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A B S T R A C T

Polycyclic aromatic hydrocarbons (PAHs) remediation has received considerable attention due to their significant
health concern and environmental pollution. However, PAHs contaminated sites also contain indigenous microbes
that can potentially degrade naphthalene. Therefore, this study aimed to isolate, characterise and optimise process
parameters for efficient naphthalene degradation. A total of 50 naphthalene degrading bacteria were isolated
from Alang-Sosiya ship breaking yard, Bhavnagar, Gujarat and screened for their naphthalene degrading capacity.
The selected isolate, Pseudomonas sp. strain SA3 was found to degrade 98.74 � 0.00% naphthalene at a con-
centration of 500 ppm after 96 h. Further, optimisation of environmental parameters using one factor at a time
approach using different inoculum sizes (v/v), pH, salinity, temperature, carbon and nitrogen source greatly
accelerated the degradation process attaining 98.6 � 0.46% naphthalene degradation after 72 h. The optimised
parameters for maximum naphthalene degradation were pH 8, 0.1% peptone as nitrogen source, 8% salinity and
1% (v/v) inoculum size.
1. Introduction

Pollution is one of the leading nuisances in our times, hence
particular interest has been generated in the remediation strategies for
polycyclic aromatic hydrocarbons (PAHs) to ameliorate their adverse
effects. PAHs are an omnipresent set of organic complexes present in air,
water, soil and marine sediments containing two or more fused aromatic
rings that are recalcitrant remaining in the environment for longer pe-
riods (Ofori et al., 2020) The US Environmental Protection Agency
(EPA) has marked 16 PAHs as priority pollutants (Ahmadipour et al.,
2020). PAHs discharge enters through the water bodies into the oceans
thus making the marine ecosystem, the main reservoir of hydrocarbons
contaminants causing detrimental effect to marine organisms and
human through the food web (Behera et al., 2018). Thus, there is a dire
need to remediate these hazardous PAHs by utilising a suitable disposal
strategy (Ofori et al., 2020).

Naphthalene is categorised as the first member of PAHs consisting of
two fused aromatic rings, which is generally used as a model compound
to study PAHs bioremediation (Peters et al., 1999; Hedlund et al., 1999).
Jia and Batterman (2010) reported naphthalene exposure to be a cause of
hyperplasia and metaplasia in the respiratory and olfactory epithelium
a).
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respectively. It is found to contaminate the potable water and induces
cataractogenic activity in test animals (Samanta et al., 2002). Naphtha-
lene also hinders mitochondrial respiration (Falahatpisheh et al., 2001).

Adeola and Forbes (2020) have discussed technologies like solvent
extraction, phytoremediation, chemical oxidation, photocatalytic
degradation, electrokinetic, thermal treatment, microbial degradation
and integrated remediation technologies. These methods come along
with limitations such as high costs, production of toxic by-products and
the genesis of a newer pollutant that may affect the environment. Amidst
them, the microbial degradation process can be considered as the most
effective and eco-friendly means of PAHs degradation where, the PAH
molecules are mineralised into carbon dioxide, water, mineral salts and
gases with the aid of a single bacterium or microbial consortia (Tirkey
et al., 2021). The use of bioremediation technology not only transforms
the hazardous molecules into a lesser toxic form but, also re-establish the
contaminated area to its natural state.

There are several bacterial species reported for naphthalene degra-
dation including Rabani et al. (2020) have isolated Bacillus licheniformis
and Bacillus sonorensis from petroleum contaminated sites of Gwalior,
India having the ability to degrade naphthalene. The common genera
degrading naphthalene are Pseudomonas, Marinobacter, Mycobacterium,
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Vibrio and Sphingomonas (Abarian et al., 2018). Abarian et al. (2018)
isolated a naphthalene degrading bacteria Sphingobacterium multivorum,
from a coal tar mine, Zarand, Iran. Alquati et al. (2005) isolated Rhodo-
coccus, Arthrobacter, Nocardia and Pseudomonas sp. as naphthalene
degrading genera from petroleum contaminated soil. Hassanshahian and
Boroujeni (2016) isolated and identified naphthalene degrading bacteria
as Idiomarina, Halomonas, Marinobacter, Oceanicola, Shewanella, Sale-
gentibacter and Thalassospira from marine sediments and water of the
Persian Gulf.

