthalene crystal that was deposited on a glass coverslip were assayed qualitatively by growing the 
biofilms in batch bioreactors using either a rich carbon medium or a medium which contained naphthalene as a lone 
carbon source. Our results demonstrated that the biofilm selectively grew immediately adjacent to the edge of the PAH 
crystal, leading to a biofilm that facilitated the PAH degradation. Moreover, because PAH compounds are often found in 
capillary spaces in the subsurface, quantitative capillary-experiments were executed to evaluate the ability of P. 
naphthalenovorans biofilms in the degradation of a capillary-bound PAH contaminant. These capillary-experiments 
demonstrated that a biofilm forms at the pore’s opening, and that, when compared to a diffusion process in a liquid 
medium, this biofilm substantially increased the rate at which the PAH is cleared from the pore. These results provide an 
enhanced understanding of the means of biofilm adhesion and development in a presence of the model PAH compound 
investigated. Moreover, the work presented here demonstrates approaches not used before for monitoring biofilm 
formation.  
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1. INTRODUCTION  

Polycyclic Aromatic Hydrocarbons (PAHs) 

Organic molecules that contain two or more 
aromatic rings are referred to as PAHs. Examples 
include acenaphthene, phenanthrene, pyrene, fluorine, 
fluoranthene and naphthalene [1, 2]. PAH compounds 
can arise in the environment from both natural sources, 
such as volcanic flare-ups and range fires or from 
anthropogenic sources, such as oil and coal 
processing, fuel burning and industrial emissions [18, 
19] As persistent environmental pollutants, these 
molecules have been shown to have carcinogenic and 
mutagenic impacts on human health [2, 23].  

PAH Remediation Methods 

Because of the stability associated with aromatic 
ring structures in the environment, several technologies 
have been used to treat soil and sediments 
contaminated with PAH compounds. Some of these 
technologies are based on incineration of physically 
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removed contaminated soil or sediments [2, 26, 36]. 
Chemical and physical treatment methods are often 
expensive and reserved for large sites mainly due to 
their large capital costs [25]. Moreover, chemical 
treatments may necessitate the use of hazardous 
chemicals, which significantly limits the use of such 
methods. For smaller sites or treatment of materials 
that cannot be inexpensively extracted, chemical or 
biological treatments are generally employed [22].  

Biological Treatment of PAH 

Because of the limitations of chemical treatments, 
biological treatment, which may require longer 
treatment times, may be the preferred option for many 
sites [18, 20-24, 26]. Biological methods are based on 
the transformation of PAH compounds to 
nonhazardous forms through the use of biological 
materials (plants or microorganisms) [3, 13, 18-27, 33, 
41-43]. Bioremediation offers a safe and lucrative 
option for treatment. The rate of the pollutants’ 
bioremediation relies on environmental conditions, 
types and quantities of the microorganisms, and 
chemical structure and nature of compounds to be 
degraded [1].  



Paenibacillus Naphthalenovorans Biofilms Interact with and Degrade Journal of Environmental Science and Engineering Technology, 2019, Vol. 7     7 

Many bacterial species are known for their abilities 
to degrade PAHs [18-26]. Most of these bacteria are 
isolated from contaminated soil or water. Previous 
studies have identified pure and mixed bacterial 
cultures which can transform PAHs, especially 
naphthalene and phenanthrene, to less hazardous 
chemical species [18]. Microbial strains with ability to 
metabolize PAH with different degradation rates have 
been also isolated [18]. For example, Kelley, et al. [24] 
showed that Mycobacterium spp. collected from oil 
polluted areas degraded 55% of naphthalene up to 
carbon dioxide in a week. They showed that 
naphthalene was predominantly transformed to cis- 
and trans-1,2-dihydroxy-1,2-dihydronaphthalene with 
the ratio 25:1 by dioxygenase and monooxygenase, 
correspondingly [24]. In another study [11], Dua and 
Meera used naphthalene oxygenase purified from 
Corynebacterium renale grown on naphthalene to 
review the degradation process. This isolated enzyme 
created cis-1,2-dihydronaphthalene as the predominate 
biodegradable metabolite. Several studies revealed the 
degradation of PAH to carbon and energy by different 
microorganisms that belong to different genera 
including Marinobacter, Cycloclasticus, 
Pseudoalteromonas and Neptunomonas, 
Sphingomonas, Pseudomonas, Burkholderia and 
Mycobacterium [12-21]. Others [6, 39] showed 
benzo(a)pyrene degradation by fungi species: 
Saccharomyces cerevisiae, Neurospora crassa, 
Cunninghamella bainieri with further production of 
trans-7,8-dihydroxy-7,8-dihydrobenzo(a)pyrene, 3-
hydroxybenzo(a)pyrene and 9-hydroxybenzo(a)pyrene. 

Kinetics of Biofilm Formation 

Kinetics of biofilm formations follows four main 
stages. These are the reversible or initial attachment 
stage, irreversible attachment stage, biofilm maturation 
and finally, the partial dispersal of a biofilm [32]. The 
rate of biofilm’s kinetics depends on different factors 
including environmental factors such as the 
concentration and composition of pollutants in the 
environment, the pH, salinity and temperature of the 
environment [35]; the properties of the surface to which 
bacterial cells attach to such as roughness, stiffness, 
hydrophobicity, and porosity [40]; and the properties of 
bacteria forming the biofilms such as motility, surface 
charge and makeup of surface biopolymers [10]. With 
all the above factors, the kinetics of biofilm formation 
may vary significantly depending on the overall 
conditions under which the biofilms are forming. For 
example, Eriksson et al. showed that biofilms of 
contaminated Arctic soil formed on pyrene crystals in 3 

months during incubation under 22°C. In comparison, 
Pseudomonas spp. formed biofilms on glass surfaces 
placed into medium that contains crude oil in 48 hours 
[9]. Therefore, the rate at which biofilms form or 
degrade is expected to largely depend on all factors 
involved in the biofilm formation process and should be 
quantified for each customized bioremediation 
experiment. 

