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Abstract Removal of long-chain hydrocarbons and n-

alkanes from oil-contaminated environments are mere

important to reduce the ecological damages, while bio-

augmentation is a very promising technology that requires

highly efficient microbes. In present study, the efficiency of

pure isolates, i.e., Geobacillus thermoparaffinivorans IR2,

Geobacillus stearothermophillus IR4 and Bacillus

licheniformis MN6 and mixed consortium on degradation

of long-chain n-alkanes C32 and C40 was investigated by

batch cultivation test. Biodegradation efficiencies were

found high for C32 by mixed consortium (90%) than pure

strains, while the pure strains were better in degradation of

C40 than mixed consortium (87%). In contrast, the maxi-

mum alkane hydroxylase activities (161 lmol mg-1 pro-

tein) were recorded in mixed consortium system that had

supplied with C40 as sole carbon source. Also, the alcohol

dehydrogenase (71 lmol mg-1 protein) and lipase activity

(57 lmol mg-1 protein) were found high. Along with the

enzyme activities, the hydrophobicity natures of the bac-

terial strains were found to determine the degradation

efficiency of the hydrocarbons. Thus, the study suggested

that the hydrophobicity of the bacteria is a critical

parameter to understand the biodegradation of n-alkanes.

Keywords Biodegradation � n-Alkanes � Degradation
enzymes � Hydrophobicity � Bacillus and Geobacillus �
Gas chromatography

Introduction

Oil contamination and pollution is a global issue that poses

threat to the ecology and environment (Hasanuzzaman

et al. 2007; Zhang et al. 2012a; Kumar et al. 2016). The

crude oil and refinery compounds released into the envi-

ronment consists of major polluting compounds of different

carbon chain lengths straight n-alkanes, branched

(isoalkanes), or cyclic (naphthenes) arrangement up to 60

carbons and aromatic hydrocarbons (Abrajano and Yan

2014). United States National Research Council classified

these organic contaminants into high and low molecular

weight hydrocarbons, oxygenated, halogenated aliphatics,

aromatics, nitro aromatics hydrocarbons and alkanes (NRC

2000; Abrajano and Yan 2014). These hydrocarbons and

alkanes have been considered as priority pollutants (NRC

2000; Ekperusi and Aigbodion 2015), which are biohazards

and biomagnified in the environment (Kramer and Van der

Heijden 1990; Mohamed et al. 2006). While, there are

special group of microorganisms that can biodegrade and

biotransform these hydrocarbons and alkanes to assimilate

as biomass in the ecosystem (Chikere et al. 2012; Rajase-

kar et al. 2012; Roy et al. 2015; Kumar et al. 2016).

However, few alkanes are recalcitrant in the environment

(e.g., long chain and high molecular weight hydrocarbons)

due to their non-polar and chemically inert nature

(Labinger and Bercaw 2002). Extensive research studies

and reviews reported the biodegradation of the short chain

hydrocarbons, while very limited studies reported the

alkane and long-chain hydrocarbon degradations,
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especially under thermophilic conditions (Sakai et al. 1994;

Ko and Lebeault 1999; Hasanuzzaman et al. 2007).

Thermophilic bacterial strains play a vital role in the

degradation of aliphatic hydrocarbons than mesophilic

groups thus significance to use it for bio-augmented

cleaning of oil-contaminated environment (Wang et al.

2011). Many of the thermophilic bacterial genera such as

Thermomicrobium sp., Bacillus sp., Geobacillus sp., and

Thermus sp. were identified and characterized from dif-

ferent hydrocarbon habitats (Sorkhoh et al. 1993; Nazina

et al. 2001; Meintanis et al. 2006; Liu et al. 2009). Thermus

sp. shows higher degradation rates of the hexadecane and

benzo[e]pyrene both aliphatic and polyaromatic hydrocar-

bon at 70 �C that was isolated from Hot springs (Feitken-

hauer et al. 2003). While, Pseudomonas aeruginosa

normally metabolize the alkanes through oxidation process

and it has two alkane hydroxylases (alkB1 and alkB2),

cytochrome P450 and other essential electron transfer

proteins that allow it to metabolize long-chain alkanes

(Gunasekera et al. 2013). Similarly, G. stearothermophilus

are reported to contain hydroxylase enzyme and gene-en-

coding alkane monooxygenase are responsible for degra-

dation of long-chain alkanes (C12–C31) (Sakai et al. 1994;