One of the world's largest ship breaking yard is situated at Alang-
Sosiya (Latitude: 21.423987�N, Longitude: 72.210799�E) Bhavnagar
district of Gujarat, India (Patel et al., 2014). Dismantling of heavy ships
round the year generates a massive amount of hazardous petroleum
products, PAHs and heavy metals that continuously gets augmented into
the ocean and coastal sediments, posing a huge threat to the marine flora
and fauna (Barua et al., 2018; Eronat et al., 2019). The contaminants are
also found to be harmful to the worker's health who are exposed to this
environment (Hossain and Islam, 2006). Coastal areas polluted with such
contaminants needs constant clean up. The Alang-Sosiya ship breaking
yard (ASSBY) through regular scrapping of ships generates pollutants like
petroleum hydrocarbons and heavy metals that contaminate the coastal
sediments and water in Alang-Sosiya (Patel et al., 2012b). Therefore
ASSBY was chosen to isolate bacteria having the efficiency to degrade
naphthalene. The culture conditions of the selected isolate were further
optimised using various process parameters like (inoculum size (v/v),
pH, salinity, temperature, carbon and nitrogen source) to obtain efficient
naphthalene degradation.

2. Materials and methods

2.1. Chemicals and reagents

Naphthalene (99%) was purchased from Sigma-Aldrich, Germany.
Bushnell Haas (BH) medium and Zobell marine (ZM) medium were
purchased from Hi-Media (Mumbai, India). Acetone and n-hexane were
of HPLC grade procured from Sigma-Aldrich and Qualikems respectively.
Chemicals such as sodium chloride (NaCl), triphenyl tetrazolium chlo-
ride (TTC), yeast extract, glycerol and peptone used in the study were of
analytical grade.

2.2. Sampling site

The soil and water samples were collected from ASSBY and their
physicochemical parameters like pH, salinity and electrical conductivity
were analysed in the laboratory with the aid of a multi-parameter probe
(Thermo Fischer, USA).

2.3. Enrichment and isolation of naphthalene consuming bacteria

Soil and water sample were processed through enrichment culture
technique to screen potential naphthalene degrading bacteria. In brief,
soil (1 g) and water (1 mL) sample enriched with 500 ppm naphthalene
was added in a 150 mL Erlenmeyer flasks containing 100 mL BH liquid
medium. This was further incubated for 168 h in an incubator shaker
(Scigenics Biotech Orbitek) at 120 rpm and 37 �C. According to a study
conducted by UNESCO (2004), the mean highest temperature of ASSBY
is 34.2 �C. Therefore, 37 �C was selected for the enrichment experiments
as mentioned in Patel et al. (2012b). An aliquot of 100 μL enriched
sample was then spread on BH agar plates followed by naphthalene spray
and incubated at 37 �C for 168 h in dark.

2.4. Bacterial viability using TTC dye

TTC dye was used for screening of potential bacteria that consume
naphthalene as a sole carbon source. For the viability test, 500 ppm of
naphthalene dissolved in acetone was added to glass test tubes. The
2

acetone was allowed to evaporate completely and 10 mL BH liquid me-
dium was added followed by inoculation of 1% (v/v) inoculum. The
tubes without naphthalene served as control. After the addition of TTC
dye (0.5% v/v), the tubes were incubated at 120 rpm and 37 �C for 168 h.
The selection of the isolates was based on pink or red colour development
(Riss et al., 2016; Berridge et al., 2005).
2.5. Identification of the potential isolates

2.5.1. Gram's test and biochemical characteristics of potential isolates
Gram's test and biochemical characteristics of the potential isolates

were done using the HiMedia K001 kit and HiMedia KB009 kit respec-
tively, according to the manufacturer's instructions.

