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4.1 Introduction 

Over the past few decades, with extensive urbanization and rapid industrialization, there has 

been an alarming rise in pollution caused by PAHs with increasing global concern about 

public health. These combustion byproducts exist in numerous forms depending on the 

complexity of their aromatic ring structure ranging from the less toxic to the most lethal 

forms [315]. The airborne PAHs are deposited on water, soil and vegetation making them 

omnipresent.  

 

They are highly resistant to degradation leading to bioaccumulation and contamination of 

the natural habitats. Constant exposure to some of these differential PAHs is often 

carcinogenic with severe toxic effects [169, 170] implicating the role of PAHs in multiple 

cancers and adverse health conditions. A variety of physical and chemical methods are 

employed in breaking down of PAHs, but with limited success; biological degradation using 

microbial population appears to be the most promising alternative to treat this anthropogenic 

pollution. 

                       

Microorganisms that thrive in contaminated soil or sediments utilize PAHs as the carbon 

source through their catabolic activity. In these environments, pollutants exist as a mixture 

of several aromatic compounds challenging the single organism/genera/strain to neutralize 

the hazardous chemicals. Recent studies indicate that a large number of PAHs degrading 

bacteria, yeast, actinomycetes and fungus were isolated from soil, oily sludge, waste water 

and marine environments [191, 316-320]. The inefficiency of a single organism to achieve 

complete degradation of hydrocarbons led to the screening and assemblage of cultures to 

achieve complete degradation. In a consortium, efficient biodegradation can be achieved  

with (1) degradation of broad range of hydrocarbons (2) utilization of PAHs metabolites by 

one strain that could be toxic or inhibitory for other strains [321] (3) synergistic effects due 

to enzymatic transformations in  complementary degradation pathways in different strains 

[322] (4) enhancement of PAHs bioavailability by microorganisms through biofilm and 

biosurfactant production [204, 323]  (5) utilization of surfactant as primary carbon source 

[324]. 
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Biosurfactants are biodegradable, non toxic surface active compounds synthesized by 

microorganisms comprising both hydrophobic and hydrophilic portions that decrease the 

interfacial tension of the medium, enhance the transfer of PAHs from non- aqueous liquid 

phase to aqueous phase and increase the bioavailability and degradation [325]. In addition, 

EPS and biofilm formation improve cell adhesion, adsorption of hydrophobic compounds, 

mass transfer rate and emulsification stability thereby facilitating the microbial 

degradation of PAHs [323]. Organisms belonging to the genera Pseudomonas, 

Rhodococcus, Bacillus, Rhodotorula were already known for biosurfactant and EPS 

production. Therefore, in order to test the enhanced PAHs biodegradation by consortium 

through synergestic and bioavailability mechanisms, the present study is aimed at assessing 

the extent of Phenanthrene (PHE) and Pyrene (PYR) degradation rate by microbial consortia 

assembled with organisms showing either only biofilm or biosurfactant production or both. 

In addition, the effect of additive surfactant Tween80 on degradation rate and biofilm 

formation capabilities of consortia is studied. 

 

4.2 Methodology 

 

4.2.1 Detection of Biofilm formation 

 

4.2.1. 1 Tube Method (TM)  

Biofilm formation was qualitatively determined as previously described [326]. Briefly, 10 

ml of tryptic soy broth was inoculated with a loopful of microorganisms and incubated at 

37°C for 24 hours. The tubes were emptied and washed with phosphate buffer saline (pH 

7.3), dried and stained with crystal violet dye (0.1%). Excess stain was rinsed off with 

deionized water, dried and observed for staining.  

 

4.2.1.2 MicrotiterPlate Method 

Biofilm formation was quantitatively determined by using crystal violet method [327]. The 

adherence capacity of microorganisms was categorized as non, weak, moderate and strong 

based on the optical density of bacterial films produced in TSB medium with and without 

glucose. 



75 
 

 
 

4.2.1.3. Scanning Electron Microscopy Analysis 

Biofilms were developed on glass coverslips of 12 mm diameter in 6-well culture plates 

containing MSM with PAHs, inoculated with consortium KLSN09 and incubated for three 

weeks. After the incubation period, biofilms were air-dried for 30 minutes, fixed in 2.5% 

gluteraldehyde in 0.1M phosphate buffer (pH 7.2) for 30 minutes, further post fixed in 1% 

aqueous osmium tetroxide fumes for 30 minutes and exposed to 80% and 100% alcohol 

fumes each for 15 minutes. Cover slips and base of culture plates were removed and 

mounted on the double-sided carbon conductivity tape of the aluminum stubs. Samples were 

further dried under vacuum desiccation for 15 minutes, sputter - coated with gold for 3 

minutes (Sputter coater Model-JEOL JFC-1600) and scanned under Scanning Electron 

Microscope (SEM-Model:JOEL-JSM 5600) at desired magnifications. 

