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Abstract

A bacterial strain was isolated from an oil-contaminated site and on its’ further characterization, exhibited the potential
of synthesising metabolites and the ability to degrade crude oil. Its’ morphological, biochemical and 16S rRNA analysis
suggested that the bacterium belongs to Dietzia maris AURCCBTOL. This strain rapidly grew in the medium supplemented
with n-alkanes C14, C18, C20, C28 and C32 utilizing them as a sole carbon source and produced a maximum canthaxanthin
pigment of 971.37 ug/L in the n-C14 supplemented medium and produced the lowest pigment yield of 389.48 ug/L in the
n-C-32 supplemented medium. Moreover, the strain effectively degraded 91.87% of crude oil in 7 days. The emulsification
activity of the strain was 25% with the highest cell surface hydrophobicity (70.26%) and it showed a decrease in surface ten-
sion, indicating that the biosurfactant production lowers the surface tension. This is the first report on the characterization of
the strain, Dietzia maris AURCCBTOL1 and its’ novelty of alkane degradation and simultaneous production of canthaxanthin

pigment.
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Introduction

Crude oil/hydrocarbon contamination of the land and aquatic
sources is one of the major environmental problems that the
world is currently confronted with. Crude oil contaminants
cause high toxicity to the humans and environment and are
quoted as one of the most alarming pollutants (Xu et al.
2018). Crude oils/fossil fuels are mixtures of hydrocarbon
compounds (Saturates, Aromatics, Resins, Asphaltenes etc.).
Ranging from smaller, volatile compounds to very large,
non-volatile compounds, they have several distinctive physi-
cal characteristics, particularly dense, viscous and a strong
tendency to adhere to the surfaces and to submerge beneath
the water surface. Potential to obstinate into the soils and
adhere to the water surfaces (Sieben et al. 2017), crude oils
right from their extraction from oil reservoirs and aquatic
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beds of the earth and until they are refined into final petro-
leum products, undergo various production processes. Dur-
ing these processes and accidental oil spillages, our envi-
ronment is exposed to various hazardous effects. All these
hazardous effects pose a great threat to humans and ecology.

Safeguarding the health of humans and the environment
from the hazardous effects of the toxic wastes of hydrocar-
bons is of utmost importance. Several oil pollution reme-
dial measures like, thermal treatment, burying, evaporation,
dispersion, advanced oxidation process, emulsion breakers,
adsorption, chemical dispersants etc. are in vogue in this
field, which could be employed depending upon the require-
ments (Ivshina et al. 2015). These are expensive technolo-
gies and encounter several drawbacks such as low solubility
and non-polarity, besides leading to the incomplete treat-
ment of oil contaminants (Dwivedi et al. 2019). Following
the problems confronted in these expensive and drawback
remediation processes, being the other choice methods, bio-
logical methods have evolved as recognized alternative ones
that could be employed to remediate crude oil contaminated
sites.

Employing bacterial sources as a key tool for remediation
of contaminants is one such recognized biological approach.
In this process, prospective bacterial sources are utilized,

pisllase ol ay .
Ay &) Springer


http://orcid.org/0000-0002-1810-9480
http://crossmark.crossref.org/dialog/?doi=10.1007/s13205-021-02807-7&domain=pdf

291 Page2of13

3 Biotech (2021) 11:291

as a chief biological tool to degrade the pollutants of the
petroleum hydrocarbons and oils, which is an appropriate,
efficient, economic and eco-friendly remediation methodol-
ogy (Lea-Smith et al. 2015). Such bacterial tools detoxify
hazardous organic compounds by polymerization, minerali-
zation and transformation (Sarma and Sarma 2010). Interest-
ingly, many hydrocarbon-degrading bacteria are capable of
producing bio-surfactants/bio-emulsifiers that will increase
the solubility of insoluble substrates by utilizing them as a
sole carbon source (Pacwa-Plociniczak et al. 2014; Ibrahim
2016).

Several studies reveal that the bacteria isolated from
the oil-rich environments are associated with that type of
hydrocarbons and to the surrounding environmental factors
(Yang et al. 2015; Varjani and Gnansounou 2017). The stud-
ies of Ivshina et al. (2015) and Sakthipriya et al. (2015)
testify that many bacteria isolated from oil-contaminated
sites are capable of degrading hydrocarbons. Acinetobacter
sp., Achromobacter sp., Flavobacterium sp., Rhodococcus
sp., Geobacillus sp., Bacillus sp., Pseudomonas sp., Kocuria
sp. and Dietzia sp., most effectively degrade hydrocarbons
utilizing crude oil as their sole carbon source (Chandran and
Das 2011; Sadighbayan et al. 2016; Thapa et al. 2012; Xia
et al. 2015; Yudono et al. 2011; Lin et al. 2014; Hamme and
Ward 2001; Nazina et al. 2005; Gharibzahedi et al. 2013a).