2.5.2. Molecular identification
Genomic DNA of potential isolates was extracted according to the

protocol mentioned in Wilson (2001). PCR amplification of bacterial 16S
rRNA gene was performed using 50 μL reaction mixture of 10x PCR
buffer, containing 200 mM MgCl2, 200 μM of dNTPs, 1.25U Taq Poly-
merase, 0.5 μM of each 27F (50- AGAGTTTGATCCTGGCTCAG-30) and
1492R (50- GGTTACCTTGTTACGACTT-30) primers and 50 ng of template
DNA. The initial temperature in the PCR reaction was at 95 �C for 2 min,
followed by 30 cycles of denaturation temperature at 95 �C for 30 s,
annealing temperature at 55 �C for 30 s, elongation at 72 �C for 45 s, and
followed by a final extension step of 72 �C for 10 min in a PCR machine.
PCR amplified products were checked on 1% agarose gel electrophoresis.
The amplicons were purified and sequenced bidirectionally. The ob-
tained 16S rRNA sequence were aligned using the BLAST program on the
National Center for Biotechnology Information (NCBI) website. The
phylogenetic tree was constructed using Neighbor-Joining method se-
quences based on Kimura 2-parameter model (Kimura, 1980). The
evolutionary relationships between identified strains sequences and
nearest neighbours were made using software MEGA X.
2.6. Biodegradation experiment

2.6.1. Preparation of inoculum
Cultures grown in ZM broth after achieving OD600 nm -1.0 were

centrifuged at 5000 rpm for 10 min. The biomass pellet was washed
twice and resuspended in sterilised 0.9% NaCl solution. Further, 1% (v/
v) inoculum of this suspension was used in the biodegradation
experiment.

2.6.2. Spiking of naphthalene
Naphthalene at a concentration of 500 ppm was dissolved in acetone

and 0.5 mL was added in a 150 mL sterile flask. The acetone was allowed
to evaporate, leaving the naphthalene inside the flasks. Thereafter, 50 mL
of sterile BH liquid medium and 1% (v/v) of inoculum were added to the
flask. The un-inoculated flasks containing BH liquid medium and naph-
thalene served as control. All the flasks were kept in an incubator shaker
at 37 �C, 120 rpm for 168 h (Janbandhu and Fulekar, 2011).

2.6.3. Extraction and quantification of residual naphthalene
For extraction of residual naphthalene, 10 mL of n-hexane was added

into the flasks and were kept in the incubator shaker for 1 h. The extract
was then centrifuged at 8000 rpm for 10 min under room temperature
(Patel et al., 2012b). The solvent phase was collected and analysed
through Gas Chromatography-Mass Spectrophotometry (GC-MS). The
quantification of residual naphthalene concentration was done using a
QP-8040 series GC equipped with a Flame Ionization Detector (FID) and
SH-Rxi™-5MS column of 30m, i.d. 0.25mm and 0.25μm film thickness.
The initial temperature of the column was 40 �C which increased to 300
�C, held for 15 min. Detector and injector temperatures were 250 �C. The
concentration of the residual PAH was calculated by area percentage of
naphthalene peak in GC at retention time similar to the standard
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naphthalene. The degradation percentage was calculated using the
following formula given by (Li et al., 2008).

%Degradation¼ 100½ðMI �MTÞ =MI� (1)

where, MT is the final PAHs concentration in each treatment and MI is
the initial PAHs concentration in the medium.
2.7. Selection of potential isolate for further biodegradation study

Based on the maximum degradation percentage, the potential isolate
was selected for further degradation studies. Samples were collected at
every 24 h intervals to analyse the growth of potential isolate through
colony forming unit (CFU mL�1) along with naphthalene degradation.
2.8. Effect of environmental parameters on naphthalene degradation

2.8.1. Effect of inoculum size (v/v) on naphthalene degradation
The inoculum size used in the previously mentioned biodegradation

experiment with SA3 and SB5 was 1% (v/v). To access the effect of
increased inoculum size on naphthalene degradation, three inoculum
sizes i.e. 1%, 3% and 5% (v/v) were inoculated in 150 mL flasks con-
taining 50 mL of BH liquid medium amended with 500 ppm of naph-
thalene at pH 7.0. All the flasks were kept in an incubator shaker at 120
rpm for 96 h at 37 �C. The uninoculated flasks containing naphthalene
and BH liquid medium served as the control for all the environmental
factors involved in the optimisation experiment. Samples were with-
drawn every 24 h for residual naphthalene extraction and quantified
using GC-MS.