 

4.2.2. Screening for Biosurfactant Production 

The biosurfactant production ability of all the cultures grown in mineral medium with 

dextrose as carbon source was evaluated at different intervals of time. 

 

4.2.2.1. Hemolytic Activity 

Hemolytic assay was performed qualitatively by streaking cultures on blood agar plates with 

5% fresh human blood and quantitatively by loading 100 µl of the supernatant of cultures 

grown in mineral salt medium on blood agar plates and incubated at 30
0
C for 48-72 hours. 

The diameter of clear zone is measured as an indication of biosurfactant production [328]. 

4.2.2.2. Oil Spreading Assay 

Surfactant activity of cultures was measured according to the method described [329]. In 

brief, distilled water (50 ml) was added to a Petri dish followed by the addition of 30 μl of 

crude oil (petrol, kerosene, diesel) to the surface of the water. To this petridish, 10 μl of cell 

free culture broth was added to the center of oil surface. Displacement of oil and formation 

of clear zone indicates presence of biosurfactant in the supernatant. A negative control was 

set up with distilled water and positive control with Triton X-100. 

4.2.2.3 Emulsification Index (E24) 

The emulsifying capacity of the cultures was evaluated using the E24 method  [330]. Two ml 

of supernatant was added to 2 ml of kerosene, petrol and diesel in a screw cap test tube, 
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vortexed for 2 minutes and the mixture was allowed to stand for 24 hours. The percentage 

of Emulsification index was calculated using the formula: 

 E24 = Height of emulsion formed (cm) X 100 / Total height of solution 

 

The inoculum preparation, biodegradation of PAHs in the liquid medium and analysis of 

growth and biosurfactant production, degradation by HPLC methodology was performed as 

mentioned in the chapter 3. 

 

4.3 Results and Discussion 

 

4.3.1 Development of consortia BTSN09 and KLSN09 

Microorganisms isolated from hydrocarbon contaminated sites and deposited with MTCC, 

Chandigarh were screened for biofilm and biosurfactant production by qualitative and 

quantitative methods as mentioned (Table 4.3). Moderate to strong producers of either 

biofilm or biosurfactant or both were grouped into a microbial consortium BTSN09 

containing 21 organisms. In screening the organisms for biofilm formation, tube method 

(TM) was used initially as a basic test to determine visually whether the organism is a 

biofilm producer or not whereas in Congo Red Agar (CRA) method, black colonies were 

considered as true positive, black colonies with pink background was considered as weak 

and pink and white colonies as true negatives. The accuracy of these methods, TM and CRA 

was evaluated using Microtiter plate method (MTP) as a reference[124]. The results of test 

tube and MTP were correlated however, in CRA more false negatives were observed. 

Statistical analysis of TM and CRA with respect to MTP showed 38.8% sensitivity; 100% 

specificity; 100% PPV; 21.4% NPV; 47.6% of accuracy of the CRA method whereas for 

test tube method all the values showed 100% [124]. In the present study, it was observed 

that the MTP test is a better and accurate method to screen biofilm formation.   

 

Inaddion, as the classification between moderate and weak producers was difficult due to 

very little variation in results between them both the organisms were grouped as moderate 

producers. This might due to the difference in the surfaces provided for adherence. Also, the 

need and effect of glucose on biofilm formation were studied. With glucose, significant 
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variation in biofilm formation was not observed. Three tests were conducted to screen 

biofilm and biosurfactant production for reliable and accurate results and to avoid false 

positives and negatives. In BTSN09, 62% (13), 24% (5), 14% (3) of microorganisms were 

observed as strong, weak and non-biofilm producers (Table 4.1), 48% (10), 38% (8), 14% 

(3) were observed as strong, weak and non-biosurfactant producers (Table 4.2.1- 4.2.3) and 

62% (13) of the consortium members exhibited both biofilm –biosurfactant- producing 

characteristics (Table 4.3). Microbial strains Pseudomonas, Acinetobacter, Aneurinibacillus, 

Rhodococcus  and Rhodosporium showed strong biofilm formation [228, 331] whereas 

genera Candida, Pseudomonas, Bacillus, Corynebacterium, Acinetobacter, 

Aneurinibacillus, Gordonia, Rhodosporium, Stenotrophomonas and Serratia showed 

significant biosurfactant production [323, 325, 332, 333].  Pseudomonas strain was known 

to produce both biofilm and biosurfactant [331, 334]. In the present study, in addition 

to Pseudomonas, microorganisms belonging to the genera Bacillus, Acinetobacter, 

Stenotrophomonas, Candida, Rhodotorula, Corynebacterium, 

Rhodococcus and Arthrobacter showed both biofilm formation and biosurfactant 

production. Consortium KLSN09 was assembled with 13 microorganisms producing both, 

in order to understand the synergistic effect of biofilm and biosurfactant on bioremediation. 

