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6.1 Introduction 

To enhance the degradation rate and to utilize broad range of PAHs, usage of microbial 

consortia containing bacterial-fungal cultures has gained importance due to their capacity to 

produce various degradative enzymes in complementary degradation pathways in different 

strains.[160, 322]. In a consortium, degradation is carried out by the symbiotic action of the 

numerous microbes but not a sinle one. An accelerated degradation of pyrene and 

fluoranthene by a consortium of Cycloclasticus sp.PY97M and Marinobacter nanhaiticus 

D15-8WT than individual strains was reported [303]. 

 

Bacterial degradation of PAHs involves various degradative enzymes and was classified 

mainly as two types (1) Peripheral and (2) fission enzymes. The former identifies and 

transforms PAHs into degradable molecules and the latter admits the access of the degraded 

molecules to the natural routes of energy generation and carbon metabolism in 

microorganisms. Generally for PAHs degradation, bacteria uses two metabolic pathways 

that is the phthalic acid pathway resulting the protocatechuic acid production and salicyclic 

acid pathway generating the catechol [303].  Several research reports affirmed PAHs 

biodegradation using Fungi [67, 164, 198, 199]. Among different fungi white rot fungus, 

Phanerochaete chrysosporium and Irpex lactues were accounted for their high degradative 

capability and enzyme production [197, 373] but for, lower concentration of PAH and 

longer degradation time.  

 

Ligninolytic fungi produce extracellular enzymes with low substrate specificity that enables 

degradation of compounds with structures similar to lignin, including PAHs. Besides 

extracellular ligninolytic system, converting PAHs to quinones and acids, monooxygenases 

of cytochrome P450 were also found responsible in degradation of PAHs by transforming 

them to hydroxyl derivates or diols, however there are very few reports, on the organisms 

containing both enzymatic systems [259, 368, 371, 374]. Screening and selecting such a 

fungus which can use both the systems is of definite advantage.  Coexistence of enzymatic 

systems, P450 and ligninolytic, in Aspergillus during the biodegradation of HMW PAHs is 

not yet clear, though it was exhibited in P.chrysosporium and Cunninghamella elegans with 

Phenanthrene a three ring compund [246]. 
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In order to decrease the degradation duration and to increase the degradation rate with 

respect to PAH concentration a multicomponent enzyme system employment is of a definite 

advantage and selection of a consortium with such enzyme systems aid in PAHs 

degradation. Several researchers have reported the use of enzymes in the waste water 

treatment and their expression during PAHs degradation. Hence, the present study was 

aimed at the identifying the enzymes involved during degradation. 

 

6.2 Methodology 

6.2.1 Enzyme assays performed during PAHs degradation  

The consortium was screened for its enzyme producing potential in the mineral salts 

medium (MSM) broth to study their involvement at different stages of degradation.  

Enzymatic assays were assayed using a UV-Visible spectrophotometer (Thermo scientific). 

Cultures were subjected to centrifugation at 8000rpm for 20min for separation of 

extracellular and intracellular products. The supernatant was directly utilized for 

extracellular enzyme activities, whereas, intracellular enzymes were extracted through 

sonication and centrifugation at 8000rpm for 15min to avoid cell debris. Total protein 

content for intra and extra cellular extracts was performed by using Lowry’s method.[375] 

Activities of bacterial enzymes like 1 hydroxy 2-Naphthoicacid dehyrogenase (1-H-2NAD), 

2-carboxybenzaldehyde dehydrogenase (2CABL), catechol 1,2 dioxygenase (C1,2O), 

protocatechuate 3,4 dioxygenase (P3,4O) and protocatechuate 4,5 dioxygenase (P4,5O) 

were assayed according to Mishra S 2014.[303] Activities of fungal enzymes like laccase 

was measured by monitoring the oxidation of ABTS (2, 2'-azino-bis (3-

ethylbenzothiazoline-6-sulphonic acid) at 405nm (ε405 nm= 36.8 mM/cm) and lignin 

peroxidase (LiP) by the oxidation of veratryl alcohol to form veratrylaldehyde at 405 nm 