2.8.2. Effect of different pH on naphthalene degradation
BH liquid having pH value such as 6.0, 7.0, 8.0, 9.0 and 10.0 was

adjusted using 0.1 M HCl or NaOH to evaluate the effect of pH on
naphthalene degradation. The 150 mL flasks containing 50 mL of BH
liquid medium amended with 500 ppm of naphthalene were inoculated
with 1% (v/v) inoculum. All the flasks were kept in an incubator shaker
at 120 rpm for 96 h at 37 �C.
Figure 1. Sampling site and physicoche
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2.8.3. Effect of salinity on naphthalene degradation
Since the bacteria was isolated from coastal habitat, the effect of sa-

line concentrations such as; 2%, 4%, 6%, and 8% NaCl (w/v) on naph-
thalene degradation were studied. The flasks containing 50 mL of BH
liquid medium adjusted to pH-8.0, amended with 500 ppm of naphtha-
lene were inoculated with 1% (v/v) inoculum. All the flasks were kept in
an incubator shaker at 120 rpm for 72 h at 37 �C.

2.8.4. Effect of temperature on naphthalene degradation
Three different temperatures as 25 �C, 30 �C and 37 �C were set to

study their impact on naphthalene degradation. The flasks containing 50
mL of BH liquid medium, supplemented with 8% NaCl (w/v), and 500
ppm naphthalene at pH 8.0 was inoculated with 1% (v/v) inoculum. All
the flasks were kept in an incubator shaker at 120 rpm for 72 h.

2.8.5. Effect of carbon and nitrogen source on naphthalene degradation
Since naphthalene is a source of only carbon and no other nutrients in

it. Therefore 0.1% of glycerol as carbon, peptone and yeast extract as
nitrogen source were amended in 50 mL BH liquid medium having 8%
(w/v) NaCl. The naphthalene concentration provided was 500 ppm at pH
8.0 and inoculated with 1% (v/v) inoculum. All the flasks were kept in an
incubator shaker at 120 rpm for 72 h at 37 �C.
2.9. Statistical analysis

All the experiments were performed in triplicates. The values repre-
sented were the average mean � standard deviation (SD) of the three
replicates (n ¼ 3). All statistical significance comparisons between
indicated groups were performed using a one-way ANOVA with Fisher's
post-test using Infostat software (Version 2016) with p < 0.05.

3. Results and discussion

3.1. Isolation and viability test of naphthalene utilising bacteria

The physicochemical parameters of the collected water and soil
sample is presented in Figure 1. The enrichment technique resulted in the
isolation and purification of 50 isolates capable of naphthalene
mical parameters of soil and water.



Table 2. Biochemical characteristics of potential isolates SA3 and SB5.

Sugar utilisation SA3 SB5

Lactose - -
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utilisation (Table 1). Out of the 50 potential isolate, 15 best isolates were
screened through TTC dye which is used as a redox indicator for mi-
crobial respiration. Two isolate SA3 100 (3) and SB5 10�2 (2) coded as
SA3 and SB5 were able to reduce colourless TTC dye to pink 1,3,5-
Table 1. Bacterial viability test of 50 isolates.