 

Table 4.1: Detection of Microorganisms biofilm formation by MTP, CRA and TM methods 

No of Cultures 

Biofilm 

formation 

Screening Methods 

MTP CRA TM 

Cultures 

(n = 21) 

Strong 13 (62%) 4 (19%) 11(52%) 

Weak 5 (24%) 3 (14%) 7 (33%) 

Non biofilm 

producers 

3 (14%) 14 (67%) 3 (14%) 

MTP: Microtiter plate method,  CRA: Congo Red Agar, TM: Test tube method 
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Table  4. 1. 1: Screening of microorganisms for biofilm formation by Test tube method.   

 

TSB – Tryptic soy broth. (+++) - Strong, (++) - Moderate, (+) - Weak, (-) - Non biofilm 

formers 

 

Culture 
Code Biofilm 

formation 
TSB 

TSB+1% 

glucose 

TSB+ 2.5% 

glucose 

Candida tropicalis H1 Weak + + + 

Pseudomonas 

stutzeri(MTCC2643) 

H2 Strong +++ +++ ++ 

Bacillus licheniformis H3 Non - - - 

Cornyebacterium fujiokense H4 Strong ++ ++ ++ 

Rhodococcus (MTCC3022) H5 Strong ++ ++ ++ 

Acinetobacter calcoaceticus H7 Strong ++ ++ + 

Aneurinibacillus 

aneurinilyticus (MTCC2468) 

H8 Strong ++ +++ - 

Aneurinibacillus 

aneurinilyticus(MTCC 2644) 

H9 Weak - ++ + 

Pseudomonas 

aureginosa(MTCC2474) 

H11 Weak + ++ - 

Pseudomonas 

aureginosa(MTCC 2642) 

H12 Weak + ++ - 

Pseudomonas putida H13 Strong ++ +++ ++ 

Aspergillus terricola H16 Non - - - 

Harmoconis resinae H17 Non - - - 

Rhodosporium kratochvilovae H18 Strong +++ +++ ++ 

Arthrobacter H19 Strong +++ ++ + 

Gordonia rubropertincta H20 Strong ++ ++ ++ 

Pseudomonas stutzeri(MTCC 

2300) 

H21 Weak + ++ - 

Stenotrophomonas 

maltophilia 

H22 Weak ++ + + 

Serratia morcescens H23 Strong ++ ++ ++ 

Acinetobacter calcoaceticus H24 Strong ++ +++ ++ 

Rhodococcus species(MTCC 

3552) 

H25 Weak ++ + + 
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Table 4.1.2: Screening of microorganisms for biofilm formation by Microtiterplate method.  