Wang et al. 2006; Liu et al. 2010; Li et al. 2010). Many

microbial species were used by many researchers to

degrade long-chain alkanes like B. stearothermophilus,

Acinetobacter sp., B. thermoleovorans, G. kaustophilus,

Dietzia sp., B. licheniformis, etc. (Sorkhoh et al. 1993;

Sakai et al. 1994; Kato et al. 2001; Sood and Lal 2008;

Bihari et al. 2010). However, the removal efficiency of the

different isolates varied due to their action mechanisms on

degradation of pollutants, substrate concentrations and

their bioavailability. Temperature is a key factor to regulate

the gene expression, enzyme activation, degradation of

pollutant and mass transfer rates, however, the major lim-

itations comes from bioavailability, solubility of the

hydrocarbons and alkanes and the hydrophobic nature of

the culture (Feitkenhauer et al. 2003).

During thermophilic (aerobic) degradation the n-alkanes

oxidized into primary alcohol by the oxidation of a ter-

minal methyl group, which is further oxidized into alde-

hyde (Rojo 2010). Furthermore, sub-terminal oxidation is

also reported for long-chain n-alkanes during biodegrada-

tion (Wentzel et al. 2007). Number of enzymes synergis-

tically acts upon biodegradation of n-alkanes in

environment were the mixed bacterial population co-exist.

Few bacterial strains have similar enzymes but one or more

isometric enzyme structure, i.e., P. putida hold only one

alkane hydroxylase, while A. borkumensis has two alkane

hydroxylases (AHy). In few isolates, both alkane hydrox-

ylase and alcohol dehydrogenase (ADHs) has been char-

acterized, e.g., G. thermodenitrificans (Li et al. 2010).

Alcohols generated by terminal oxidation of n-alkanes are

further oxidized to aldehydes by ADHs, therefore, provide

complete biotransformation. Similar to AHy, there are few

microbes that can excrete four different ADHs with species

specificity, i.e., towards primary and secondary alcohols

(Vangnai and Arp 2001; Vangnai et al. 2002). Therefore,

the degradation efficiency and intermediate products from

degradation of long-chain hydrocarbons and n-alkanes rely

on the type of isolate used and their enzymatic oxidation

properties. There are very limited studies reported on

degradation of long-chain hydrocarbon C32 and C40 by

thermophiles and the significant enzyme activities. To the

best of our knowledge, no studies reported the degradation

pattern of C40 by thermophilic isolates and mixed consor-

tium that exhibit high assimilation rates, therefore, the

study and outcome presented in this manuscript is novel.

Afore mentioned, the present study aimed to investigate

the biodegradation efficiency of pure isolates G.

stearothermophilus IR4, G. thermoparaffinivorans IR2, B.

licheniformis MN6 and as mixed consortium to remediate

the C32 and C40, which are major pollutants from oil-

contaminated environment. The functions and ability of the

pure isolates and mixed consortium were compared in

terms of degradation efficiency and enzyme activities by

batch study.

Materials and methods

Higher n-alkanes

The n-alkanes, i.e., dotricontane (C32) (product code

D223107) and tetracotane (C40) (Product code 87086) and

all the chemicals used in this study were analytical grade

and purchased from Sigma Aldrich, India.

Media and bacterial growth conditions

The oil and produced water samples were collected from

oil reservoir located in the Cauvery river basin (Latitude:

10.7694; longitude: 79.6155), Karaikal, Tamil Nadu, India.

Three thermophilic bacterial strains were isolated and

identified by biochemical characterization and molecular

gene sequencing approaches (16S rDNA gene analysis).

The selected strains G. stearothermophilus IR4, G. Ther-

moparaffinivorans IR2 and B. licheniformis MN6 were

characterized and identified up to genus level by their

morphological and partial biochemical characterization

using the following: Gram staining, motility test, Voges–

Proskauer, citrate utilization, indole production, methyl red

test, carbohydrate fermentation, catalase, H2S production,

oxidase test, starch, gelatin and lipid hydrolysis (Holt et al.