S. No. Bacterial isolates Colour development

1 SB4 10�2 (3) -

2 SB5 10�2 (3) -

3 SB3 10�2 (3) þþ
4 SB4 10�4 (4) -

5 SA3 100 (3) þþþþ
6 SA3 10�1 (2) -

7 SB4 10�2 (6) -

8 SB3 10�2 (4) þþ
9 SA10�1 (6) þ
10 SA2 10�2 (1) -

11 SA3 10�1(5) -

12 SA2 10�1 (2) -

13 SA2 10�2(4) -

14 SA2 -

15 SA1 -

16 SB1 100 (1) þþþ
17 SA2 10�1 (1) -

18 SA1 10�3 (3) þ
19 SB1 10�1 (3) -

20 SA2 10�2(3) -

21 SB110�1 (1) -

22 SB1 10�1(2) -

23 SB1 10�2(2) -

24 SB110�2 (1) -

25 SB3 10�5(2) þ
26 SA2 10�2 (2) -

27 SB1 10�2(4) þþþ
28 SB4 10�2 (1) -

29 SB4 10�3 (2) -

30 SA3 10�1(3) þþ
31 SB410�5 -

32 SA3 10�2(3) -

33 SB3 10 �3 (1) -

34 SA3 10�2 (2) -

35 SB410�4 -

36 SA3 10�4 -

37 SB5 10�2 (2) þþþþ
38 SA3 -

39 SA3 10�1 (1) þþ
40 SA2 10-3(7) þþ
41 SA2 10-3 (8) -

42 SB3 10-5 4) -

43 SA3 10-1(3) þþ
44 SA3 10-2(4) -

45 SA3 10�1 (2) þþþ
46 SB5 10�5 (1) -

47 SA2 10�3 (4) -

48 SB3 10-3 (2) -

49 SB5 10-6(2) -

50 SA3 10-1(6) þ

Notes: þþþþ denotes high colour intensity, þþþ denotes medium colour in-
tensity, þþ denotes low colour intensity, þ denotes poor colour intensity and –

denotes no colour development.

Xylose - �
Maltose - -

Fructose - -

Dextrose - þ
Galactose - þ
Raffinose - -

Trehalose - -

Melibiose - þ
Sucrose - -

L-Arabinose - þ
Mannose - þ
Rhamose þ -

Cellobiose þ -

Melezitose þ -

α-M-D-mannoside - -

Xylitol - -

ONPG - -

Esculin - �
D-Arabinose - þ
Citrate - þ
Malonate - þ
Sorbose - -

Inulin þ -

Sodium gluconate þ -

Glycerol þ -

Salicin þ -

Dulcitol - -

Inositol - -

Sorbitol - -

Mannitol - -

Adonitol - -

Arabitol - -

Erythritol - -

α-M-D-gluconate - -

Figure 2. Phylogenetic tree of potential isolates SA3 and SB5. This analysis
involved 7 nucleotide sequences. All positions containing gaps and missing data
were eliminated (complete deletion option). There were a total of 1281 posi-
tions in the final dataset. Evolutionary analyses were conducted in MEGA X
(Kumar et al., 2018).
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triphenyl formazan (TPF), were screened for further naphthalene
degradation studies.



Table 3. Biodegradation of naphthalene by Pseudomonas sp. strain SA3 and
Pseudomonas taiwanensis strain SB5.

Time (h) Naphthalene degradation (%)

Pseudomonas sp. strain SA3 Pseudomonas taiwanensis strain SB5

0 0.00 � 0.00 0.00 � 0.00

24 0.00 � 0.00 0.00 � 0.00

48 3.00 � 0.16 6.17 � 0.84

72 64.44 � 10.45 33.33 � 3.06

96 98.74 � 0.00 56.33 � 3.30

120 99.02 � 0.00 92.81 � 7.62

144 99.56 � 0.00 98.24 � 0.00
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3.2. Gram's test and biochemical characteristics of potential isolates

Gram's test revealed that both SA3 and SB5 are Gram negative and
rod-shaped bacteria. The biochemical characterisation of isolates showed
that SA3 was able to utilise inulin, sodium gluconate, glycerol, salicin,
rhamose, cellobiose and melezitose whereas isolate SB5 was capable to
utilise dextrose, galactose, melibiose, L-arabinose, mannose, D-arabi-
nose, citrate, malonate and sorbose (Table 2).