   TSB  TSB+1% TSB+2.5% 

S Strain 

24 hrs 48hrs 24 hrs 48hrs 24 hrs 48hrs 

Overall 

  Grade 

 H1 1.771 ± 0.5 1.901 ± 1.0 1.561 ± 0.7 1.804 ± 0.14 1.386 ± 0.61 1.937 ± 0.16 +++ 

 H2 1.814 ± 0.5 3.214 ±1.0 1.779 ± 0.16 3.407 ± 0.07 2.442 ± 0.64 2.252 ± 1.8 +++ 

 H3 0.085 ± 0.002 0.089 ± 0.003 0.101 ± 0.07 0.128 ± 0.03 0.128 ± 0.02 0.175 ± 0.05 + 

 H4 0.960 ± 0.5 2.346 ± 0.74 1.43 ± 0.21 2.735 ± 0.56 3.167 ± 0.09 3.363 ± 0.17 +++ 

 H5 2.492 ± 1.0 2.369 ± 0.84 2.054 ± 0.72 3.238 ± 0.19 2.275 ± 0.66 3.348 ± 0.16 +++ 

 H7 2.367 ± 1.15 3.3 ± 0.12 1.66 ± 1.44 3.3 ± 0.12 3.329 ± 0.08 3.350 ± 0.08 +++ 

 H8 0.603 ± 0.07 1.261 ± 0.18 0.481 ± 0.1 0.786 ± 0.05 0.723 ± 0.4 0.810 ± 0.07 +++ 

 H9 0.398 ± 0.14  0.225 ± 0.04 0.359 ± 0.11 0.265 ± 0.01 0.277 ± 0.1 0.383 ± 0.3 ++ 

 H11 0.240 ± 0.03 0.323 ± 0.05 0.475 ± 0.12 1.404 ± 0.14 0.506 ± 0.14 1.08 ± 0.37 ++ 

 H12 0.352 ± 0.13 0.246 ± 0.01 0.306 ± 0.11 0.358 ± 0.15 0.290 ± 0.04 0.433 ± 0.18 ++ 

 H13 1.272 ± 0.3 1.515 ± 0.54 1.983 ± 0.8 2.804 ± 0.83 1.205 ± 0.2 2.707 ± 1.05 +++ 

 H18 1.612 ± 0.5 3.36 ± 0.08 1.94 ± 0.9 3.564 ± 0.07 0.531 ± 0.19 3.053 ± 0.3 +++ 

 H19 2.276 ± 0.95 3.398 ± 0.16 3.147 ± 0.2 3.339 ± 0.12 2.195 ± 1.3 3.281 ± 0.16 +++ 

 H20 2.288 ± 0.61 3.133 ± 0.11 2.395 ± 0.1 3.339 ± 0.11 2.503 ± 0.24 3.33 ± 0.16 +++ 

 H21 0.326 ± 0.13 0.195 ± 0.01 0.895 ± 0.01 0.711 ± 0.01 0.734 ± 0.05 0.699 ± 0.06 ++ 

 H22 0.285 ± 0.09 0.310 ± 0.01 0.273 ± 0.05 0.253 ± 0.05 0.375 ± 0.05 0.324 ± 0.02 ++ 

 H23 2.696 ± 0.17 2.871 ± 1.13 2.824 ± 0.27 2.156 ± 1.8 2.064 ± 0.31 3.358 ± 0.11 +++ 

 H24 3.229 ± 0.13 3.33 ± 0.05 1.679 ± 0.23 3.036 ± 0.32 1.119 ± 0.49 2.841 ± 0.49 +++ 

 H25 1.031 ± 0.01 1.15 ± 0.13 1.946 ± 0.01 1.663 ± 0.23 1.833 ± 0.14 1.618 ± 0.03 +++ 

 Control 0.088 ± 0.01 0.089 ± 0.001 0.11 ± 0.03 0.013 ± 0.03 0.109 ± 0.02 0.126 ± 0.03 - 

TSB – Tryptic soy broth OD ≤ OD control (0.126) (Non adherent) (-), OD ≤ 2*OD control 

(0.252) (Weakly adherent) (+), 2 *OD control ≤ 4 * OD control (0.504) (Moderately adherent) 

(++), 4 * OD control ≤ OD (Strongly adherent) (+++) 
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Table 4.2.1: Screening of microorganisms for biosurfactant production by Blood agar 

Method. (α) indicates incomplete hemolysis, (β) - complete hemolysis, (γ) - no hemolysis,  

(-) < 0.5, (+) 0.6-2.0cm, (++) - 2.1- 4.0 cm, (+++) - 4.1- 8.0cm 

 

 

Culture 

Type of Zone of Inhibition 

Grade  hemolysis (cm) 

 H1 β 4.0 ± 0.2 ++ 

 H2 α 4.0 ± 0.3 ++ 

 H3 β 3.0 ± 0.2 ++ 

 H4 β 2.5 ± 0.2 ++ 

 H5 γ - - 

 H7 β 2.5 ± 0.3 ++ 

 H8 β 3.0 ± 0.3 ++ 

 H9 β -  - 

 H11 α 7.5 ± 0.2 +++ 

 H12 α 1.8 ± 0.3 + 

 H13 β 4.5 ± 0.3 +++ 

 H16 α 2.8 ± 0.3 ++ 

 H17 γ - - 

 H18 β 8.0 ± 0.4 +++ 

 H19 α 3.0 ± 0.3 ++ 

 H20 γ - - 

 H21 γ - - 

 H22 β 2.5 ± 0.3 ++ 

 H23 β 2.0 ± 0.4 ++ 

 H24 β 5.0 ± 0.2 +++ 

 H25 α 3.6 ± 0.4 ++ 
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Table 4.2.2: Screening of microorganisms for biosurfactant production by Oil 

Spreading technique. 
 

Culture 
Clear Zone of biosurfactant (cm) 