1994). The respective sequences of the three isolates were

submitted to Genebank with the accession numbers of
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KP338614, KP338611 and KP338616, respectively. The

bacterial cultures were enriched under shake flask condi-

tions at 120 rpm at 50 �C for 24–48 h using Luria–Bertani

(LB) medium prior to experiments.

Biodegradation of n-alkanes

Biodegradation study was carried out using Bushnell

Hass (BH) broth and using C32 and C40 as carbon

sources. The composition of the BH broth (g L-1):

MgSO4 0.2; CaCl2 0.02; KPO4 1.0; K2PO4 1.0; NH4NO3

1.0; and FeCl3 0.05. Individual strains IR2, IR4 and

MN6 and consortium of bacterial cells were adjusted to

OD600 * 1.0 and supplemented with 0.1% of C32 and

C40 as a sole carbon source in BH broth. The total

populations in each test conditions were *2.1 9 106

CFU mL-1 for pure isolates and mixed consortia. The

flasks were incubated at 50 �C in an orbital shaker

(120 rpm) over 20 days. Abiotic controls, i.e., flask

without inoculation of any isolates/mixed consortium,

were also run in parallel to understand the fate of pol-

lutants. All the experiments were done in triplicate. The

aliquot samples were collected on day 10 and 20 for the

analysis of protein, enzymes and intermediate products.

Protein estimation

For the determination of protein, from the IR2, IR4 and

MN6 biodegradation medium were collected and harvested

centrifugation at 8000 rpm at 4 �C for 10 min and then

washed in potassium phosphate buffer (pH 7.0) twice. The

pellet further sonicated for 5 min at 0 �C with same buffer

and centrifuged at 20,000 rpm at 4 �C for 25 min. The

supernatant was then stored at 2 �C and the protein content

was measured according to Lowry et al. (1951) at 660 nm

by UV–Vis spectrophotometer using bovine serum albumin

as a standard.

Alkane hydroxylase assay

The AHy experimental methodology was adopted as pre-

viously described by Mishra and Singh (2012). In Brief, the

cell-free supernatant was collected by centrifugation at

8000 rpm at 10 min (Remi, C-24BL, India) and used for

AHy assay. The reaction mixture contained 0.15% CHAPS

buffer (pH 7.4), 20 mM Tris–HCl and, 0.1 mM NADH,

10 lL of n-hexadecane solution (1% hexadecane in 80%

DMSO), and 50 lL of crude extract in 1 mL volume.

Enzyme activity was tested by absorbance at 340 nm in

UV–Vis spectrophotometer (Jasco V630 model UV–Vis

spectrophotometer, Japan). Alkane hydroxylase activity

and the amount of enzyme are calculated using the standard

slope method.

Alcohol dehydrogenase assay

The ADHs assay was carried out as described by Jauhari

et al. (2014). The reaction mixture contained 4 mM NAD,

1 M Tris–HCl buffer (pH 8.8), 100 lL ethanol (99% pure)

and 50 lL crude extract (i.e., cell free supernatant from

culture flasks) for final make up volume of 1.0 mL.

Enzyme activity was measured at 340 nm in UV–Vis

spectrophotometer and concentrations were calculated

from standard value.

Determination of extracellular lipase

For each day, 2 mL of culture medium was taken from the

shake flasks and centrifuged at 10,000 rpm for 30 min at

4 �C (Remi, C-24 BL, India). The supernatant was filtered

using a 0.22 lm membrane filter and cell-free supernatant

was used for the lipase assay. Consumption of 1 mL NaOH

(0.01 N) was equivalent to 10 lM of fatty acid liberated

from n-alkanes. One unit of lipase activity (U) was cal-

culated as lM of fatty acid released per min. Lipase

activity was expressed in unit per mL, i.e., U mL-1

(Mishra and Singh 2012).

Bacterial adhesion to hydrocarbons (BATH)

The BATH assay was used to determine the cell surface

hydrophobicity of IR2, IR4 and MN6. Cell biomass were

harvested by centrifugation at 8000 g for 10 min in 4 �C,
washed twice with PUM buffer (Mishra and Singh 2012),

and re-suspended in PUM buffer to maintain initial

absorbance (at OD400) values between 0.12 and 0.14.