Biofilms in Bioremediation 

Bacteria that accomplish bioremediation are often 
found to form biofilms. Consequently, studies of the 
role of biofilms in the degradation of PAH compounds 
are needed. Previous studies, which focused on 
suspension cultures lack data needed to quantify the 
relationship between PAH degradation and biofilm 
formation or the role that these biofilms play in the PAH 
degradation process.  

Several previous studies have reported the role of 
bacterial biofilms in the degradation of PAH 
compounds [29, 31]. For example, Rodrigues, et al. 
[29] evaluated bacterial adhesion to PAH-crystals 
which served as lone carbon and energy sources for 
the biofilms. In their study, the colonization of the gfp-
labeled derivative strain of Pseudomonas putida ATCC 
17514 was monitored on fluorene and phenanthrene 
crystals via confocal laser scanning microscopy. As a 
result, it was shown that P. putida grew on 
phenanthrene, forming a biofilm on the accessible 
crystalline surfaces. In comparison, biofilm formation 
on the more soluble fluorine was insignificant. Their 
results highlighted the impact of substrate type on 
biofilm formation, showing the difficulties of biofilm 
formation on soluble substrates.  

In another study, Wick, et al. [38] showed biofilm 
formation on anthracene crystals by the anthracene-
degrading Mycobacterium strain LB501T. Their findings 
pointed to that bacterial cells favored growth on etched 
craters in the anthracene crystals due to the ease of 
consuming PAH-dissolved materials [38]. However, this 
study lacked microscopy analyses needed to 
demonstrate the interactions between the PAH crystal 
and the biofilm.  

In the work reported here, we investigate both 
qualitatively and quantitatively the abilities of biofilms to 
degrade naphthalene. We hypothesized that initially the 
biofilm forms near the edge of the naphthalene crystal 
where the concentration of the PAH on the surface is 
the highest. As the biofilm grows near the crystal, it 
facilitates the biodegradation of naphthalene. 
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Moreover, we further hypothesized that when the 
naphthalene is contained in a pore, the biofilm 
selectively forms at the mouth of the pore, thus 
enhancing the degradation of the pore-located 
naphthalene. To test our hypotheses, we utilized an 
array of light, scanning, fluorescent, and atomic force 
microscopy techniques to assess the ability of bacteria 
to grow biofilms and to biodegrade naphthalene. The 
knowledge obtained from these results will be 
important to enhance the fundamental understanding of 
how to control naphthalene biodegradation for 
bioremediation of PAH in the environment.  

2. MATERIAL AND METHODS  

Bacterial Cultures 

Paenibacillus naphthalenovorans are Gram-
positive, rod-shaped, and motile bacteria by 
peritrichous flagella. The bacterial culture was bought 
from the American Type Culture Collection (ATCC 
BAA-206, Manassas, VA) [7]. These bacteria form 
white, glowing, mucoid colonies during growth on 
tryptic soy agar (TSA) and are strictly aerobic [7, 8]. For 
the study of the properties of bacterial colonies, the 
microorganisms were grown on tryptic soy agar (TSA) 
for 72 hours. Then, a bacterial inoculum was 
transferred into a 250 ml flask that contained one of 
two different growth media. To enable effective 
comparisons, the first medium used was a tryptic soy 
broth (TSB) as a carbon-rich media [7]. The second 
medium was a Mineral Salt Basal (MSB) solution, 
which contained per liter: 40 ml of Na2HPO4+KH2PO4 
buffer (pH 6.8); 20 ml of Hutner's vitamin-free mineral 
base [7]; and 1.0 g of (NH4)2SO4. To this MSB solution, 
0.05g/l naphthalene (99% purity, Sigma-Aldrich) was 
added to serve as a lone source of carbon and energy 
[14]. For each media, growth curves over a period of 
two days were obtained for three different cultures 
grown at 28oC and 150 rpm. During each growth 
period, the absorbance of the bacterial solution was 
determined as a function of time using UV/Vis. 
spectroscopy at 600nm. Our results indicated that the 
exponential phase of bacterial growth was reached 
after 17 hours when grown in TSB and after 28 hours 
when grown in the naphthalene enriched MSB growth 
medium, respectively. At the end of each growth 
experiment, five tubes that contain 1 ml bacteria each 
were frozen at –80oC for future experiments. Prior to 
any new experiment, a new tube with frozen bacterial 
culture in it was allowed to thaw at room temperature. 
The bacterial cells were then allowed to grow and 
similarities between the growth curves of the culture 

collected and the original growth curves obtained for 
the purchased culture from ATCC confirmed that the 
bacterial cells were reserved.  