Kerosene ODA Petrol ODA Diesel ODA Grade 

H1 2.5 ± 0.2 4.9 0.6 ± 0.1 0.3 0.5 0.5 ± 0.1 + 

H2 1.4 ± 0.1 1.5 0.4 ± 0.1 0.1 0.2 0.2 ± 0.1 - 

H3 2.2 ± 0.2 3.8 0.8 ± 0.1 0.5 0.6 0.6 ± 0.1 + 

H4 1.4 ± 0.7 1.5 0.1 ± 0 0.007 0.2 0.2 ± 0 - 

H5 1.8 ± 0.1 2.5 0.5 ± 0.2 0.2 0.5 0.5 ± 0.1 + 

H7 2.9 ± 0.1 6.6 1.0 ± 0.2 0.8 2.8 2.8 ± 0.1 ++ 

H8 3.1 ± 0.1 7.5 1.2 ± 0.2 1.1 2.6 2.6 ± 0.1 ++ 

H9 3.6 ± 0.3 10.2 1.5 ± 0.05 1.7 1.0 1.0 ± 0.2 + + 

H11 1.2 ± 0.2 1.1 1.0 ± 0.2 0.8 0.6 0.6 ± 0.1 - 

H12 3.3 ± 0.2 8.5 2.6 ± 0.1 5.3 2.2 2.2 ± 0.2 ++ 

H13 5.0 ± 0.2 19.6 4.3 ± 0.2 14.5 3.8 3.8 ± 0.1 +++ 

H16 - - - - - - - 

H17 - - - - - - - 

H18 1.6 ± 0.3 2.0 0.3 ± 0.1 0.07 0.5 0.5 ± 0.1 + 

H19 2.4 ± 0.1 4.5 0.8 ± 0.1 0.5 - - + 

H20 2.6 ± 0.1 5.3 1.5 ± 0.3 1.7 0.6 0.6 ± 0.1 + 

H21 1.5 ± 0.5 1.7 0.2 ± 0 0.03 - - - 

H22 1.7 ± 0.1 2.27 1.4 ± 0.1 1.5 1.6 1.6 ± 0.1 + 

H23 2.2 ± 0.1 3.8 2.8 ± 0.2 7.0 1.8 1.8 ± 0.1 ++ 

H24 2.3 ± 0.1 4.1 3.5 ± 0.3 9.6 2.8 2.8 ± 0.1 ++ 

H25 1.4 ± 0.1 1.5 0.8 ± 0.1 0.5 - - - 

ODA- Oil Displacement Area (cm
2
), (-) 0.5-2.0 cm

2
, (+) 2.1-5.0 cm

2
, (++) 5.1-10.0 cm

2
, 

(+++) > 10.0 cm
2 
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Table 4.2.3: Screening of microorganisms for biosurfactant production by Emulsification 

index (E24) Method. Emulsification index% (-) Negative </=46, (+) weak 47-50, (++) 

Moderate 51-60, (+++) Good >60. 

 

Culture 
Emulsification Index (%) Overall 

Grade Kerosene Grade Petrol Grade Diesel Grade 

H1 48 ± 0.1 + 46 ± 1.0 + 46 ± 0.6 + + 

H2 51 ± 2.8 ++ 49 ± 2.3 + 52 ± 0.6 ++ ++ 

H3 55.5 ± 1.5 ++ 51 ± 2.0 ++ 52 ± 0.7 ++ ++ 

H4 51 ± 0.5 ++ 53 ± 1.7 ++ 51 ± 1.5 ++ ++ 

H5 49 ± 2.2 + 49 ± 2.0 + 47 ± 1.5 + ++ 

H7 60 ± 2.0 ++ 60 ± 1.6 ++ 51 ± 0.5 ++ ++ 

H8 63 ± 1.7 +++ 63 ± 1.7 +++ 57 ± 2.0 ++ +++ 

H9 48 ± 0.2 + 46 ± 4.0 - 46 ± 4.0 - - 

H11 62 ± 2.0 +++ 53 ± 1.7 ++ 48 ± 2.0 + ++ 

H12 56 ± 0.5 ++ 57 ± 1.0 ++ 57 ± 1.0 ++ ++ 

H13 62 ± 3.0 +++ 61 ± 2.5 +++ 56.6± 2.0 ++ +++ 

H16 48 ± 0.5 + 46 ± 3.0 - 45 ± 0.5 - - 

H17 45 ± 1.5 - 46 ±3.0 - 45 ± 1.0 - - 

H18 52 ± 0.7 ++ 51 ± 2.8 ++ 49 ± 2.6 + ++ 

H19 48 ± 0.5 + 45 ± 1.8 - 47 ± 1.8 + + 

H20 48 ± 2.6 + 47 ± 1.0 + 48 ± 1.7 + + 

H21 55 ± 4.6 ++ 49 ± 2.0 + 48 ± 1.7 + + 

H22 54 ± 2.6 ++ 56 ± 1.1 ++ 47 ± 1.7 + ++ 

H23 56.6 ± 3.0 ++ 55.5± 1.5 ++ 50 ± 2.3 + ++ 

H24 57.6 ± 1.4 ++ 57 ± 1.4 ++ 50.5± 2.3 ++ ++ 

H25 50.5 ±2.2 ++ 50.5 ± 1.8 ++ 48 ± 3.0 + ++ 

Control 46 ± 1.5 - 46 ± 3.0 - 45 ± 1.0 - - 
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Table 4.3: Consortium of microorganisms showing both biofilm and biosurfactant 

production  

Culture 

Biofilm formation Biosurfactant Production 

Both 
CRA 

method 

Test 

tube 

Method 

MTM Blood 

agar 

Oil spreading 

test 

Emulsification 

Activity 

Candida tropicalis  - + +++ ++ + + X 

Pseudomonas 

stutzeri(MTCC2643)  