Around 1 mL of hexadecane and 2 mL of the adjusted cell

suspension were vortexed at high speed for 2 min and

incubated at 30 �C for 15 min to allow the phase separation

of hydrocarbons in floating layer. The lower aqueous phase

was removed carefully and turbidity of the aqueous phase

was measured at OD600 using UV–Vis spectrophotometer.

The percentage of cells adhere (%A) with the hydrocarbons

were measured using aqueous phase concentrations as

given below (Rajasekar and Ting 2010).

%A ¼ 100 � 1 OD of the aqueous phase=ð½
OD600 of the cell suspensionÞ�

Gas chromatography analysis

Residual C32 and C40 from each biodegradation flasks were

extracted with n-hexane (Wang et al. 2006). Finally the

characterization of the n-alkanes fractions and changes in

functional group were qualitatively analyzed by gas chro-

matography–mass spectrometry (GC–MS) with the Elite

column 30.0 m 9 0.25 mm, 250 lm (Perkin elmer, Clarus
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680, USA). The oven temperature was set as: 60 �C for

2 min, ramp 10 �C/min to 300 �C. Helium was used as

carrier gas at a constant flow rate of 1 mL min-1 and 1 lL
of samples were injected for analysis. The rate of

biodegradation efficiency (BE) of C32 and C40 were cal-

culated as described earlier (Rajasekar et al. 2007).

Results

Biodegradation of n-alkanes C32 and C40

Preliminary identification of the thermophilic bacteria by

biochemical test indicated that the isolates belonged to the

genera Geobacillus and Bacillus. The phenotypic profiles

of the thermophilic bacterial strains are shown in Table 1.

Degradation of C32 and C40 by IR2, IR4 and MN6 and

mixed consortium, were analyzed by GC–MS (Figs. 1, 2).

The GC–MS analysis revealed that the relative abundance

of each peaks were highly reduced and formed new inter-

mediate compounds (Table 2). The isolates used in this

study are highly efficient in degradation of C32 and C40

(Fig. 3). The BE of C32 was about 62% (IR2), 48% (IR4),

80% (MN6) and 85% (mixed consortium), within 10 days

of incubation. Subsequent incubations improved the BE up

to 90% (IR2), 82% (IR4), 87% (MN6) and 90% (mixed

consortium), respectively, over 20 days (Fig. 3). Similarly,

the BE of C40 was found to be 38, 42, 40 and 56% within

10 days, which further increased 82, 86, 87 and 88% for

IR2, IR4, MN6 and consortium, respectively, for 20 days.

Bacterial cell protein

The bacterial protein content continued to increase with the

replica of cells presence in IR2, IR4, MN6 and consortium

during the incubation period. The incipient cell protein was

measured between 1.08 and 1.6 mg mL-1 and then

increased to a maximum of 2.42 mg mL-1 in the consor-

tium. Individual strains did not show any major difference

in the total cell protein at the end of batch incubation study

which provided two different hydrocarbon sources.

Alkane hydroxylase

The maximum AHy activity in presence of C32 were

measured as 122 lmol mg-1 protein (IR2),

150 lmol mg-1 protein (IR4), 143 lmol mg-1 protein

(MN6) and 160 lmol mg-1 protein (mixed consortium) as

shown in Fig. 4. In all test conditions, it had showed that

the maximum enzyme activities were measured between 6

and 10 days and declined after 12th day towards the end.

Figure 4 shows the activity of alkane hydroxylase in

presence of C40 as sole carbon sources. The induction of

alkane hydroxylase by the isolate were observed, IR2

(157 lmol mg-1 protein), IR4 (142 lmol mg-1 protein),

MN6 (147 lmol mg-1 protein) and mixed consortium

(161 lmol mg-1 protein). Each isolates shows maximum

enzyme activity between 9 and 12 days of incubation.

Initial high n-alkane concentrations supported the growth

and higher enzyme activities of pure and mixed consor-

tium. The AHy are membrane bound protein were reported

to be mainly responsible for hydrocarbon degradation and

the enzyme encoded by specific genes were reported for

Table 1 Morphology, phenotype and biochemical characterization of

thermophilic bacterial strains isolated from crude oil reservoir

Characteristics IR2 IR4 MN6

Cell morphology and growth range

Gram staining ? ? ?