3.3. Molecular identification of potential isolates

16S rRNA gene sequencing for SA3 and SB5 exhibited 99.22%
maximum sequence identity with Pseudomonas oleovorans, and 100%
similarity with Pseudomonas taiwanensis respectively. The generated
sequences of Pseudomonas sp. strain SA3 and Pseudomonas taiwanensis
strain SB5 were deposited in the NCBI Gene Bank with accession
numbers MF289476.1 and MF289420.1 respectively and phylogenetic
tree was constructed (Figure 2). The evolutionary history was inferred
using the Neighbor-Joining method (Saitou and Nei, 1987). The
bootstrap consensus tree inferred from 1500 replicates is taken to
represent the evolutionary history of the taxa analysed. Branches cor-
responding to partitions reproduced in less than 50% bootstrap repli-
cates are collapsed. The percentage of replicate trees in which the
Figure 3. Biodegradation of naphthalene by Pseudomonas sp. strain SA3 and Pseudom
3.Values followed by different alphabets within the treatment are significantly diffe

5

associated taxa clustered together in the bootstrap test (1500 repli-
cates) are shown next to the branches (Felsenstein, 1985). The evolu-
tionary distances were computed using the Kimura 2-parameter
method (Kimura, 1980) and are in the units of the number of base
substitutions per site. The results showed that both the strains belonged
to the genus Pseudomonas.
3.4. Biodegradation of naphthalene

To study the ability to degrade naphthalene by Pseudomonas sp. strain
SA3 and P. taiwanensis strain SB5, biodegradation experiments were
carried out. The GC-MS results revealed that Pseudomonas sp. strain SA3
and P. taiwanensis strain SB5 degraded 98.74 � 0.00% and 56.33 �
3.30% of the 500 ppm naphthalene respectively after 96 h when incu-
bated at 37 �C and 120 rpm (Table 3). Since, a longer incubation timewas
needed for P. taiwanensis strain SB5 i.e. 120 h to achieve 92.81 � 7.62%
naphthalene degradation and Pseudomonas sp. strain SA3 showed 1.7-
fold higher degradation than P. taiwanenesis strain SB5 after 96 h
(Figure 3), thus Pseudomonas sp. strain SA3 was selected for further
optimisation studies using a one-factor-at-a-time strategy.

Comparative naphthalene degradation (%) by the selected Pseudo-
monas sp. strain SA3 with few other reported naphthalene degrading
bacteria is presented in Table 4
3.5. Selection of potential isolate for further biodegradation study

The growth profile (CFU mL�1) of Pseudomonas sp. strain SA3 and
simultaneous naphthalene degradation % by the bacteria (initial naph-
thalene concentration 500 ppm) for 120 h is shown in Figure 4. The result
revealed that Pseudomonas sp. strain SA3 was able to achieve 98.74 �
0.00% naphthalene degradation having 2.8� 104 CFUmL�1 after 96 h of
incubation at 37 �C. Additionally, the degradation % showed a 1.5-fold
increment from 72 h to 96 h Abarian et al. (2018) reported the highest
growth of Sphingobacterium multivorum strain at 96 h, followed by the
stationary phase. The studied strain achieved maximum growth within
72 h, whereas previously reported Sphingobacterium multivorum strain
was comparatively slower reaching the maximum growth at 96 h.
onas taiwanensis strain SB5. The values are presented as mean values �SD, n ¼
rent at p < 0.05 using Fisher's LSD. (n.d: not detectable).



Table 4. Comparison of naphthalene degradation (%) by Pseudomonas sp. strain SA3 with few other reported bacterial species.