++ +++ +++ + - + X 

Bacillus licheniformis  - - - ++ + ++ X 

Cornyebacterium fujiokense  - ++ +++ ++ - + √ 

Rhodococcus (MTCC3022)  - ++ +++ - + + X 

Acinetobacter calcoaceticus  + ++ +++ ++ ++ ++ √ 

Aneurinibacillus 

aneurinilyticus (MTCC 2468)  

- ++ +++ ++ ++ +++ √ 

Aneurinibacillus 

aneurinilyticus (MTCC 2644)  

- + ++ + ++ - X 

              Pseudomonas 

aureginosa      (MTCC2474)  

- - ++ +++ - ++ X 

Pseudomonas aureginosa 

(MTCC 2642)  

- + ++ + + + X 

Pseudomonas putida  ++ + +++ +++ +++ +++ √ 

Aspergillus terricola  ++ +++ +++ +++ + + √ 

Harmoconis resinae  - +++ +++ ++ + + √ 

Rhodosporium kratochvilovae  - +++ +++ - + + X 

Arthrobacter  - + +++ - - + X 

Gordonia rubropertincta  + + +++ ++ + ++ √ 

Pseudomonas stutzeri(MTCC 

2300)  

++ ++ +++ + ++ ++ √ 

Stenotrophomonas maltophilia  + +++ +++ +++ + ++ √ 

Serratia morcescens  - + +++ ++ - ++ √ 

Acinetobacter calcoaceticus  - - - ++ - - X 

Rhodococcus species(MTCC 

3552)  

- - - - - - X 
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BA- Blood Agar, OST- Oil Spreading Technique, E24- Emulsification index. Organisms 

showing good/moderate biosurfactant production in three methods were considered as 

strong, two as weak and only in one method as Non biosurfactant producers (-) Negative, 

(+) weak, (++) Moderate,  (+++) Strong 

 

4.3.2. Growth and biosurfactant production of consortia in PAH containing medium 

Consortium growth was monitored weekly by estimating the biomass using the gravimetric 

method and biosurfactant production by oil spreading and E24 methods respectively. The 

utilization of PHE and PYR as sole carbon source by consortia BTSN09 and KLSN09 was 

evident with an increase in dry biomass in M9 medium supplemented with PHE and PYR 

individually with maximum values reaching 4.0 and 3.0 g l
-1

 respectively followed by a 

decrease in the concentration of residual PAHs in the medium. Due to the relatively higher 

aqueous solubility of PHE (1mg l
-1

) to PYR (0.1mg l
-1

), an initial phase of exponential 

growth was observed. For pyrene, lag phase was observed, followed by growth, stationary 

and decline phase. Good biosurfactant production was detected with microbial consortia 

[318, 335]. However, substantial production of biosurfactant was not observed when PAH 

degrading strains were screened individually with PAHs (PHE, PYR) as sole carbon source 

[204] with the exception of Pseudomonas stutzeri (MTCC2643), Stenotrophomonas 

maltophilia, Rhodococcus species (MTCC 3552) and Aspergillus terricola.  

 

Biosurfactant production by consortia for a period of six weeks was represented in Table 4.4 

where the maximum was observed during the fifth and sixth weeks with PHE (Table 4.4 (a)) 

and PYR (Table 4.4 (c)). The results of the oil spreading test correlated with E24 in the 

presence of PYR (Table 4.4 (c) and (d)). With PHE, biosurfactant production was detected 

by E24 method (weak - moderate) during the first three weeks. The relatively higher aqueous 

solubility of PHE could have attributed to the less biosurfactant production availing the 

dissolved PHE in the medium as carbon source. Consortium BTSN09 yielded the highest 

biosurfactant production showing an oil displacement area (19.62cm
2 

and 12.56cm
2
) and 

emulsifying activity of maximum 52% and 59% with PHE and PYR respectively in 42 days 

of cultivation (Table 4.4). Production of biosurfactants by microbial consortia in first week 
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one was higher in the presence of PYR when compared to PHE. PYR with its lower 

aqueous solubility was unable not utilized as carbon source, triggering the organisms to 

release bioemulsificant into the medium to decrease the surface tension thus facilitating the 

bioavailability of PAH.  Even in the absence of Tween 80 microbial consortium BTSN09 

had shown high biosurfactant production for longer duration up to 42 days with PAHs as 

sole carbon source  [318, 336]. 

 

Table 4.4: Evaluation of consortia for biosurfactant production by OSP and E24 methods. 

ODA- Oil displacement area (cm
2
): (-) Negative 0.1-2.0 cm

2
, (+) Weak 2.0-5.0 cm

2
,
 
(++) 

Moderate 5.0-10.0 cm
2
, (+++) Good > 10.0 cm

2
. E24- Emulsification index (%): (-) Negative 

≤ 46, (+) Weak 47-50, (++) Moderate 51-60, (+++) Good >60. 