(ε405 nm= 9.3 mM/cm) [297].  All the experiments were carried out at 30
o
C and the 

enzyme activity was expressed as µmole product formed/min/mg protein. 
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Table 6.1: An overview of enzyme assays 

Enzyme  Reaction  Absorbannce  

1-H-NAD  
1 hydroxy 2-naphthaldehyde   

1 hydroxy 2-naphthote  
300nm  

2 CBAL  
2 carboxy benzaldehyde +NAD

+
+H2O   O –

Phthalicacid + NADH + H
+ 

 

340nm  

(formation of NADH)  

P 3,4O  Protocatechuic acid +O2  Cis muconate  
290nm 

(Protocatechuate)  

P 4,5O  
Protatechuate  +O2  4 carboxy 2-hydroxy muconate 

semi aldehyde/ catechol  

410nm 

(Product Absorbance)  

C 1,2O  Catechol   cis muconate  260nm  

Laccase  PAHs  Quinones (ABTS) 
405nm  

(Absorbance) 

LiP  Veratyl alcohol +H2O2  Veratyldehyde + H2O 
405nm 

(Product Absorbance) 

 

6.3: Results and Discussion 

6.3.1 Screening of the enzymes produced during PAHs degradation 

Different degradative enzymes involved in the various stages of PAHs degradation and their 

differential expression were studied for 7days. In this study, activities of eight degradative 

enzymes, such as 1Hydroxy,2-Naphthoicacid dehyrogenase (1-H-2NAD), Catechol 1,2 

dioxygenase (C1,2DO), 2-Carboxybenzaldehyde Dehydrogenase (2CBD), Protocatechuate 

3,4 dioxygenase (P3,4DO), Protocatechuate 4,5 dioxygenase (P4,5DO), Laccase and Lignin 

peroxidase (LiP) were monitored during the PAHs metabolism (Table 6.2). The total protein 

concentration and the activities of these enzymes during degradation (1, 3, 5, 7 days) were 

studied. The total protein concentration was observed to decline initially for 3days followed 

with an increase on day 5 and 7 for PYR and CHY whereas for PHE and FLU it showed a 

linear relationship except for a decline on the 7th day (Figure 6.1 A). For BaP and BkF the 
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total protein concentration was observed to be in accordance with the growth rate with 

maximum on day 5 and 7 (Figure 6.1 B). This might be due to the difference in the 

induction of enzymes among the consortium members with respect to type of PAH 

compound.    

 

Figure 6.1: Production profile of total protein concentration during the degradation of 

PAHs (a) PHE ( ), PYR ( ), FLU ( ) and CHY ( ) (b) BaP ( ) and BkF 

( ) by the consortium B+F over a period of 7days. 

 

6.3.2 Enzyme Activity during the degradation of PHE 

For PHE, the activity of 1-H-2NAD, 2CBD and P3,4DO was maximum on day 1, showing 

activity of 0.248, 0.59 and 1.702 µmoles/min, respectively, while LiP was maximum on day 

3 (0.710 µmoles/min), laccase (0.674 µmoles/min) and P4,5DO (1.67 µmoles/min) on day 5 

and C1,2DO (1.729 µmoles/min) on day 7. From the results, it was inferred that the 

dissolved and available PHE in the medium was initially degraded by bacterial 1-H-2NAD 

and 2CBD to phthalate. Later, on the day 3and 5 the unavailable PHE in the medium acted 

upon by fungal LiP and laccase transform them to quinones and phenols. On day 5 and 7 

protocatechuate and catechol was acted upon by the bacterial enzymes P4, 5DO and C1, 

2DO converting them into cis-muconate. This correlated with the presence of GC-MS 

metabolites, phenols and quinones which constituted about 10% of the total metabolites 

identified (Figure 6.2). 
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6.3.3 Enzyme Activity during the degradation of PYR and FLU 