Naturally, bacterial strains native to oil-contaminated
sites will have incredible degradation prospective, as their
living environment itself would be a challenging one for
them to adapt to that situation. Such indigenous bacteria
of hydrocarbon-polluted sites utilize hydrocarbons for
their carbon needs, grow and metabolize, and relieve them-
selves from physiological stress caused by hydrocarbons in
the environment (Kleindienst et al. 2015). Some bacteria
metabolize specific alkanes, while others break down aro-
matic fractions of hydrocarbons; these factors are relating
to the type of hydrocarbon components and the potential of
those native bacteria. These characteristics suggest that these
indigenous bacteria are crucial for the degradation of petro-
leum hydrocarbons and they influence the transformation
and the fate of the hydrocarbons in the environment and thus
crediting the fact that they have different catalytic enzymes
and their roles in oil-contaminated sites are varying (Xu
et al. 2018). The study of Gurav et al. (2017) testifies that
the bacterial consortium provides wider enzymatic activi-
ties and facilitates the biodegradation of recalcitrant com-
pounds via co-metabolism and commensalism. Microbes
use long-chain n-alkanes as carbon and energy sources and
a higher rate of utilization of the hydrocarbons by bacterial
consortium is reported. Among the hydrocarbon-degrading
bacteria, Dietzia sp. is advantageous and more than 13 spe-
cies have been reported (Gharibzahedi et al. 2013a). Dietzia
sp. DQ12-45-1b utilized petroleum hydrocarbons whereas
Dietzia sp. E1 utilized C6-C36 alkanes as carbon source
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(Bihari et al. 2011) and D. cinnamea P4 utilized C11-C36
alkanes (Weid et al. 2007). Dietzia sp. can degrade aromatic
hydrocarbons like naphthalene, phenanthrene and fluoran-
thene (Kumar et al. 2011). Dietzia sp. DQ12-45-1b utilized
C6-C40 n-alkanes, aromatic compounds and crude oils as
carbon and energy sources. Yet there are not many reports
on the degradation of hydrocarbons by Dietzia maris.

Dietzia sp. is one of the most promising strains for the
production of carotenoid pigments, mainly canthaxanthin,
an orange-red pigment comprising significant properties
with keto-carotene. Canthaxanthin pigments have several
health benefits like anti-oxidant, anti-inflammatory, anti-
tumor, anti-cancer and as colouring mediators (Gharibza-
hedi et al. 2012); they are widely used in different industries
such as cosmetics, nutraceuticals, food and feed industries
(Goswami et al. 2012; Gharibzahedi et al. 2013b; Ravaghi
et al. 2016). The global market for carotenoid (astaxanthin,
beta-carotene, canthaxanthin, lutein, lycopene, zeaxanthin)
is projected to be USD 1.53 billion by 2021 (Sathasivam
and Ki 2018). Canthaxanthin has high market value thanks
to the consumer demands owing to its’ strong antioxidant
potential, besides its’ utility as nutraceuticals (Mezzomo
and Ferreira 2016). Moreover, Dietzia sp. can be used both
in agriculture and in environmental applications with easy
and efficient precise methods. To the best of our knowledge,
studies relating to alkane degradation and canthaxanthin pig-
ment production from bacterial sources are very scarce.

The present study therefore was aimed to isolate a
native bacterial strain from oil-contaminated sites, iden-
tify and characterize it, besides evaluating its prospective
of pigment production and testing its crude oil degradation
potential. Accordingly, in this study we have analyzed the
characteristics and the efficiency of the strain Dietzia maris
AURCCBTO01, isolated from an oil-contaminated site, and
now report the novel ability of its’ canthaxanthin pigment
production and crude oil degradation prospective. We also
propose it as a valuable tool for bioremediation of oil con-
taminant sites and pigment production.

Materials and methods

Isolation and selection of crude oil-degrading
bacteria

The oil-contaminated soil samples were collected from
the TecMec Engineering works, Coimbatore, Tamil Nadu,
India (11°2" N, 76°58' E). The sampling site is located in an
industrial hub, encompassing wastewater discharge outlets.
Temperature, salt concentration and pH of the sampling site
were 34 °C, 29.87 g/L and 8 respectively. The oil polluted
sediment samples were collected using spatula in sterile con-
tainers, transported to laboratory and stored at 4 °C. Mineral
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salt medium (MSM) comprising NH,NO; (1.0 g), CaCl,
(0.02 g), Mg,SO, (0.05 g), K,HPO, (1.0 g), and KH,PO,
(1.0 g) and trace element (5 mL) [Trace element: CaCl,
(2 mg/L), FeCl;-6H,0 (50 mg/L), MnCl,-4H,0 (0.5 mg/L),
ZnS0O,-7H,0 (10 mg/L) and CuSO, (0.5 mg/L)] in 1 L
distilled water was prepared. For solid medium, agar—agar
20 g/L was added to MSM. The medium was autoclaved at
121 °C for 15 min.

10 g of oil-contaminated samples were soaked in 100 mL
sterile distilled water in 250 mL conical flask. The flask
was shaked vigorously and allowed to stand for 15 min and
10 mL of the supernatant was added to 100 mL of MSM
containing 0.5% (w/v) crude oil as the sole carbon and
energy source in the 250 mL conical flask and incubated
at 30 °C, 150 rpm for 7 days. 100 uL were inoculated into
MSM agar plates containing 0.5% (w/v) crude oil and incu-
bated at 30 °C. The colonies obtained were sub-cultured
on MSM plates and stored on Luria—Bertani agar slants at
— 30 °C. The bacterial strain AURCCBTO1 was selected
for further study due to its ability to grow in the crude oil
amended medium.