 

Carbon Source Week 1 Week2 Week3 Week 4 Week 5 Week6 

ODA E24 ODA E24 ODA E24 ODA E24 ODA E24 ODA E24 

Control - - - - - - - - - - - - 

(a) PHE +BTSN09 - + - + - + + ++ +++ ++ +++ ++ 

(b) PHE+KLSN09 - ++ - + - + + ++ - + - + 

(c) PYR+BTSN09 ++ ++ + ++ ++ ++ + ++ ++ ++ +++ ++ 

(d) PYR +KLSN09 + ++ + + ++ + + + + ++ + + 

 

4.3.3 PAHs degradation by consortia 

The biodegradation of PHE (200mg l
-1

) and PYR (100mg l
-1

) by microbial consortia in a 

liquid medium was evaluated by HPLC over a period of 42 days. Consortium BTSN09 

showed 54% and 45% degradation of PHE and PYR while KLSN09 degraded only 31% and 

21% respectively (Figure 4.1a).  When tested individually consortium members showed 

maximum degradation of 12% and 30% for PHE in the absence and presence of Tween 80. 

For PYR, members showed 9% degradation with no significant effect of Tween 80 

indicating that assemblage of cultures degrades PAHs more effectively compared to pure 

cultures [191].  
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In the absence of an additive surfactant, BTSN09 showed higher degradation when 

compared to KLSN09 due to presence of fungal and bacterial cocultures in BTSN09 

bestowing synergistic effect on PAH degradation [337]. In the presence of Tween 80, 

BTSN09 showed 92% and 32% degradation of PHE and PYR, whereas KLSN09 degraded 

97% and 37% respectively up to 42 days (Figure 4.1b and 4.1c).  Above critical micelle 

concentration (CMC), Tween 80 increased the rate of PHE degradation to 92% (BTSN09) 

and 97% (KLSN09) (Figure 4.1b) [324]. However, for PYR, at concentrations both above 

and below (CMC), the percentage of degradation was downregulated. As indicated, above 

CMC, decrease in degradation might be due to the encapsulation of PYR into micelles 

resulting in its less aqueous availability for microbes [338, 339]. At CMC, Tween 80 has 

augmented the degradation of PYR to 37.5% for KLSN09. However, for BTSN09 similar 

effect was not observed (Figure 4.1c). Overall, the initial rate of degradation for PHE and 

PYR was enhanced by two weeks for both consortia with surfactant but after 21 days no 

improvement was observed. Based on these results, it was postulated that the effect of 

surfactant varies with the complexity of the PAHs and also the concentration of the 

surfactant needs to be optimized with respective to PAH for efficient degradation. 

In the present study, with surfactant, KLSN09 was more efficient in PAHs degradation than 

BTSN09 whereas in its absence, vice versa was observed. As KLSN09 contains only 

biosurfactant - biofilm - producing microbes, members utilized Tween 80 as the cosubstrate 

and increased the PAHs’ degradation rate [191]. However, in case of BTSN09 it was 

hypothesized that fungal and other bacterial cultures commences the initial steps of the 

oxidation of PAHs by producing extracellular enzymes, facilitating the remaining 

microorganisms in synthesizing the biosurfactants and utilizing the metabolites as carbon 

source, thereby enhancing the biodegradation rate. This was evident with the detection of 

good biosurfactant production in the consortium supernatant by OSP and E24 methods, 

even after four weeks of incubation (Table 4.4 (a) and (c)).  
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Figure. 4.1 (a) Comparison of PHE and PYR degradation by consortia BTSN09 and 

KLSN09 during 42 days of incubation. (b and c) represents the effect of Tween 80 on PAHs 

biodegradation for 28 days. Error samples indicate Mean ± SD (n = 3) 

  

4.3.4 Biofilm development  

Microorganisms increase the PAHs bioavailability by biofilm formation and EPS 

production. EPS constitute the high molecular weight carbohydrate polymers released by 

microorganisms and are considered to be the basic structural and functional components of 

biofilms. Biofilm formation orchestrates cell attachment and aggregation, EPS production, 

microcolonies and macrocolonies formation, cell dispersion followed by re-attachement of 

cells to continue the cycle for the enriched biofilm formation [323, 340]. Prevoius studies 

indicated that biosurfactant production aids in the initial stages of microcolonies formation 

and maintainance of water channels during biofilm development [341]. The formation of 

 biofilm directly on PAH crystals can also facilitate effective mass transfer to the bacterial 

cells enhancing bioremediation [342]. In a consortium, efficient diffusion of compounds 
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occurs within biofilms through cooperative interactions between the consortium members 

[343]. Therefore, based on the degradation studies, Scanning Electron Microscopy analysis 

was performed at 21 days to understand the relationship between biofilm - forming abilities 

and degradation capacity of consortium KLSN09 in the presence and absence of Tween 80. 

 Figure 4.2 (a) represents the surface of the PHE compound with out consortium observed as 

tiny crystals (control) and b, c, d, e the different stages of biofilm formation after 

colonization by microbial consortium. 