For PYR and FLU, as the aqueous solubility is less (135µg/L and 260µg/L) when compared 

to PHE (1.29 mg/L) [195] very little is available for degradation. The bacterial enzymes 1-

H-NAD, 2CBAL, P3,4O and P 4,5O activity was maximum on day1 (0.816, 0.590, 1.974 

and 1.565 µmoles/min) (Fig 6.3 A and C). However, LiP activity was observed maximum 

on day 1 (0.422 µmoles/min) and laccase on day 5 (0.735 µmoles/min) to make the PYR 

bioavailable whereas for FLU, laccase and LiP activity was maximum on day 3 and 5 

(0.788 and 0.548 µmoles/min) and 2CBAL and C 1,2O on day7 (0.787 and 1.153 

µmoles/min) (Fig 6.3 B and D) indicating the initiation of oxidation of FLU by fungus 

facilitating the bacteria to utilize the compound. Induction of these enzymes during 

degradation correlated with the studies of Mishra. S, [303] where differential expression of 

catabolic enzymes were observed during FLU degradation by the bacterial consortium. 

 

6.3.4 Enzyme Activity during the degradation of CHY 

For CHY, on day 1; 1-H-2NAD, 2CBD and P3,4DO activity was maximum (0.248, 0.590 

and 1.702 µmoles/min) like PHE. LiP, laccase and C1,2DO activity were maximum on day 

7 (1.222, 0.522 and 1.729 µmoles/min) (Fig 6.4 A and B). The activities of nonlignolytic 

enzymes 1,2 and 2,3-dioxygenases by Fusarium species and both nonlignolytic and 

lignolytic enzymes by Armillaria sp.F022 during CHY degradation, which correlated with 

the present study. [365, 376].  
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Figure. 6.2: Enzymatic analysis of bacterial and fungal enzymes: (A) Bacterial enzymes: 1 

hydroxy 2-Naphthoicacid dehyrogenase (1-H-2NAD) , 2-carboxybenzaldehyde 

dehydrogenase (2CABL), catechol 1,2 dioxygenase (C1,2O), protocatechuate 3,4 

dioxygenase (P3,4O) and protocatechuate 4,5 dioxygenase (P4,5O) (B) fungal enzymes: 

laccase and lignin peroxidase activities  assayed in the presence of phenanthrene over 7 days 

of incubation. 
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Figure. 6.3: Enzymatic analysis of bacterial and fungal enzymes: (A) Bacterial enzymes: 1 

hydroxy 2-Naphthoicacid dehyrogenase (1-H-2NAD), 2-carboxybenzaldehyde 

dehydrogenase (2CABL), catechol 1,2 dioxygenase (C1,2O), protocatechuate 3,4 

dioxygenase (P3,4O) and protocatechuate 4,5 dioxygenase (P4,5O) (B) fungal enzymes: 

laccase and lignin peroxidase activities assayed in the presence of pyrene and (C) Bacterial 

and (D) fungal enzymes of fluoranthene over 7 days of incubation. 
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Figure. 6.4: Enzymatic analysis of bacterial and fungal enzymes: (A) Bacterial enzymes: 1 

hydroxy 2-Naphthoicacid dehyrogenase (1-H-2NAD), 2-carboxybenzaldehyde 

dehydrogenase (2CABL), catechol 1,2 dioxygenase (C1,2O), protocatechuate 3,4 

dioxygenase (P3,4O) and protocatechuate 4,5 dioxygenase (P4,5O), (B) fungal enzymes: 

laccase and lignin peroxidase activities  assayed in the presence of chrysene over 7 days of 

incubation. 
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Table 6.2 Maximum Activity of enzymes during the degradation of PAHs over 7days of 

incubation. The numbers represent the day of maximum activity.  