Identification of the strain AURCCBTO1
Morphological characterization

The biochemical characteristics of the strain AURCCBTO1
were studied by Gram staining, catalase, oxidase, methyl-
red, Voges—Proskauer reactions, nitrate reduction, acid
from glucose, indole production, nitrate reduction, hydro-
gen sulphide production, citrate utilization and urease pro-
duction according to Bergey’s manual of determinative for
bacteriology.

The strain AURCCBTO! was cultured on Bab3-8
medium, centrifuged at 8000 rpm for 15 min and the cell
pellet was harvested. Phosphate buffer saline (PBS) was used
to wash cell pellets three times and 2.5% glutaraldehyde was
added for fixation and incubated at 4 °C for 6 h. After fixa-
tion, the cell pellets were again washed with PBS solution.
Cell pellets were treated with increasing concentration of
ethanol for dehydration and allowed to air dry. The sample
was coated with platinum and examined under a JEOL-JSM-
6390LV scanning electron microscope.

Analysis of 16S rRNA sequence and phylogenetic
analysis

Standard methods were followed for the preparation of
genomic DNA. The strain was cultured in LB broth over-
night, centrifuged and pellets re-suspended with 1 X TE
buffer containing 10% SDS and 120 pg/mL proteinase K
and kept for incubation at 37 °C for 1 h. The phase separa-
tion was carried out and ethanol was used for precipitation

of aqueous phase and the cells were re-suspended in TE
buffer and stored at 4 °C. The DNA absorbance was meas-
ured at 260 nm, the purity was tested in 0.8% agarose gel,
and ethidium bromide was used for staining. After DNA
purification, the amplification of 16S rRNA genomic
region was completed using universal primers 27F (5'-
AGAGTTTGATCCTGGCTCAG-3') and 1392R (5'-GGT
TACCTTGTTACGACTT-3").

Amplification of the 16S r RNA gene fragments were
carried out in Palm 1870 cycler TM (Corbett, UK) under
the standard conditions: initial denaturation at 94 °C for
5 min trailed by 30 cycles of denaturation at 94 °C for
1 min, annealing at 55 °C for 1 min and extension at 72 °C
for 2 min and then an extension for 5 min at 72 °C. The
reaction mixtures comprised of 2.5 U polymerase (Mango
Taq, Bioline), 10 mL of buffer solution, 2.5 mL of 50 mM
MgCl,, and 2.5 mL each of forward primer and reverse
primer, genomic DNA, and water to 50 mL final volume
and the PCR products were electrophoresed on 1% agarose
gel.

DNA sequences obtained from the strain were aligned
by CLUSTALW using MEGA. 16S rRNA gene sequences
were transferred into BLAST to identify matches with
existing characterized sequences (NCBI—http://www.
ncbi.nlm.nih.gov). The nucleotide sequence was deposited
in the NCBI GenBank database under Accession Number
MN134494.

Utilization of carbon source by the strain
AURCCBTO1

The ability of the strain D. maris AURCCBTO]1 to con-
sume hydrocarbons as the sole carbon source was tested
by culturing 5 mL of the 72 h old culture (ODg, value
1) in Reasoner’s 2 medium comprising in peptone 0.5 g,
yeast extract 0.5 g, casamino acid 0.5 g, glucose 0.5 g,
soluble starch 0.5 g, K,HPO, 0.3 g, MgSO,.7H,0 0.05 g,
sodium pyruvate 0.3 g in 1L of distilled water. After 48 h,
the culture was centrifuged at 8000 rpm for 5 min, cells
harvested were washed three times with sterile saline
solution to eliminate residual organic compounds. The
cells were inoculated into 100 mL of MSM medium sup-
plemented with different alkanes (C14, C18, C20, C28,
C32, C36, C40 and C44), branched alkanes (pristine) and
aromatic hydrocarbons (phenantherene) in 250 mL Erlen-
meyer flasks. The concentrations in flasks for n-alkanes
and aromatic hydrocarbons were 1000 mg/L and 400 mg/L
respectively. Two controls were maintained, control 1 had
only cells with no hydrocarbon whereas control 2 had only
hydrocarbons with no cells. The cultures were incubated
at 30 °C, 150 rpm for 7 days and the cell growth was
recorded by measuring ODy, in the medium.
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Pigment synthesis

In addition, the pigment extraction was carried out following
the method of Rezaeeyan et al. (2017) with few modifica-
tions. The culture (10 mL aliquot) was centrifuged using
cooling centrifuge at 7000 g for 30 min (Remi C-24 plus).
The cells were re-suspended in double-distilled water and
cell lysis occurred. The pellets were washed with NaCl solu-
tion and centrifuged to obtain yellow color pellets. The pel-
lets were then suspended in ethanol, vortexed for 5 min and
centrifuged to obtain the pigments. The pigment extracts
were filtered and analysed by scanning the absorbance in
the region of 350—-650 nm using UV-spectrophotometer (LI-
UV-7000). The maximum absorbance was determined at a
wavelength of 472 nm.