Biofilm Formation in Batch Bioreactors 

In this study, naphthalene was chosen as the model 
PAH to investigate because, of all PAH’s, it has the 
simplest chemical structure. Naphthalene, 
bicyclo(4.4.0)deca-1,3,5,7,9-pentene, is composed of 
only two fused benzene rings [18, 20]. At room 
temperature and under normal atmospheric conditions, 
this C10H8 hydrocarbon is a crystalline, aromatic, 
white, and solid [20]. The ability of P. 
naphthalenovorans to form biofilms nearby and far 
away from naphthalene were tested in batch 
bioreactors. 0.0144±0.001 mg of naphthalene was 
melted onto glass coverslips. These coverslips, 
together with the defined quantity of naphthalene, were 
then placed in sterilized 6-flat well tissue culture plates 
(Falcon, Fisher Scientific Co.). Each well was filled with 
10 ml of MSB medium that contained 2% of P. 
naphthalenovorans grown till the late exponential 
phase of growth in MSB as described above. After a 
predetermined amount of time, which varied from two 
to seven days, the glass coverslips with biofilms formed 
on them were washed each with 3-5 drops of sterile 
MSB medium to remove loosely bound biofilms and 
was sacrificed and prepared for imaging using optical 
light microscopy, fluorescence microscopy, 
transmission electron microscopy (TEM), scanning 
electron microscopy (SEM), and atomic force 
microscopy (AFM). For each condition tested, at least 
three glass coverslips were investigated.  

Optical Light Microscopy 

The structure and the location of biofilms grown in 
batch bioreactors as described above were 
investigated via 20X magnification using an optical light 
microscope (Nikon Eclipse Ti-S, camera - DCM130). 
Samples imaged were the glass coverslips with 
naphthalene and biofilm growth on them at 3 and 7 
days of biofilm growth.  

Fluorescence Microscopy 

P. naphthalenovorans biofilms were investigated 
using fluorescence microscopy equipped with 
micromanipulators (Leica Fluorescence Microscope, 
Leica DMFSA) [5]. To enhance the quality of the 
images, a SYTO® 9 green fluorescent nucleic acid 
stain was applied to the formed biofilm. 5 ml of SYTO® 
9 was diluted (1:1,000) with water, vortexed to 
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homogenize the dye, then incubated to 30 minutes. 
The adherent biofilm was stained in situ on coverslips 
and then washed by sterile water directly. Several dye 
concentrations were investigated in order to establish 
the 0.001 concentration used which did not bleach the 
biofilm. After that, samples were washed with water, 
dried and examined by Fluorescent microscopy.  

Transmission Electron Microscopy (TEM) 

TEM (JEOL TEM, JEM 1200 EX, Tokyo, Japan) 
was used to investigate the following properties of the 
bacteria that grew within the biofilm: size, shape and 
capsule formation (particularly after storage of bacteria 
in refrigerator and after growth with naphthalene), 
motility - flagellum availability, and deformation of 
biofilm after grown in MSB with naphthalene. By 
examining the various properties of the bacteria as 
observed by TEM, we were also able to ensure that the 
medium was not contaminated with other 
microorganisms. To investigate the aforementioned 
bacterial properties, bacterial cultures were grown for 
one day in TSB and in MSB with 0.05 g/L of 
naphthalene. The electron microscopy grid was held 
with forceps and the bacterial suspension was applied 
onto the grid and left for 1 minute, and then drawn off 
from the edge of the grid with a filter paper to prepare a 
sample for TEM examination. A drop of negative stain 
(1% formaldehyde and 0.5% glutaraldehyde) was 
immediately applied to the slide with the use of a 
pipette. The extra liquid was drawn off from the edge of 
the grid with a filter paper again. After that, all samples 
were examined using TEM. The images were captured 
by means of a Digital Camera set on a JEOL 
MegaView III.  

Scanning Electron Microscopy (SEM) 

 SEM (S-570 Hitachi, Ltd., Tokyo, Japan) was used 
to image the biofilms which formed on the glass 
coverslips in the batch bioreactors described above. 
The glass coverslips with biofilms and naphthalene 
were chemically fixed by glutaraldehyde. Each 
specimen was then freeze-dried in a Lyphilizer 
(Lyophilizer - The Virtis Co.) for 24 hours after which it 
was plunged directly into liquid nitrogen. After that, 
each specimen was attached to a metallic stub and 
coated with a thin layer (approximately 20-30 nm) of 
gold using a sputter coater for approximately 20 
minutes (Technics Hummer V (Anatech) [5]. Each 
coated specimen was then observed using SEM. A 
Digital Camera (Quartz Imaging Corporation) placed on 
the Hitachi SEM was used to capture the images.  

Atomic Force Microscopy (AFM) 

Topographic images of P. naphthalenovorans 
biofilms were acquired in air at room temperature using 
a PicoForce™ scanning probe microscope with 
Nanoscope IIIa controller and extender module (Bruker 
Inc., Santa Barbara, CA) [28]. All images were 
collected in contact mode using silicon nitride 
cantilevers with a manufacturer reported spring 
constant of 0.06 N/m (DNP-S, Veeco Inc., Santa 
Barbara, CA). Height, deflection, and friction images 
were simultaneously acquired at a scan rate of 1 Hz, a 
resolution of 512 pixels per line and 512 lines per 
image. The acquired AFM images did not undergo any 
specific image processing except for first order 
flattening. The dimensions of the bacterial cells in the 
biofilms imaged were determined via image analysis 
using the cross-sectional feature of offline AFM. For 
each biofilm imaged, the dimensions of at least 15 cells 
were quantified. In addition to the dimensions, surface 
roughness values for the biofilms were calculated from 
the high-resolution AFM height mode images using the 
roughness feature in the Nanoscope software [30]. For 
each biofilm, the average squared mean roughness 
(Rrms) value was calculated by averaging the 
roughness values obtained for twenty 200 nm2 areas 
on approximately 10-20 cells located in each biofilm.  