Enzyme  
Activity 

(µmoles product formed/min/mg protein) 

 
PHE  PYR  FLU  CHY  BaP  BkF  Pathway  

1-H-NAD  
1 

(0.417) 

1 

(0.816) 

1 

(0.177) 

1 

(0.248) 

1 

(0.491) 

1 

(0.461) 

3,4 dihyroxy phe             

1 hydroxy 2-naphthoic 

acid  

2 CBAL  
1 

(0.740) 

1 

(0.590) 

7 

(0.787) 

1 

(0.590) 

5 

(1.443) 

1 

(3.214) 

2 carboxy benzaldehyde  

  O -Phthalate  

P 3,4O  
7 

(1.895) 

1 

(1.974) 

3 

(1.238) 

1 

(1.702) 

3 

(1.443) 

3 

(2.166) 

Protocatechuate   Cis 

muconate  

P 4,5O  
5 

(0.783) 

1 

(1.565) 

3 

(2.181) 

5 

(1.670) 

3 

(1.565) 

7 

(0.781) 

Protatechuate  

muconate semi aldehyde/ 

catechol  

C 1,2O  
7 

(1.765) 

3 

(0.747) 

7 

(1.153) 

7 

(1.729) 

3 

(0.802) 

7 

(1.241) 
Catechol   cis muconate  

Laccase  
5 

(0.674) 

5 

(0.735) 

5 

(0.788) 

5 

(0.522) 

5 

(0.714) 

5 

(2.194) 

PAHs  Quinones 

Phenols+O2    Quinones     

LiP  
3 

(0.710) 

1 

(0.422) 

3 

(0.548) 

7 

(1.222) 

3 

(1.138) 

5 

(1.912) 
PAHs   Quinones 

 

6.3.5 Enzyme Activity during the degradation of BaP 

For BaP, the activity of 1-H-2NAD was maximum at day 1, showing activity of 0.497 

µmoles/min, while LiP (1.138 µmoles/min), P3,4O (1.443 µmoles/min),  P4,5O (1.565 

µmoles/min) and  C1,2O (0.802 µmoles/min) activity was maximum on day 3, lacccase 

(0.714 µmoles/min) and 2-CBAL (1.443 µmoles/min) showed maximum activity on day 5. 

From the results, it was inferred that the dissolved and available BaP in the medium was 

initially degraded by bacterial 1-H-2NAD and later, on day 3 and 5 the unavailable PAH in 

the medium was acted upon by fungal LiP and laccase transforming them to quinones and 
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phenols followed by the bacterial enzymes P4,5O, C1,2O and P3,4O converting 

protocatechuate and catechol into cis-muconate. This correlated with the identified GC-MS 

metabolites of phenols and quinones which constitute about 10% of the total metabolites 

(Figure 6.5 A and B). 

 

6.3.6 Enzyme Activity during the degradation of BkF 

For BkF, the aqueous solubility is less (0.76 µg/L ) when compared to BaP (3.8 µg /L) 

[195]. On day 1, 1-H-2NAD and 2CBAL activity was maximum (0.461 and 3.214 

µmoles/min), P3,4O activity on day3 (2.166 µmoles/min), fungal enzymes laccase and LiP 

activity on day 5 (2.194 and 1.912 µmoles/min) and P4,5O and C1,2O on day 7 (0.781 and 

1.241 µmoles/min)  (Figure 6.6 A and B) indicating the initiation of BkF oxidation by 

fungus and later facilitating the bacteria to utilize the compound. Induction of these 

enzymes during degradation correlated with the studies of Mishra. S [303] and Gullotto.A 

[369] where differential expression of catabolic enzymes were observed during FLU 

degradation by the bacterial consortium and enhanced degradation rate with combined 

action of bacterial, fungal enzyme systems. 