Degradation of crude oil by D. maris AURCCBTO1

5 mL of the 72 h old culture (ODg, value 1) in Reasoner’s
2 medium were harvested by centrifugation at 5000 rpm for
15 min, washed three times with sterile saline solution and
inoculated into 100 mL of MSM in 250 mL Erlenmeyer
flasks amended with crude oil (0.75% w/v) at pH 6. The cul-
ture medium was incubated at 30 °C, 150 rpm for 14 days.
Control was incubated without bacterial cells and the experi-
ments were conducted in triplicate. After 14 days of incu-
bation colour change in the medium was observed and the
medium was filtered to separate the biomass. The filtrate
was centrifuged at 8000 rpm for 15 min, the supernatant was
examined by UV-VIS spectrophotometer at 609 nm, and the
degradation percentage was calculated as follows:

Absorbance of treated sample

Degradation % = 1 — x 100

Absorbance of control

The residual oil in the culture medium was extracted
using the equivalent volume of n-hexane and dried using
vacuum rotary evaporator. The crude oil components were
separated using column chromatography and analysed using
Gas chromatography. The hydrocarbons were analysed using
7890 A gas chromatography-mass spectrometer (Agilent,
USA) using nitrogen as carrier gas at a flow rate of 2 mL/
min; injector temperature 280 °C; detector temperature
300 °C; initial column temperature 80 °C for 2 min and
raised to 280 °C and maintained for 20 min at a rate of 5 °C/
min.

Effect of pH and NaCl on crude oil degradation
5 mL of the 72 h old culture (ODg, value 1) in Reasoner’s

2 medium were harvested by centrifugation at 5000 rpm for
15 min, washed three times with sterile saline solution and
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inoculated into 100 mL of MSM in 250 mL Erlenmeyer
flasks. To study the effect of pH on crude oil degradation,
MSM medium supplemented with crude oil (0.75% w/v) at
the initial pH 5-9 adjusted using 1 mol/L. NaOH or 1 mol/L
HCI solution respectively in each flask and the control was
maintained without cells. The cultures were incubated at
30 °C, 150 rpm for 7 days and the cell growth was recorded
by measuring ODg, in the medium.

Salt content is an important factor in the degradation of
petroleum hydrocarbons in the soil because the high osmotic
potential directly influences the metabolic activity of bacte-
ria (Ahamed et al. 2014). So, the influence of sodium chlo-
ride on crude oil degradation was assessed using various
NaCl concentrations ranging from 10, 20, 40, 80 g/L. The
effect of NaCl on oil degradation was tested as described in
the earlier section and the saturated hydrocarbon degrada-
tion efficiency was measured using GC-MS. The control
sample without inoculum was used to detect abiotic loss of
saturated hydrocarbons. The experiment was performed in
triplicate and the results are expressed as mean and standard
deviations.

Emulsification, cell adhesion and surface tension

The cell-free culture filtrate and crude oil in the equal ratio
were mixed and vortexed for 5 min and incubated for 24 h
at 28 °C. The height of the emulsified layer by the total
length of the column is the emulsification activity (Bosch
et al. 1988). The bacterial cell adhesion to hydrocarbon was
measured by following the method of Plaza et al. (2005).
The 14 days old cell culture was used to measure surface
tension and expressed in mN/m.

Statistical analysis

All experiments were conducted in triplicate and the values
were expressed as means. The means were compared using
one-way ANOVA and the Tukey test (SPSS software, 14.0)
to indicate any significant differences among the param-
eters and variables. Results were considered significant if
p<0.05.

Results and discussion

Isolation and characterization of the strain
AURCCBTO1

Microbes that can degrade crude oils are usually isolated
from oil-polluted environments such as oil spill area and
oil reservoirs (Xu et al. 2018). According to Tremblay et al.
(2017) more than 79 genera including Dietzia sp., were iso-
lated from the oil-polluted environments that are capable
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of degrading petroleum hydrocarbons. Liu et al. (2017) in
their study have testified that oil-polluted sites were domi-
nated by Gram-negative bacteria and predominant hydro-
carbon degraders are Gram-positive bacteria comprising
Rhodococcus, Mycobacterium, Dietzia etc. and proposed
that they are suitable for degradation of oil pollutants. In
this study, twelve bacterial strains were isolated from the
oil-contaminated soil samples collected from TecMec Engi-
neering work, Coimbatore, Tamil Nadu, India. Of them, only
the strain, Dietzia maris AURCCBTO1 showed the highest
growth on crude oil amended medium and so it was selected
for further study.

The cells of the strain AURCCBTOLI tested in the present
study are Gram-positive cocci, flat, smooth, non-sporing,
halotolerant and catalase positive. The colonies are circular,

Fig. 1 a Colonies of D. maris
AURCCBTOL1 in agar medium.
b Scanning electron microscopy
(SEM) images. ¢ Phylogenetic
tree constructed based on the
16S rRNA gene sequences as
determined by Neighbor-Joining
algorithm

convex, glistening and expressing orange pigment on agar
medium (Fig. 1a). The surface morphology of the bacterial
cells studied using scanning electron microscopy (SEM) and
Fig. 1b showed that the cells are spherical in shape. The
strain was initially identified by biochemical tests and then
molecular identification followed. The biochemical charac-
terization of the strain identified in our study is illustrated
in Table 1.