Biodegradation of Naphthalene via Biofilm 
Formation in Capillaries 

To check how biofilms of P. naphthalenovorans 
facilitate the biodegradation of naphthalene, capillaries 
filled with known masses of naphthalene were placed 
in MSB solutions with 1% of P. naphthalenovorans 
cultures grown as described above. Prior to filling the 
capillary with naphthalene, the capillary was sterilized, 
dried, and weighed. The capillaries (Fisherbrand* 
Pasteur Pipettes - 9 in. Borosilicate Glass) were filled 
by melting naphthalene into the capillary until it 
reached a pre-marked reference on the capillary. The 
melted naphthalene was allowed to air-dry prior to 
placing it in the MSB bacterial solution. Control 
experiments to assess the dissolution of naphthalene in 
MSB were run in parallel by placing naphthalene-filled 
capillaries in MSB solutions with or without bacteria. All 
capillaries and bacterial solution vessels were sealed to 
prevent naphthalene’s evaporation. Experiments were 
conducted in triplicates. After 10 days, the capillaries 
were removed from the vessels, washed extensively 
with 100 µl of distilled water to remove any loose 
biofilms, dried in air, and weighed. To compare all 
experiments, the naphthalene weight loss due to 
biodegradation or due to dissolution was normalized by 
the weight of naphthalene measured at the beginning 
of the experiment.  
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3. RESULTS AND DISCUSSION 

Formation of External Polymeric Substances (EPS) 
Capsule 

TEM images of P. naphthalenovorans are shown in 
Figure 1.  

 

Figure 1: Representative transmission electron micrographs 
of (a) P. naphthalenovorans cells (size increased 4.25 
thousand times), scale bar 0.2 µm and (b) P. 
naphthalenovorans cells in capsule (size increased 2.75 K 
thousand times), scale bar 1µm. Figures 1 (a) and (b) were 
depicted after first cultivation of suspension in TSB to simply 
study cells’ morphologies. 

The image in Figure 1a clearly shows the nuclear 
materials of the bacterial cells while the image in Figure 
1b clearly shows the external polymeric substances’ 
(EPS) capsule. A previous study by Gutierrez, et al [19] 
showed that bacteria that form biofilms containing 
significant quantities of EPS have enhanced 
degradation rates of PAH. According to the best of our 
knowledge, the TEM micrograph shown in Figure 1b is 
the first report that P. naphthalenovorans cells have a 
capsule of EPS (combines both LPS, proteins and 
eDNA). The presence of a capsule around P. 
naphthalenovorans implies that these cells utilize such 
capsule to stabilize themselves in various 
environmental conditions [4]. Such ability to survive in 
the environment infers that this bacterium can be an 
ideal candidate to be used in PAH clearing in different 

environments [32]. The presence of EPS on the 
bacterial surface can facilitate the bacterial ability to 
degrade the PAH including the model naphthalene.  

Optimal Growth Conditions 

To determine the appropriate naphthalene 
concentration needed to be dissolved in the MSB 
media to grow P. naphthalenovorans, the concentration 
of naphthalene in the MSB was varied and bacterial 
growth was monitored. The ability of the bacteria to 
grow in MSB solutions with five different naphthalene 
concentrations (0.001, 0.005, 0.006, 0.0065, 0.0075 
and 0.01 g/L) was examined by measuring the 
absorbance of the bacterial solution at 600 nm (Figure 
2). 

 

Figure 2: A scatter plot that shows the bacterial 
concentration in terms of light absorbances measured at 600 
nm versus naphthalene concentration in the solution. The 
different symbols indicate the triplicates performed. Error bars 
indicate the standard deviation calculated for the triplicate 
experiment. 

Our results indicated that, of the conditions tested, 
the bacterial growth was the highest when the 
naphthalene concentration was 0.0075 g/L. Using 
concentrations higher than 0.0075 g/L was toxic for 
bacterial growth as indicated by bacterial growth 
reduction while using lower concentrations was not 
sufficient to grow bacteria as indicated by reduction of 
growth or absence of it. Therefore, all the biofilm 
experiments performed in batch bioreactors were 
carried out using MSB media with a naphthalene 
concentration of 0.0075 g/L.  

Biodegradation of Naphthalene via Biofilm 
Formation in Batch Bioreactors 

Our first hypothesis states that bacterial cells will 
form biofilms preferentially near by the PAH 
contaminate source (naphthalene) compared to far 
away from the PAH source due to minimized mass 
transfer diffusion limitations. To test our hypothesis, the 
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growth of biofilms of P. naphthalenovorans on glass 
coverslips that have a certain weight of a naphthalene 
on their surface and immersed in MSB media in a 
batch bioreactor was investigated using an array of 
microscopy techniques. To check the biofilm formation, 
our first step was using SEM. Although SEM images 
indicated the presence of biofilms (Figure 3), the 
location of the biofilm with respect to the contaminate 
source could not be quantified using this technique.  

 

Figure 3: A scanning electron micrograph of the 7 days’ old 
cells of P. naphthalenovorans on a glass coverslip with 
melted naphthalene on it (size increased 6.0 thousand times), 
scale bar 5 µm. 

The biofilm samples were thus imaged using 
various optical light and fluorescence microscopy 
techniques (Figure 4). 