 

In the absence of Tween 80 for PHE, formation of macrocolonies (Figure 4. 2b) and 

dispersion of cells (Figure 4.2c) was observed along with assemblies of organisms in each 

macrocolony with a dense network of rods - cocci - and oval - shaped cells embedded in 

EPS and biomass maintained via water channels. However, the thick biofilm formation was 

not noticeable. In the presence of Tween 80, consortium initiated the formation 

of microcolonies with thick EPS production and uniform biofilm layers (Figure 4.2d & e). 

These observations complemented the degradation studies of KLSN09 along with PHE + 

Tween 80, which showed a reduction of PAH up to 88%, while KLSN09 with only PHE 

degraded up to 18% in 21 days. For PYR, consortium initiated the microcolonies and 

biofilm formation even without Tween 80. However, in its presence only floccule formation 

was observed without evidencing the dense network of  biofilm layers. This disparity may 

be attributed to the higher ring structure of PYR owing to less aqueous solubility and 

triggering the consortium to produce biofilm and biosurfactant, utilizing PAHs as a carbon 

source for their survival. In the presence of biodegradable Tween 80, consortium utilizes the 

additive surfactant as an available carbon source for the initial maintenance of the system 

and produces biofilm and biosurfactant for the subsequent utilization of PAHs in the 

medium. From the SEM images, it was evident that complex biofilm developed on PAHs by 

a microbial consortium enhances the bioavailability and bioremediation of the PAHs 

through sorption [204, 323]. Also, the organizational architecture of microbial communities 

in a consortium differs with the complexity of the substrate. 
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(c) 

                                                                                                        

(d)                                                                           (e) 

                                                               

 

 

 

 

Dispersal of cells 
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(f)                                                                           (g) 

   

(h)                                                                            (i) 

   

 

Figure.4.2: Represents Scanning Electron Microscopy (SEM) images of consortium 

KLSN09 biofilm formation with PAHs as sole carbon source at 21 days (a) surface of PHE 

compound before colonization (b and c) organization of consortium into macro colonies and 

dispersal of cells during maturation of biofilm. Micro-colonies and biofilm formation of 

consortium (d and e) with PHE + Tween 80 (f and g) PYR (h) PYR + Tween 80 (i) 

organization of cells in consortium with PYR. Arrows (   ) indicate water channels (  ) EPS. 

     Represents micro colonies. 

4.4 Co-culture studies 

Inorder to increase the degradation rate and to test the above mentioned hypothesis different 

combinations of co-cultures (Table 4.5) were selected as consortia members that are in turn 

capable of producing biofilm and biosurfactants, exhibit enhanced PAHs biodegradation. 
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Table 4.5: Degradation of PAHs (PHE and PYR) by different combinations of 

microorganisms 

Consortium  Combination 
Degradation 

(%) PHE 

Degradation 

(%) PYR 

Only Bacteria (B) 79.2 ± 1.0 19.6 ± 1.5 

Bacteria+Fungus (B+F) 95.57 ± 0.5 41 ± 1.0 

Only Actinomycetes (A) 11.7 ± 1.8 13.2 ± 1.0 

Actinomycetes+Bacteria (A+B) 44.5 ± 2.0 17.6 ± 2.0 

Actinomycetes+Fungus (A+F) 10.6 ± 1.2 31.7 ± 2.5 

Bacteria+Fungus+Yeast (B+F+Y) 93 ± 0.5 37.7 ± 1.0 

Bacteria+Yeast+Actinomycetes (B+Y+A) 90.5 ± 2.5 17.6 ± 3.0 

Actinomycetes+Bacteria+Fungus+Yeast (A+B+F+Y) 92.88 ± 0.5 38 ± 2.0 

Only Biofilm (Bfm) 4 ± 2.0 11 ± 1.0 

Only Biosurfactant (Bsf) 15 ± 1.8 10.6 ± 0.5 

Both best biofilm and biosurfactant (BB) 93 ± 2.0 23 ± 1.0 

 

Among the different combinations studied, Bacterial - fungal co-cultures showed the 

maximum degradation of both PHE and PYR (Table 4.5) without any additional carbon 

source. The degradation efficiency of the consortium was also studied with different 

carcinogenic PAHs as a sole carbon source. 

 

4.4 Summary of the chapter 

Out of 21 microorganisms (100%) screened for biofilm and biosurfactant production, 10 

(47%) of the cultures were found to have the capability to produce both biofilm and 

biosurfactant. Further, from the results, BTSN09 exhibited improved degradation even with 

the increased complexity of the PAHs. Biodegradation followed the order of 

BTSN09>KLSN09>pure cultures. From results, it can be stated that by selecting cocultures 

as consortia members that are in turn capable of producing biofilm and biosurfactants, 

PAHs biodegradation can be enhanced. 