Shape ? ? ?

Motility test ? ? ?

Sporulation ? ? ?

37–55 �C ? ? ?

Production of acid from

Glucose ? ? ?

Fructose ? ? ?

Maltose ? ? ?

Sucrose ? ? ?

Lactose ? - -

Xylose - - -

Arbinose - - ?

Cellobiose - - ?

Rhaminose - - -

Galactose - - ?

Mannitol - - ?

Glycerol ? ? ?

Sorbitol - - ?

Ribose - - ?

Hydrolysis of

Caesin ? - ?

Gelatin ? ? ?

Starch ? - ?

n-alkanes ? ? ?

Utilization of

Formate - - ?

Acetate ? ? -

Citrate - - ?

Growth in NaCl in % (W/V) 3–5 3–5 5–6

Indole production ? ? ?

Urease - - -

Oxidase ? ? ?

pH range 6–8 ? ? ?

R- Rod, G. thermoparaffinivorans IR2, G. stearothermophillus IR4

and B. Licheniformis MN6
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other pure strains in literature (Rojo 2010). However, the

AHy induction revealed that initially the n-alkanes level

affected the expression levels of these specific gene clus-

ters, which were measured from the initial low concen-

trations of AHy at exponential growth phases of pure and

mixed cultures (Canosa et al. 1999; Wentzel et al. 2007).

Alcohol dehydrogenase assay

The aerobic degradation of n-alkanes starts by the oxida-

tion of a terminal methyl group that render a primary

alcohol, via AHy enzyme in the presence of NADH

rubredoxin and rubredoxin reductase, which was further

dehydrogenated to aldehyde by ADHs. As shown in Fig. 5,

the alcohol dehydrogenase activities are ranged maximum

between 7 and 12 days during batch degradation studies,

which followed the AHy induction. The maximum induc-

tion for IR2 (60 lmol mg-1 protein), IR4 (72 lmol mg-1

protein), MN6 (88 lmol mg-1 protein) and mixed con-

sortium (89 lmol mg-1 protein) on day 11. Similarly, the

ADHs in presence of C40 as sole carbon sources for IR2

(60 lmol mg-1 protein), IR4 (69 lmol mg-1 protein),

MN6 (72 lmol mg-1 protein) and mixed consortium

(71 lmol mg-1 protein) in 10 days of incubation (Fig. 5).

In contrast with the alkane dehydrogenase, the MN6 had

exhibit high ADHs activities than other pure isolates during

C32 and C40 supplied as carbon source.

Lipase assay

Similar to other enzymes, the level of lipase enzyme

induction was less at initial incubations and rapidly

increased. Figure 6 shows the lipase activity by IR2

(34 lmol mg-1 protein), IR4 (51 lmol mg-1 protein),

MN6 (38 lmol mg-1 protein) and mixed consortium

(60 lmol mg-1 protein) under C32 supplied condition.

Fig. 1 Gas chromatograph

profiles for long-chain n-alkane

C32 degradation a–e 10 days

incubation and f–j 20 days of

incubation. (a) and (f) Control,

(b) and (g) Mixed consortium,

(c) and (h) G.

thermoparaffinivorans IR2,

(d) and (i) G.

stearothermophilus IR4, (e) and

(j) B. licheniformis MN6

Fig. 2 Gas chromatograph

profiles for long-chain n-alkane

C40 degradation a–e 10 days

incubation and f–j 20 days of

incubation. (a) and (f) Control,

(b) and (g) Mixed consortium,

(c) and (h) G.

thermoparaffinivorans IR2,

(d) and (i) G.

stearothermophilus IR4, (e) and

(j) B. licheniformis MN6
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While, similar trend was observed for lipase activity when

the medium was supplied with C40, i.e., IR2 showed

(37 lmol mg-1 protein), IR4 (41 lmol mg-1 protein),

MN6 (39 lmol mg-1 protein) and mixed consortium

(57 lmol mg-1 protein). Cell surface properties, changing

composition of the cellular fatty acids in the presence of

various hydrocarbons were reported to improve the

lipophilicity and could assist the uptake, absorption and

import of the hydrocarbons (Mishra and Singh 2012).