All images in Figure 4 clearly show that the P. 
naphthalenovorans biofilm preferably grew near the 
contaminate source. Figures 4B, 4C, and 4D show a 
break sandwiched between the PAH source and the 
edge of the biofilm. The edge of the gap indicates the 
original position for the naphthalene melted drop on the 
glass coverslip. We speculate that the biofilm started 
growing directly near the PAH drop. With time, 
however, the size of the PAH drop was diminished due 
to both vaporization and bacterial consumption. The 
distance between 3 days biofilm and naphthalene on 
the Figure 4B is 20 µm. The distance between 7 days 
biofilm and naphthalene on the Figure 4C is 150 µm. 
All the distances were measured by the ImageJ 
Program (Version 1.43, April 2010, National Institutes 
of Health). Our optical and fluorescence microscopy 
results clearly indicate that P. naphthalenovorans 
biofilms grow near the PAH contaminate source. These 
microscopy results suggest that the bacterial biofilms 
are possibly degrading the PAH as was seen by the 
gaps that formed in all parts of Figure 4. 

The Effect of Naphthalene on the Structure of P. 
Naphthalenovorans Biofilms 

AFM was used to image the P. naphthalenovorans 
biofilms in contact mode in air (Figure 5). 

 

Figure 4: Images of P. naphthalenovorans biofilms grown on glass coverslips nearby naphthalene drops using: A. Light 
microscopy with 20X magnification after 7 days, scale bar is 20 µm. B. fluorescent microscopy without staining after 3 days, 
scale bar is 50µm. C. fluorescent microscopy with SYTO Dye staining after 7 days, scale bar is 50µm. D. optical microscopy of 
the AFM screen for 7 days biofilm, scale bar is 200 µm. 
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Biofilms were allowed to grow for 3-7 days on glass 
coverslips immersed in MSB solutions that contained 
either 0.0075 g/L naphthalene alone or contained 
0.0075 g/L naphthalene and TSB drop (0.05 g). AFM 
images of both biofilms were analyzed to quantify the 
roughness values of cells within the biofilms. Our 
results indicated that cells in both biofilms were 
heterogeneous in their roughness values. On average, 
the roughness of the cells in the biofilm that did grow 
using naphthalene as the lone carbon source (Figure 
5A) was found to be 54.7 nm compared to 28.5 nm 
average roughness value determined for cells in 
biofilms grown using both TSB and naphthalene 
(Figure 5B).  

Our AFM images interestingly indicated that P. 
naphthalenovorans lose their flagella upon biofilm 
formation (Figure 5B). Such observation requires 
further genetic analysis to determine if P. 
naphthalenovorans change their expression of the 
genes that control flagella formation upon exposure to 
naphthalene. Other studies in the literature indicated 
the loss of flagella of Listeria monocytogenes results 
upon biofilm formation. Therefore, bacterial motility 
supported by the presence of flagella is not required for 
biofilm formation [34]. 

In addition to roughness, the size of bacterial cells 
grown in TSB versus the size of those grown in MSB 
with naphthalene was compared at the nanoscale from 
AFM measurements (Figure 5). AFM images of 15 
bacterial cells grown in MSB media with PAH alone or 
in MSB media with PAH and TSB in air were analyzed 
using the cross-sectional offline feature of AFM for their 
length, width, and height. Our results showed that the 
length, width and height of bacterial cells grown in MSB 
with PAH alone were 1.21 ± 0.17 nm, 0.56 ± 0.10 nm 
and 41.1 ± 7.6 nm, respectively. In comparison, the 

length, width and height of bacterial cells grown in MSB 
with PAH and TSB were 2.13 ± 0.33 nm, 1.08 ± 0.18 
nm and 218.5 ± 38.4 nm, respectively. Our results 
indicated that bacterial cells grown in MSB with PAH 
alone were collapsed in all three dimensions compared 
to those grown in MSB with TSB and PAH (results are 
significantly different, Mann Whitney Rank Sum Test, 
P<0.001). This is due to the degradation of the hard 
source of carbon and energy such as naphthalene. 
During the degradation of naphthalene, bacterial cells 
spend most of their energy not building cells, but for the 
utilization of hard structured carbon source to transfer it 
to more easily degradable components to get energy 
and carbon.  

Biodegradation of Naphthalene in Capillaries 

To confirm that P. naphthalenovorans biofilms 
facilitate the biodegradation of PAH compounds 
modeled by naphthalene, we carried out a controlled 
experiment that accounts for naphthalene dissolution 
and evaporation effects. The weights of the capillaries 
(Figure 6A) that were placed in MSB alone were 
approximately the same as the initial weight of the 
capillaries with naphthalene in them (Figure 6A).  

The results showed that the average weight change 
of the capillaries with bacteria was 0.103±0.079 g and 
change of the weight of control capillaries was 
0.001±0.002 g. The average percentage change of 
capillaries with bacteria was 18% and change of control 
capillaries was 0.16% (Figure 6B). The standard 
deviation of percent changes was 15% for capillaries 
with bacteria and 0.2% for control capillaries. The 
differences quantified in the PAH weight due to biofilm 
formation in comparison to that due to dissolution of the 
PAH compounds were statistically significant (Mann-
Whitney Rank Sum Test, P<0.01).  

 

Figure 5: AFM deflection images of: (A) Biofilm nearby naphthalene grown in MSB with naphthalene only and (B) biofilm grown 
in TSB with 0.0075 g/L naphthalene. 



Paenibacillus Naphthalenovorans Biofilms Interact with and Degrade Journal of Environmental Science and Engineering Technology, 2019, Vol. 7     13 

 

 

Figure 6: (A) Pictures that demonstrate the capillary 
experiment: 1 – the capillary was placed in a solution 
containing only the MSB media; and 2- the naphthalene was 
added to a capillary that was immersed in a MSB media that 
had been inoculated with the bacteria. (B) The average 
absolute change in naphthalene weight in 10 days for both 
experiments depicted in Figure 6A. 