The complete 16S rRNA gene sequence (1483 bp) of
the strain obtained was matched with GenBank databases
by BLAST searches. The outcome of the BLAST indicated
that the strain AURCCBTO1 exhibited maximum similarity
to Dietzia maris within the genus Dietzia. The similarity
index was 99.86% and so the sequence was submitted into
the GenBank under the accession number MN134494. The
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Table 1 Biochemical characterization of the strain AURCCBTO1

Biochemical characteristic Strain
AURC-
CBTO1
Gram staining +
Catalase +
Oxidase -
Methyl-red -
Voges—Proskauer reactions -
Nitrate reduction —
Acid from glucose -
Indole production -
Nitrate reduction -
Hydrogen sulphide -
Citrate utilization +
Urease +

Table 2 Utilization of carbon source by the strain AURCCBTO1

Carbon source Degradation® Canthax-
anthin
ug/L

n-Cl4 ++ 971.37

n-C18 ++ 905.02

n-C20 ++ 879.31

n-C28 + 624.42

n-C32 + 389.48

n-C36 - -

n-C40 - _
n-C44 - -

Pristine - -

Phenantherene - -

2Growth measured at ODgy,, after 7 days of incubation. (+):
ODgpgpm > 0.1; (++): ODggp,m > 0.2; (—=): ODgypp, > 0.05

phylogenetic analysis of the strain suggests that it belongs to
the genus Dietzia and shows a highest similarity with Dietzia
maris (Fig. 1c). All these characteristics suggest that the
strain AURCCBTOLI could be a prospective one in the line
of recognised oil-degrading bacteria.

Optimization of carbon source by the strain
AURCCBTO1

The strain D. maris AURCCBTOLI tested for its ability to
degrade n-alkanes and utilize aromatic hydrocarbons as
a sole carbon source. This strain utilizes n-alkanes in the
medium and degraded C14, C18, C20, C28, C32 effectively
after 7 days, whereas degradation was not observed for
higher alkanes such as C36, C40, C44, pristine and phenan-
therene (Table 2). Similarly, the canthaxanthin production
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was higher in the medium supplemented with C14, C18,
C20, C28, C32 and drastically lowered in C36, C40 and
C44 suggesting that the growth of D. maris AURCCBTOI
reduced in higher n-alkanes. This strain effectively utilizes
n-alkanes as carbon source and produces canthaxanthin,
which was higher (971.37 pg/L) in n-C14, lowers gradually
in C18, C20, C28 and the lowest production of 389.48 ug/L
was in C32. There was no production of canthaxanthin in
higher alknanes such as C36, C40, C44, pristine and phenan-
therene (Table 2). The Gram-positive bacteria play an impor-
tant role in the degradation of oil-polluted sites because
of their enzymatic and metabolic activities (Brzeszcz and
Kaszycki 2018). In this study, the tested strain D.maris
AURCCBTO1 degraded medium chain length n-alkanes by
enhancing the hydrogenase and catalase activities and has
thus testified its potential as other Gram-positive bacterial
hydrocarbon degraders.

Owing to the outer permeability membrane made of
mycolic acids (C30-C90 a-alkyl, p-hydroxy fatty acids),
the Dietzia sp. exhibited high hydrophobicity favouring
enhanced degradation (Gutierrez et al. 2011). When the cells
are exposed to n-alkanes, the hydrophobicity increases in
the exponential phase and becomes hydrophilic in the sta-
tionary phase. The hydrophobic factors are responsible for
cell-surface hydrophobicity in Dietzia sp., which suggest the
presence of hydrophobic bioemulsifier (Wang et al. 2013).
Once the n-alkane becomes available to the strains, it pen-
etrates the cell membrane and so oxidation occurs, and deg-
radation starts in the early stationary phase and their surface
hydrophobicity decreases (Bihari et al. 2010). The strain D.
maris AURCCBTOI has exhibited high hydrophobicity and
produced bio-emulsifier, leading to better degradation.

Canthaxanthin, a ketocarotenoid has eight isopre-
noid groups and 11 bonds as conjugated polyene called
chromophore together with carbonyl group substitution.
The canthaxanthin production is stimulated in the exist-
ence of medium chain n-alkanes, which are associated with
the uptake system and intracellular binding sites, thereby
enhancing the pigmentation (Gharibzahedi et al. 2013b).
Rostami et al. (2014) have reported that canthaxanthin pro-
duction is possible due to the stimulation of precursors of
the carotenoid pathway and mevalonic acid pathway in the
presence of carbon source in the medium thereby enhanc-
ing the synthesis and accumulation of canthaxanthin. Can-
thaxanthin is synthesized from isopentenyl pyrophosphate
(IPP) and dimethylallyldiphosphate via the mevalonic acid
(MVA) pathway and methylerythritol phosphate (MEP)
to achieve the carbon precursors. Canthaxanthin plays an
important role in membrane stabilization by Dietzia sp.
and the decreased production in higher n-alkanes supple-
mented medium is due to the decreased functionality of the
biomembranes in higher alkanes. Canthaxanthin, being a
unique carotenoid, is gaining industrial importance owing to
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its broad-ranging applications such as food, nutraceuticals,
cosmetic industries etc.