Surface hydrophobicity

Cell surface hydrophobicity (CSH) was the measure of

adhesion of hydrocarbon to the cell surface. Since the

initial step in hydrocarbon degradation were mediated by

oxidation reactions catalyzed by cell-surface-associated

oxygenase, the hydrophobic nature of the hydrocarbon and

pure isolates need to be studied to explain and improve the

BE (Rosenberg 1993; Fletcher 1996; Wentzel et al. 2007).

From this study, the CSH was measured using the BATH

assay for pure strains and mixed consortium. The

hydrophobicity is about 74, 81, 78 and 86% for IR2, IR4,

MN6 and mixed consortium, respectively.

Discussion

Biodegradation technology was most efficient, economic

and eco-friendly approach for remediation of contaminated

environments, including hydrocarbon contaminated soils.

The microbes play a key role in remediation of hydrocar-

bon (Wang et al. 2006). In this study, we have compared

the pure cultures and mixed culture for degradation of C32

and C40, while the mixed consortium showed high BE %

for C32, while pure strains showed better BE % for C40. It

was observed that degradation efficiency was increased

with incubations period. Also, the initial growth of

microbes and enzyme inductions were slightly stressed

with provided sole carbon source (C32 and C40), since they

Table 2 Intermediate compounds from biodegradation of hydrocar-

bon C32 and C40 by Geobacillus thermoparaffinivorans IR2,

Geobacillus stearothermophillus IR4 and Bacillus licheniformis MN6

n-Alkane Compound name Molecular weight Formula

C32 Heptadecane 240 C17H36

Nonadecane 268 C19H40

Heneicosane 296 C21H44

Heneicosane, 3-methyl- 310 C22H46

Pentacosane 352 C25H52

Pentacosane 380 C26H54

Heptacosane 380 C27H56

C40 Eicosane 282 C20H42

Heneicosane 296 C21H44

Docosane 310 C22H46

Tetracosane 338 C24H50

Hexacosane 366 C26H54

Hentriacontane 436 C31H64

Tetracosane, 11-decyl 478 C34H70

Fig. 3 Degradation percentage

of individual n-alkanes C32 and

C40 by G.

thermoparaffinivorans IR2, G.

stearothermophilus IR4, B.

licheniformis MN6 and Mixed

consortium. Vertical bars

represent the standard error of

the mean based on the three

independent tests
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were not previously been adapted to the tested carbon

sources.

Moreover, the surface hydrophobicity of alkanes and

bacterial cells were the crucial factor to influence the BE of

pollutants in aqueous medium. In BH broth, isolates IR2,

IR4 and MN6 were proved to be potentially adhering to the

n-alkanes surface and utilized as carbon sources to form a

new biomass (Rojo 2010). Ibrahim et al. (2013) and

Gudina et al. (2012) reported that the B. licheniformis were

dominant bacterial strain in oil reservoir and capable to

degrade several mercaptans such as 1-decanethiol and

1-dodecanethiol at 55 �C (Chebbi et al. 2014). In this

study, the MN6 was able to perform superior than other

strains or mixed consortium in degradation of C40. Simi-

larly, IR2 and IR4 were able to degrade 87–88% of C40 into

different intermediate compound such as eicosane, hene-

icosane and docosaneetc (Table 2) (Wang et al. 2006;

Zhang et al. 2012b). The degradation of C40 was found to

be high and similar reports were not available in the lit-

erature yet. However, under mixed consortium, the

potential bacterial synergism might have affected the

degradation efficiency of C40, which required further

investigation. Overall, these isolates exhibited higher BE

for C32 and C40 hydrocarbon as pure or mixed consortium

at thermophilic condition and promising to use for hydro-

carbon remediation.

The degradation of individual hydrocarbons was also

correlated with the enzyme activities and bacterial growth.