 

6.3.7. Role of extra-cellular enzymes in the degradation of BAA, DBA and IND 

Aspergillus species was well known for its lignin degrading enzymes (Lignin Peroxidase 

(LiP), Manganese Peroxidase (MnP) and laccase) involved in the transformation of LMW 

PAHs to quinones [377]. In the present study, LiP along with laccase activity was identified 

in the culture broth but manganese peroxidase activity was not detected in the medium 

during the incubation of PAHs with this fungal strain. The extracellular protein 

concentration and the activity of enzymes during degradation (2, 4, 6, 8, 10 days) were 

reported in the Figure 6.7 (A). There was decline in the protein concentration of the broth on 

the 6
th

 day of the incubation with BAA and DBA. However, for IND, after 2
nd

 day there was 

no increase in extracellular protein concentration (Figure 6.7A).  
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Figure. 6.5: Enzymatic analysis of bacterial and fungal enzymes: (A) Bacterial enzymes: 1 

hydroxy 2-Naphthoicacid dehyrogenase (1-H-2NAD), 2-carboxybenzaldehyde 

dehydrogenase (2CABL), catechol 1,2 dioxygenase (C1,2O), protocatechuate 3,4 

dioxygenase (P3,4O) and protocatechuate 4,5 dioxygenase (P4,5O) (B) fungal enzymes: 

laccase and lignin peroxidase activities  assayed in the presence of Benzo (a) pyrene over 7 

days of incubation. 
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Figure. 6.6: Enzymatic analysis of bacterial and fungal enzymes: (A) Bacterial enzymes: 1 

hydroxy 2-Naphthoicacid dehyrogenase (1-H-2NAD), 2-carboxybenzaldehyde 

dehydrogenase (2CABL), catechol 1,2 dioxygenase (C1,2O), protocatechuate 3,4 

dioxygenase (P3,4O) and protocatechuate 4,5 dioxygenase (P4,5O) (B) fungal enzymes: 

laccase and lignin peroxidase activities  assayed in the presence of Benzo (k) fluoranthene 

over 7 days of incubation 



153 
 

 
 

 

Figure. 6.7. Protein profiles and enzyme assays: (A) Extracellular protein concentration of 

BAA, DBA and IND was represented over 10 days of incubation. (B) Laccase activity and 

(C) Lignin peroxidase activity of Aspergillus terricola during the degradation of BAA, 

DBA and IND recorded over 10 days of incubation. All the data indicates Mean±SD (n = 3). 
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A high laccase activity was observed for BAA (7.299 µmoles/min) followed by IND (3.587 

µmoles/min) and DBA (2.582 µmoles/min) on the 4th day of the incubation (Figure 6.7 B). 

Contrasting this, IND cultures showed the highest LiP ativity (4.086 µmoles/min) when 

compared with DBA incubated cultures (0.903 µmoles/min) on the 2
nd

 day of incubation. 

Concurrently BAA cultures showed only 0.645 µmoles/min activity on the 6
th

 day of the 

incubation (Figure 6.7 C). The production of laccase and lignin peroxidase was diverse with 

different PAHs studied. These results also analogize with the studies of Wu. Y [251] where 

50mg/L of anthracene  incubated with Fusarium solani  for 40 days showed more laccase 

production when compared to BAA.  

 

For PAHs mixtures with final concentrations 45 and 90mg/L, both laccase and LiP activity 

were maximum in 90 mg/L PAH cultures (Figure 6.7) due to the induction of more 

extracellular enzymes production by Aspergillus owing to high substrate concentration. 

Also, the existence of both laccase and LiP in Aspergillus species [378-380] during the solid 

state fermentation of agricultural waste of banana, decolorization of molasses and industrial 

dyes was observed. From the previous studies [262] involvement of both the lignolytic and 

nonlignolytic systems of Pleurotus ostreatus in the PAHs degradation is suggested and the  

current results, justify the role of both intracellular enzymes (cytochrome P450 and epoxide 

hydrolases) and extracellular enzymes (Laccases and LiP) produced by A. terricola var 

americanus in degrading PAHs efficiently. 

 

6.4 Summary of this chapter 

From the results, it is clear that both lignolytic and nonlignolytic enzyme activities were 

observed in fungal and bacterial consortium, although differential expression was observed 

with respect to the type of PAH compound and its bioavailability. Also, the difference in the 

induction of enzymes by various microorganisms of the consortium, with different PAHs 

was studied. Further, enzyme studies clearly correlated with the identified GC-MS 

metabolites such as phenols, quinones, phthalate and catechol etc. 

 

 

 