Crude oil degradation by D. maris AURCCBTO1

To investigate the crude oil degradation potential of the
strain AURCCBTOI, it was cultivated in crude oil (0.75%
w/v) and the culture started to become turbid at day 4. The
turbidity increased sharply until the end of the experiment
(day 14). After 7 days of cultivation, the hydrocarbons
(< C28) started to degrade and the hydrocarbons with chain
length > 32 remained similar to control. The gas chroma-
togram (Fig. 2) revealed that the strain could degrade a
wide range of hydrocarbons (C14-C28). About 68.7% of
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Fig.2 Mass spectrum for degradation of hydrocarbons in crude oil by
D. maris AURCCBTO1 a 0 day. b 14 day

the hydrocarbons were utilized in the first 4 days and about
23.17% in the next 2 days and totally 91.87% in 7 days; in
the remaining days the degradation reduced gradually. Over-
all, the strain tested in this study has exhibited its’capability
to use crude oil as the key carbon source and showed the
highest degradation (91.87%) of the n-alkanes (C14—C28)
in a short time of 7 days and has thus exhibited its” prospec-
tive as a bio-tool to degrade oil-contaminated sites (Fig. 3).

Al-Wasify and Hamed (2014) have reported that the
Pseudomonas aeruginosa, Bacillus subtilis and Acine-
tobacter Iwoffi degrade crude oils to a maximum rate of
77.8%, 76.7% and 74.3% respectively and the mixture of
this bacterial consortium degraded a maximum of 88.5%.
Another study testifies that the isolate Streptomyces parvus
B7 showed biodegradation efficiency up to 82% aided by
the high bio-surfactant production (Parthipan et al. 2018).
Bayat et al. (2015) have testified that the strains Micrococcus
luteus isolate BHA7, Pseudoalteromonas sp. isolate BHAS
and Shewanella haliotis isolate BHA35 can degrade 88.08%,
27.13% and 69.17% of crude oils respectively. The bacterial
consortium (Serratia proteamaculans S1BD1, Alcaligenes
sp., R. erythropolis) achieved the highest degradation of
85.25% in 15 days than that of individual strains (S. pro-
teamaculans S1BD1: 68.0%, Alcaligenes sp.: 63.7% and R.
erythropolis: 54.9%) (Xia et al. 2019). The study of Abdulla
et al. (2019) shows that the strain, Bacillus cereus degraded
98% of the hydrocarbons in 15 days. The bacterial strain
Dietzia sp. CN-3 isolated from petroleum contaminated soils
by Chen et al. (2017) utilized a wide range of alkanes C14-
C32 and crude oil as the sole carbon sources. Dietzia cin-
namea KA1 isolated by Kavynifard et al. (2015) was able to
utilize and degrade 95.7% of the crude oil after 5 days under
optimal conditions. Wang et al. (2011) have testified that
Dietzia sp. DQ12-45-1b utilized n-alkanes (C6-C40) as a
sole carbon source. The strain Dietzia cercidiphylli C-1 iso-
lated from the Venezuelan oil contaminated soils degraded
25.58% of extra heavy oil in 14 days (Dai et al. 2017). In our

-

y

REMAINING CRUDE OIL (%)
e

Fig.3 Hydrocarbon degradation by D. maris AURCCBTOL. The
strain was grown at 30 °C for 14 days in BHB medium supplemented
with crude oil (0.75% w/v)

pisllase ol ay .
e e O) Springer



291 Page8of13

3 Biotech (2021) 11:291

study, the strain D. maris AURCCBTO1 showed the maxi-
mum degradation rate of n-alkanes (91.87%) in 7 days which
is positively comparable to the other oil-degrading bacteria.

Degradation mechanism

Being a complex mixture of different alkanes, crude oil
encompasses dissimilar numbers of carbons in the chain.
When the crude oil spills on the earth, it quickly becomes
obstinate into the soil and the native microbes utilise them
as their carbon source through a step-by-step oxidative deg-
radation process (Wang et al. 2012). During the oxidation
process, the number of carbon in the chain reduced sequen-
tially (either one or multiple) is depending upon the number
of active carbon sites in the chain that took part in the oxida-
tion process. The mechanism involved in the oxidative deg-
radation of linear alkanes by the tested strain is interesting.

Fig.4 Degradation mechanism
of linear hydrocarbon chain
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Accordingly, two types of mechanisms are proposed viz.
terminal carbon oxidation and grabbed internal carbon oxi-
dation and these are presented in Fig. 4.