Degradative enzymes such as AHy, ADHs and lipase were

involved in the degradation of n-alkane C32 and C40 that

were measured at different concentrations and found to be

independent of the isolates and test substrates as shown in

Figs. 4, 5 and 6. The membrane-bound AHy were mea-

sured in all pure isolates and also measured in other n-

alkane-degrading strains (Liu et al. 2009). Alkane

hydroxylase initiates the aerobic degradation of alkanes by

inserting oxygen atoms at the different sites of alkane

terminus (Jauhari et al. 2014; Ji et al. 2013). Such struc-

tures are exemplified by microbodies in alkane-grown

bacteria (Watkinson and Morgan 1990). These alkane

Fig. 4 Induction of alkane hydroxylase enzyme in different bacterial

strains during n-alkane a C32 and b C40 degradation. Vertical bars

represent the standard error of the mean based on the three

independent tests. Note IR2—G. thermoparaffinivorans, IR4—G.

stearothermophilus, MN6—B. licheniformis

Fig. 5 Induction of alcohol dehydrogenase enzyme in different

bacterial strains during n-alkane a C32 and b C40 degradation.

Vertical bars represent the standard error of the mean based on the

three independent tests. Note IR2—G. thermoparaffinivorans, IR4—G.

stearothermophilus, MN6—B. licheniformis
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oxidation enzymes also reported to have diverse substrate

ranges or different induction patterns (Hasanuzzaman et al.

2007; Meintanis et al. 2006). As observed in this study, the

inductions of AHy were good at stationary growth phase of

bacteria Fig. 4, rather than exponential growth phase.

The fatty acid alcohols generated by terminal oxidation of

n-alkanes were further oxidized to aldehydes by ADHs and

similarly as reported fromBacillus sp.,P. butanovora andG.

thermodenitrificans NG80-2 (Li et al. 2008; Vangnai and

Arp 2001; Vangnai et al. 2002). Thus, the ADHs were

essential for growth of microorganisms in the presence of n-

alkanes. In this studyADHs play a crucial role in degradation

process, since its level of induction was corresponded to the

degradation of n-alkane C32 and C40 (Fig. 5). The produced

aldehyde was metabolized towards corresponding car-

boxylic acid by the produced ADHs in a BH broth. This

carboxylic acid, mainly serve as a substrate for alkane

degradingmicrobes to accumulate fatty acids by b-oxidation
pathway (May and Katapodis 1990; Lal and Khanna 1996;

Mishra and Singh 2012). Thus, the roles of ADHs were

crucial to determine the degradability of the n-alkanes and

support the growth of degrading microbes in the BH broth.

As shown in Fig. 5, the IR2, IR4 and MN6 were able to

release high levels of ADHs for degradation of C32 and C40.

Also, the isolates also confirmed that the production of lipase

in the presence of C32 and C40 substrates is unique.

The lipases are hydrolases, which act under aqueous

conditions with triacylglycerols contains carboxyl esters

bonds to liberate fatty acids and glycerols. More concen-

tration of lipase was measured from mixed consortium than

pure cultures. The specific role of lipase is to induce the

lipolytic reactions at lipid-water interface, where the

hydrocarbons are emulsified in the broth. As reported by

previous researchers (Alvarez et al. 2000; Zheng et al. 2011),

the IR2, IR4 and MN6 was involved in the degradation of

intermediates produced at the later phase of n-alkane min-

eralization in this study was evident (Table 2). This further

improved the CSH. Thus, the study results suggests that the

CSH was essential parameter to improve the BE, while the

enzyme production is a critical factor to govern the overall

mineralization of these compounds were evident.

Conclusions

The three thermophilic bacterial strains G. thermoparaf-

finivorans IR2, G. stearothermophilus IR4 and B. licheni-

formis MN6 were found to be best strains for degradation

of C32 and C40 from the oil-contaminated point sources.

The two major factors that determines the BE of C32 and

C40 were AHy and ADHs activity along with CSH. Among

the three strains tested, G. stearothermophilus IR4 found to

be more robust in degradation and mineralization of C40,

while their complete degradation mechanism will be fur-

ther investigated, while the bacterial synergy affected the

BE under mixed consortium condition’s was evident from

this study. Overall, to our knowledge this is the first study

that report the few robust and indigenous isolate that can

degrade C40 efficiently and also for bioremediation of

recalcitrant compounds from the hydrocarbon-polluted

environment.
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