The fact that when capillaries of naphthalene were 
placed in MSB alone had a negligible change in their 
weight indicates that the dissolution of naphthalene is 
not a significant contributor to the weight loss of 
naphthalene during the experiment. The solubility of 
naphthalene in water has been reported to range 
between 30,000 µg/l and 40,000 µg/l at 25°C [37] and it 
has to be noted that the solubility of naphthalene in 
MSB can be considered to be similar to that in water 
[37]. Therefore, the MSB solution will quickly reach 
equilibrium with the naphthalene in the capillary. When 
the capillaries were placed in the MSB solution with 
bacteria in it, the naphthalene weight was reduced by 
18% (Figure 6A). This direct measurement indicates 
that P. naphthalenovorans biofilms facilitated the 
degradation of naphthalene.  

CONCLUSIONS AND FUTURE RECOMMENDA- 
TIONS  

This study is a step towards better understanding of 
how P. naphthalenovorans biofilms degrade 

naphthalene. Conducted experiments proved that P. 
naphthalenovorans prefer to form their biofilms near by 
the edge of the naphthalene crystal compared to far 
away from it and biofilm formation facilitates the 
biodegradation of naphthalene as a lone source of 
carbon. Achieved results will contribute to the creation 
of biopreparation methods for practical applications of 
bacterial remediation for the cleaning of naphthalene 
from the environment. Specifically, our results indicate 
that P. naphthalenovorans growth was the highest 
when the naphthalene concentration was 0.0075 g/L 
among concentrations tested. The distances between 
3- and 7-days biofilm and naphthalene on coverslip 
were 20 µm and 150 µm. Acquired optical and 
fluorescence microscopy images suggested that the 
bacterial biofilms are possibly degrading naphthalene. 
Model experiment of naphthalene biodegradation 
showed that the weight was reduced by approximately 
25%. The results of AFM quantified the length, width 
and height of cells imbedded within bacterial biofilms 
grown with PAH and these data might help to estimate 
the biofilm formation in environment.  

Further research studies will be required to forecast 
the bioremediation routes of PAH in the environment. 
Running bioremediation tests in soil contaminated with 
PAH in soil columns will represent actual environments 
much better than capillaries. Such mimicking 
environment will enable us to accurately predict how 
bacterial transport and biofilm formation in soil columns 
can effectively treat contaminated soil with PAHs. 
Testing also the effect of biofilm formation under flow 
conditions and not in batch assays is important to 
predicting the abilities of biofilms to be retained in 
contaminated soil for effective bioremediation. Running 
similar experiments to the proposed above with other 
PAH compounds and synergetic mixture of PAH 
compounds will be necessary for modeling the soil 
complexity of PAH compounds. Assaying the structures 
of the PAH compounds after degradation will help us 
indicate how much PAH transformation to simple 
compounds occurred due to bacterial degradation and 
will help us decide if these compounds are simple 
enough to be consumed by the soil microflora for the 
treatment to be deemed sufficient and efficient. The 
impacts of different physical, chemical and biological 
factors on bioremediation and the abilities of bacteria to 
form biofilms that can be used to degrade PAH are 
important to investigate as well. These factors for 
example include pH, ionic strength, temperature, 
bacterial type and type of soil. The findings from this 
study along with findings from suggested studies will be 
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essential to predicting how biofilms can be used to 
degrade PAH compounds in variable soil 
environments.  

ACKNOWLEDGMENTS 

This research was made possible by a Fulbright 
scholarship awarded to Dr. Saida Aliyeva during 2009-
2010. In addition, supplies used in this work were 
largely supported by WSU start-up funds of Dr. Abu-
Lail and Accrual funds of Dr. Petersen.  

REFERENCES 

[1] Abatenh E, Gizaw B, Tsegaye Z, Wassie M. The role of 
microorganisms in bioremediation- a review. Open J Environ 
Biol 2017; 2(1): 038-046. 
https://doi.org/10.17352/ojeb.000007 

[2] Abdel-Shafy HI, Mansour SM. A review on polycyclic 
aromatic hydrocarbons: source, environmental impact, effect 
on human health and remediation.  Egyptian Journal of 
Petroleum 2016; 25(1): 107-123. 
https://doi.org/10.1016/j.ejpe.2015.03.011 

[3] Barkay T, Pritchard H. Adaptation of aquatic microbial 
communities to pollutant stress. Microbiol. Sci. 1988; 5: 165-
169. 

[4] Bergey's manual of systematic bacteriology: vol 3: the 
Firmicutes edited by Paul Vos, George Garrity, Dorothy 
Jones, Noel R. Krieg, Wolfgang Ludwig, Fred A. Rainey et al. 
Springer, 2009. 

[5] Bozzola JJ, Russell DL. Electron Microscopy: Principles and 
Techniques for Biologists. Edition 2 1999; 670 p. 