In the first mechanism (terminal carbon oxidation), the
oxidative active site is terminal carbon, usually a methyl
group in a parent alkane chain. Initially, the methyl group
is oxidised to methyl alcohol. Following the continuation of
microbial degradation, the alcohol is converted into alde-
hyde and on further oxidation yields acid. A simple self-con-
densation of these acids liberate the daughter alkane chain
with one carbon less in number. If the same methyl oxida-
tion process takes place at both the terminal carbon of the
parent alkane chain, the daughter product of this first cycle
is the alkane chain with two carbon atoms less in number.
Consequently, the same oxidative degradation is repeated
on the first cycle product daughter molecule-1 under the
microbial medium and produces alkane with less number
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AN+ (NH]CeNOg)g — [N/V\/\OH Ce(NOs)e + 2NH{NOs

Scheme 1 Spot reaction for alcohol functionality conformation

" M\ cho + 2Cu?* +50H —— 3 Cu0(s) + RCOO™ 4 3Hy0

%_/

Fehling's Reagent

Scheme 2 Spot reaction for aldehyde functionality conformation

(Red)

_ o+
,,,,/\/\/\90,.,+ NaHCO; — 3 /\N\ﬁio Na 4+ H,0 + CO,
o 0

Scheme 3 Spot reaction for acid functionality conformation

of carbon atom or atoms depending upon the number of
terminal carbon active sites. In all the cycles, the reduced
carbon liberates in the form of its oxides specifically as
carbon dioxide (Wang et al. 2012). The cycle is repeated
extensively under the microbial condition until it reached to
very small alkanes.

The terminal carbon oxidation mechanism is also possible
in the inner carbon of the alkane chain. The only difference
of the inner carbon oxidation from terminal carbon is the
formation of ketone instead of aldehyde and causes alkane
chain breaking. The activation of inner carbon is random
in nature and rupture of the alkane chain is always asym-
metric. The most denoted point in the inner carbon oxida-
tion is the rate of degradation that is very high in the inner
case whereas in the terminal mode the number of carbon is
reduced gradually.

To find the formation of the alcohol, aldehyde and acid,
functional group spot tests were carried out. Ceric ammo-
nium nitrate test was performed on microbial medium and
sample extracted after 7 days. The alcohol present in the
medium reacted with ceric ammonium nitrate resulting in
a red-brown solution, which confirmed the formation of
alkoxy cerium(IV) compound. The observed colour change
supports the presence of aliphatic alcohol formation during
the oxidative degradation of the aliphatic chain (Scheme 1).

Fehling’s Test, which is specific for aliphatic aldehyde
functional groups, was carried out on microbial medium
(sample collected after 10 days) to confirm the aliphatic
aldehyde formation. To the extract medium, Fehling’s Cu*
solution was added. Reduction of copper ion by the aliphatic
aldehyde resulted in a red precipitate known as copper(l)
oxide. The observed precipitate formation confirmed the

" AEROBIC CONDITION
(Oxygen)

9
WY o it s

Fig.5 Schematic representation of hydrocarbon degradation by bac-
teria

presence of aliphatic aldehyde in the microbial medium
(Scheme 2).

Sodium bicarbonate test was carried out on the micro-
bial medium to confirm the presence of aliphatic acid func-
tionals. The sample solution was extracted from the crude
microbial medium after 12 days of degradation process.
The extract was first condensed by slow evaporation and
the crude was dissolved in methanol. To this alcoholic solu-
tion, a small amount of sodium bicarbonate was added and
brisk effervescence observed due to the CO, gas liberation,
which confirmed the aliphatic acid formation in the micro-
bial medium (Scheme 3).

The overall mechanism of degradation of hydrocarbon by
the strain is also represented in Fig. 5.
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Effect of pH and NaCl on crude oil degradation

The optimum pH range for crude oil degradation by the
strain was investigated by growing its’ cells at 30 °C,
150 rpm. The degradation rate of crude oil changed from dif-
ferent pH range 5-9. The degradation percentage increased
gradually to 93.7% at pH 6 and 7 (Fig. 6a). pH plays a piv-
otal role in bacteria as it influences the utilization of nutri-
ents, adsorption, enzyme secretion etc. However, the degra-
dation rate decreased significantly when the pH increased to
8 and 9. This strain requires neutral pH for optimum growth
and acidic or alkali pH does not favour the growth of D.
maris AURCCBTOI1. Luo et al. (2013) have studied the
effect of pH and reported that at pH 7, Pseudomonas strain
F4 showed maximum degradation. Several studies testify
that bacterial growth and oil degradation occur at neutral
pH (Whang et al. 2009; Xia et al. 2012). The degradation
prospect of crude oil by individual bacterium and a mixed
consortia in a study was found to be at pH 7 (Sathishku-
mar et al. 2008) and the present finding on the degradation
potential of D. maris AURCCBTO1 at pH 6 and 7 too is
corresponding comparatively with earlier studies.
Inorganic salts are important for bacterial growth as it is
necessary for enzyme reaction, maintaining cell equilibrium

Degradation (%)
I3 n
S S

Degradation (%)
y
:

Concentration of NaCl (g/L)

Fig.6 a Effect of pH on crude oil degradation by D. maris AURC-
CBTOI. b Effect of NaCl on crude oil degradation by D. maris
AURCCBTO1
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and osmotic pressure (Shen et al. 2015). NaCl at different
concentrations (10, 20, 40, 80 g/L) were used to study the
influence of NaCl on crude oil degradation. The degradation
rate decreased with increasing concentrations of NaCl. This
strain exhibited the highest degradation capacity of 86.5% at
NaCl concentrations of 20 g/L and 83.4% at 40 g/L. (Fig. 6b).
The salinity had little impact on the growth of D. maris
AURCCBTO! and the degradation rate was above 70% even
at 80 g/L of NaCl concentrations. This result demonstrates
that the maximum NaCl concentration does not affect the
degradation rate of this strain and it exhibited its potential
to degrade crude oil at high salinity too.

Emulsification, cell adhesion and surface tension

Most of the oil-degrading bacteria produce biosurfactants
to facilitate oil uptake and degradation by emulsifying the
hydrocarbons (Karlapudi et al. 2018). The n-alkane degrada-
tion co-existed with a substrate adhesion mechanism. The
Dietzia sp. and Rhodococcus sp. possess three distinct lev-
els of cell-surface hydrophobicity during cell growth. When
cells grown on water—soluble substrates, moderate hydro-
phobicity can be observed whereas extreme, hydrophobicity
can be observed when the cells are exposed to n-alkanes
in the exponential phase while the cells suddenly become
hydrophilic when reaching the stationary phase (Bihari et al.
2010). The presence of hydrophobic bioemulsifier is very
likely in Dietzia sp. because the rapid loss of hydrophobicity
coincided with alkane growth substrates. The effect of crude
oil on emulsification, cell surface hydrophobicity and sur-
face tension of D. maris AURCCBTO1 are shown in Table 3.
Emulsification potential is an important index for screening
the efficiency of bio-surfactant producing microbes (Al-
Hawash et al. 2019). Emulsification activity for this strain,
D. maris AURCCBTO1 was 35% which was reported for
other oil-degrading bacteria as well (Al-Hawash et al. 2018).

The strain D. maris AURCCBTO1 showed the high-
est cell surface hydrophobicity (70.26%). Hassanshahian
et al. (2012) have reported that cell surface hydrophobic-
ity is an important characteristic of crude oil degradation
and the D. maris AURCCBTOL, tested in this study satis-
fies this hydrophobicity characteristics. Hydrophobicity
decreases gradually during degradation and this decrease

Table 3 Effect of emulsification, cell surface hydrophobicity and sur-
face tension of D. maris AURCCBTO1

Strain Emulsification  Cell surface Surface tension
(%) hydrophobicity (mN/m)
(%)
Dietzia maris 35+£2.7 70.26 +£3.5 52+2.0

AURCCBTO1

Data are given as mean + standard deviation from triplicate
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is attributed to the depletion of carbon source caused by the
substrate degradation. Also the decrease in hydrophobicity
is related to the production of bio-surfactants which alters
the hydrophobicity of the surface and affects the adhesion
of microbes over the surface (Vijayakumar and Saravanan
2015). Bio-surfactants improve hydrocarbon degradation by
inducing cell surface hydrophobicity and thereby increasing
the direct contact between cells and substrates (Al-Hawash
et al. 2019).

There is a decrease in surface tension (52 mN/m) of the
strain D. maris AURCCBTO1, which indicates that the bio-
surfactant production lowers the surface tension (Zhang
et al. 2012). Rahbari-Sisakht et al. (2017) have also reported
that the bio-surfactant production is proportional to hydro-
carbon degradation and the bio-surfactant production by the
tested strain D. maris AURCCBTOLI is matching with earlier
studies. Also, the bio-surfactants have acted as emulsify-
ing agents and thereby decreased the surface tension. The
outcomes compared above indicate that this strain produces
bio-surfactants and has an acceptable level of emulsification
activity. Bio-surfactants with high surface activity and envi-
ronmental compatibility are generally used for the degrada-
tion of oil-contaminated sites (Hassanshahian et al. 2012).

Conclusions

Previous studies on diverse bacterial species indigenous to
crude oil/hydrocarbon-contaminated sites have validated that
such bacterial strains utilize hydrocarbons as their sole car-
bon source and thrive well in that unfriendly environment
metabolizing valuable compounds like pigments, prospec-
tive for industrial applications. By that way, they are remark-
able natural sources to remediate hazardous toxic effects of
the hydrocarbon/crude oil contaminated sites besides syn-
thesizing valuable bio-products. Therefore, identification of
the prospective bacterial sources from such a challenging
environment and employing them as a key bio-tool to reme-
diate hydrocarbon/crude oil contaminated sites should be the
future strategy to deal with such environmental issues. This
study is one such one wherein a novel strain AURCCBTO1,
belonging to Dietzia sp. was isolated from an oil-contami-
nated site and its biochemical characteristics and 16S rRNA
sequences testified that the cells are Gram-positive cocci,
flat, smooth, non-sporing, halotolerant, catalase positive and
expressing orange pigment on agar medium. This strain was
able to grow on n-alkanes utilizing them as the sole carbon
source and simultaneously produced canthaxanthin pigment.
Being an initial study on Dietzia maris, this study of ours
demonstrates the potential of the novel strain AURCCBTO1
for alkane degradation with simultaneous production of can-
thaxanthin pigment, a valuable compound for nutraceuticals
and pharma applications.
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