[6] Cerniglia CE, Crow SA. Metabolism of aromatic 
hydrocarbons by yeasts. Arch Microbiol 1981; 129: 9-13 
https://doi.org/10.1007/BF00417170 

[7] Daane LL, Harjono I, Barns SM, Launen LA, Palleroni NJ, 
Haggblom MM. PAH-degradation by Paenibacillus spp. and 
description of Paenibacillus naphthalenovorans spp. nov., a 
naphthalene-degrading bacterium from the rhizosphere of 
salt marsh plants. International Journal of Systematic and 
Evolutionary Microbiology 2002; 52:131-139 
https://doi.org/10.1099/00207713-52-1-131 

[8] Daane LL, Harjono I, Zylstra GJ, Haggblom MM. Isolation 
and characterization of polycyclic aromatic hydrocarbon-
degrading bacteria associated with the rhizosphere of Salt 
Marsh plants. Appl. and Environm. Microbiology 2001; 67(6): 
2683-2691 
https://doi.org/10.1128/AEM.67.6.2683-2691.2001 

[9] Dasgupta D, Ghosh R, Sengupta TK. Biofilm-mediated 
enhanced crude oil degradation by newly isolated 
Pseudomonas species. ISRN Biotechnology 2013. 
https://doi.org/10.5402/2013/250749 

[10] Donlan RM. Biofilms: microbial life on surfaces. Emerg. Infect 
Dis 2002; 8(9): 881-90. 
https://doi.org/10.3201/eid0809.020063 

[11] Dua RD, Meera S. Purification and characterization of 
naphthalene oxygenase from Corynebacterium renale. Eur. 
J. Biochemistry 1981; 120: 461-465 
https://doi.org/10.1111/j.1432-1033.1981.tb05724.x 

[12] Eriksson M, Dalhammar G, Mohn W. Bacterial growth and 
biofilm production on pyrene. FEMS Microbiology Ecology 
2002; 40:21-27 
https://doi.org/10.1111/j.1574-6941.2002.tb00932.x 

[13] Eriksson M, Sodersten E, Yu Z, Dalhammar G, Mohn W. 
Degradation of polycyclic aromatic hydrocarbons at low 
temperature under aerobic and nitrate-reducing conditions in 
enrichment cultures from northern soils.  Appl. Environ. 

Microbiol 2003; 69:275-284 
https://doi.org/10.1128/AEM.69.1.275-284.2003 

[14] Faizal Irvan, Dozen Kana, Hong Chang Isolation and 
characterization of solvent-tolerant Pseudomonas putida 
strain T-57, and its application to biotransformation of toluene 
to cresol in a two-phase (organic-aqueous) system. Journal 
of Industrial Microbiology & Biotechnology 2005; 32(11-12): 
542-548 
https://doi.org/10.1007/s10295-005-0253-y 

[15] Fida TT, Breugelmans P, Lavigne R, Coronado E, Johnson 
DR, van der Meer JR et al. Exposure to solute stress affects 
genome-wide expression but not the polycyclic aromatic 
hydrocarbon-degrading activity of Sphingomonas spp. strain 
LH128 in biofilms. Appl. Environ Microbiol 2012; 78: 8311-
8320 
https://doi.org/10.1128/AEM.02516-12 

[16] Flemming HC. Biofilms and environmental protection. Water 
Science & Technology 1993; 27 (7-8): 1-10 
https://doi.org/10.2166/wst.1993.0528 

[17] Flemming HC, Wingender J. The biofilm matrix. Nat Rev 
Microbiol 2010; 8: 623-633. 
https://doi.org/10.1038/nrmicro2415 

[18] Ghosal D, Ghosh S, Dutta TK, Ahn Y. Current state of 
knowledge in microbial degradation of polycyclic aromatic 
hydrocarbons (PAHs): a review. Front. Microbiol 2016; 
7:1369.  
https://doi.org/10.3389/fmicb.2016.01369 

[19] Gutierrez T, Berry D, Yang T, Mishamandani S, McKay L, 
Teske A. et al. Role of bacterial exopolysaccharides (eps) in 
the fate of the oil released during the deep-water horizon oil 
spill. PLOS ONE. 2013; 8(6): e67717.  
https://doi.org/10.1371/journal.pone.0067717 

[20] Haritash AK, Kaushik CP. Biodegradation aspects of 
polycyclic aromatic hydrocarbons (PAHs): a review. Journal 
of Hazardous Materials 2009; 169:1-15. 
https://doi.org/10.1016/j.jhazmat.2009.03.137 

[21] Hedlund BP, Staley JT. Vibrio cyclotrophicus spp. nov., a 
polycyclic aromatic hydrocarbon (PAH)-degrading marine 
bacterium. International Journal of Systematic and 
Evolutionary Microbiology 2001; 51:61-66 
https://doi.org/10.1099/00207713-51-1-61 

[22] Ionescu M, Beranova K, Dudkova V, Kochankova L, 
Demnerova K, Macek T et al. Isolation and characterization 
of different plant associated bacteria and their potential to 
degrade polychlorinated biphenyls. International 
Biodeterioration & Biodegradation 2009; 63: 667-672 
https://doi.org/10.1016/j.ibiod.2009.03.009 

[23] Kanaly RA, Harayama S. Biodegradation of high-molecular-
weight polycyclic aromatic hydrocarbons by bacteria. J. of 
Bacteriology 2000; 182(8): 2059-2067. 
https://doi.org/10.1128/JB.182.8.2059-2067.2000 

[24] Kelley I, Freeman JP, Cerniglia CE. Identification of 
metabolites from degradation of naphthalene by a 
Mycobacterium spp. Biodegradation 1990; 1(4): 283-290 
https://doi.org/10.1007/BF00119765 

[25] Koukkou A. Microbial bioremediation of non-metals: Current 
Research Caister Academic Press, Norfolk, UK, 2011, 279 p. 

[26] Leahy JG, Colwell RR. Microbial degradation of 
hydrocarbons in the environment. Microb. Rev 1990; 54(3): 
305-315 

[27] Meyer S, Moser R, Neef A, Stah U, Kampfer P. Differential 
detection of key enzymes of polyaromatic- hydrocarbon 
degrading bacteria using PCR and gene probes. 
Microbiology 1999; 145:1731-1741 
https://doi.org/10.1099/13500872-145-7-1731 

[28] Park BJ, Haines T, Abu-Lail NI. A correlation between the 
virulence and the adhesion of Listeria monocytogenes to 
silicon nitride: an atomic force microscopy study. Colloids & 
Surfaces B: Biointerfaces 2009; 73(2): 237-244 
https://doi.org/10.1016/j.colsurfb.2009.05.027 



Paenibacillus Naphthalenovorans Biofilms Interact with and Degrade Journal of Environmental Science and Engineering Technology, 2019, Vol. 7     15 

[29] Rodrigues AC, Wuertz S, Brito AG, Melo LF. Three-
dimensional distribution of GFP-labeled Pseudomonas putida 
during biofilm formation on solid PAHs assessed by confocal 
laser scanning microscopy. Water Science & Technology 
2003; 47(5): 139-142 
https://doi.org/10.2166/wst.2003.0302 

[30] Santos RP, Arruda TTP, Carvalho CBM, Carneiro VA, Braga 
LQV, Teixeira EH et al. Correlation between Enterococcus 
faecalis biofilms development stage and quantitative surface 
roughness using Atomic Force Microscopy. Microsc. 
Microanal 2008; 14: 150-158 
https://doi.org/10.1017/S1431927608080227 

[31] Singh R, Paul D, Jain RK. Biofilms: implications in 
bioremediation. Trends Microbiol. 2006; 4: 389-397 
https://doi.org/10.1016/j.tim.2006.07.001 

[32] Shukla S, Mangwani N, Toleti SR, Das S. Biofilm-Mediated 
Bioremediation of polycyclic aromatic hydrocarbons. 
Microbial Biodegradation and Bioremediation 2014; 203-23.  
https://doi.org/10.1016/B978-0-12-800021-2.00008-X 

[33] Sridhar V, Brent MP, Lee AR, James NP. solubilization, 
solution equilibria and biodegradation of PAH's under 
thermophilic conditions. Chemosphere 2007; 66:1094-1106. 
https://doi.org/10.1016/j.chemosphere.2006.06.059 

[34] Todhanakasem T, Young GM. Loss of flagellum-based 
motility by Listeria monocytogenes results in formation of 
hyperbiofilms. J Bacteriol 2008; 190(17): 6030-4. 
https://doi.org/10.1128/JB.00155-08 

[35] Toyofuku M, Inaba T, Kiyokawa T, Obana N, Yawata Y, 
Nomura N. Environmental factors that shape biofilm 
formation. Biosci Biotechnol Biochem 2016; 80(1): 7-12. 
https://doi.org/10.1080/09168451.2015.1058701 

[36] Vidonish JE, Zygourakis K, Masiello CA. Thermal treatment 
of hydrocarbon-impacted soils: a review of technology 
innovation for sustainable remediation.  Engineering 2016; 2: 

426-437 
https://doi.org/10.1016/J.ENG.2016.04.005 

[37] United States Environmental Protection Agency: Ambient 
water quality criteria for naphthalene, 1980 

[38] Wick LY, Ruiz de-Munain A, Springael D, Harms H. 
Responses of Mycobacterium spp. 501T to the low 
bioavailability of solid anthracene. Appl. Microbiol. Biotechnol 
2002a; 58: 378-38539 
https://doi.org/10.1007/s00253-001-0898-z 

[39] Wiseman A, Woods LFJ. Benzo(a)pyrene metabolite formed 
by the action of yeast cytochrome P-450/P-448. J. Chm. 
Tech. Biotechnol. 1979; 29: 320-324 
https://doi.org/10.1002/jctb.503290508 

[40] Witt V, Wild C, Uthicke S. Effect of substrate type on 
bacterial community composition in biofilms from the Great 
Barrier Reef. Research Letter FEMS Microbiol Lett 2011; 
323: 188-195 
https://doi.org/10.1111/j.1574-6968.2011.02374.x 

[41] Yamaga F, Washio K, Morikawa M. Sustainable 
biodegradation of phenol by Acinetobacter calcoaceticus P23 
isolated from the rhizosphere of duckweed Lemna 
aoukikusa. Environ. Sci. Technol 2010; 44: 6470-6474 
https://doi.org/10.1021/es1007017 

[42] Ye B, Siddiqi MA, Maccubbin AE, Kumar S, Sikka HC. 
Degradation of polynuclear aromatic hydrocarbons by 
Sphingomonas paucimobilis. Environ Sci Technol 1996; 
30:136-14. 
https://doi.org/10.1021/es9501878 

[43] Zhang Y, Fang Wanga, Xiaoshu Zhub, Jun Zenga, Qiguo 
Zhaoa, Xin Jiang. Extracellular polymeric substances govern 
the development of biofilm and mass transfer of polycyclic 
aromatic hydrocarbons for improved biodegradation. 
Bioresource Technology 2015; 193. 
https://doi.org/10.1016/j.biortech.2015.06.110 

 

Received on 5-7-2019 Accepted on 24-7-2019 Published on 30-7-2019 
 
DOI: https://doi.org/10.12974/2311-8741.2019.07.02 

© 2019 Aliyeva et al.; Licensee Savvy Science Publisher. 
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License 
(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in 
any medium, provided the work is properly cited. 
 