Concentration (ppm) Degradation (%) Duration (h) Bacterial species References

6 97.00 72 Pseudomonas mendocina Barman et al. (2017)

50 >99.1 96 Bacillus fusiformis (BFN) strain Lin et al. (2010)

500 97.00 120 Halothermophilic bacterial consortium
(Ochrobactrum halosaudia strain AJH1,
Ochrobactrum halosaudia strain AJH2
and Pseudomonas aeruginosa strain AJH3)

Pugazhendi et al. (2017)

200 89.94 360 Shewanella algae strain N1 Hassanshahian and Boroujeni (2016)

200 59.00 168 Sphingobacterium multivorum AHB38N. Abarian et al. (2018)

100 73.00 168 Bacillus licheniformis Rabani et al. (2020)

200 48.00 168 Bacillus licheniformis Rabani et al. (2020)

100 52.00 168 Bacillus sonorensis Rabani et al. (2020)

200 29.00 168 Bacillus sonorensis Rabani et al. (2020)

500* 98.74 96 Pseudomonas sp. strain SA3

* The selected strain in this study

S.R. Tirkey et al. Heliyon 7 (2021) e06334
3.6. Effect of environmental parameters on naphthalene degradation

3.6.1. Effect of inoculum size (v/v) on naphthalene degradation
Maximum naphthalene degradation (98 � 0.00%) was observed at

1% (v/v) inoculum size after 96 h (Figure 5a). Naphthalene degradation
using 1% (v/v) inoculum size was significantly higher than 3% (v/v)
inoculum size after 96 h and 2-, 1.5- and 1.2-folds higher as compared
to 5% (v/v) inoculum size after 48 h, 72 h and 96 h respectively.
Moreover, inoculum sizes higher than 1% (v/v) decelerated naphtha-
lene degradation. Therefore, this study suggests that smaller inoculum
density (1%v/v) is constructive for maximum xenobiotic degradation
which may be owing to its longer lag phase of active bacterial cells
capable of rapidly degrading naphthalene which corroborated with Lin
et al. (2010). In a similar study, Patel et al. (2012a) reported inoculum
of strain DMVP2 exceeding beyond 4% (v/v) led to a sharp decline in
phenanthrene degradation. Ghevariya et al. (2011) studied the effect of
different inoculum size (102–1010 cells mL�1) and reported more than
60% chrysene degradation with 106 cells mL�1 of inoculum
concentration.

3.6.2. Effect of pH on naphthalene degradation
pH is an essential environmental parameter that affects activities like

cell membrane transport and catalytic reaction balance. Therefore, it
should be taken into consideration for improving process control of the
bioremediation system (Al-Hawash et al., 2018). Since the pH of water
and soil samples were found to be alkaline (Figure 1), the study range
was set from pH 6.0 to pH 10.0. Pseudomonas sp. strain SA3 attained
Figure 4. Naphthalene degradation and growth pattern of Pseudomonas sp.
strain SA3.

6

34.31 � 1.82%, 64.44 � 10.45%, 97.38 � 0.94%, 12.96 � 2.81% and
15.44 � 2.66% naphthalene degradation at pH 6.0, pH 7.0, pH 8.0, pH
9.0 and pH 10.0 respectively after 72 h (Figure 5b). Maximum naph-
thalene degradation (97.38 � 0.94%) was achieved after 72 h in culture
medium having pH 8.0. Therefore, pH 8.0 was selected for further
optimisation studies due to its maximum degradation efficiency. Ac-
cording to Dibble and Bartha (1979), marine water is at basic pH, while
soil generally has acidic pH. Therefore, often the optimum pH in
biodegradation processes are 7.4–7.8. Further, Patel et al. (2012b) re-
ported 100% naphthalene degradation at alkaline pH 8.0–10.0 andWang
et al. (2019) corroborated favourable pH range 6.0–8.0, for the growth of
microorganisms for biodegradation. In another study, pH 8.0 was found
to be favourable for phenanthrene degradation (Zhao et al., 2009).
Al-Hawash et al. (2018) reported many heterotrophic bacteria like to
grow in neutral to alkaline conditions.

3.6.3. Effect of salinity on naphthalene degradation
The effect of salinity on naphthalene degradation is depicted in

Figure 5c. For the studied strain, up to 48.96 � 0.52%, 79.31 � 6.38%,
92.57 � 2.80%, 98.70 � 1.20% and 82.61 � 7.83% naphthalene
degradation was attained for 2%, 4%, 6%, 8% and 10% NaCl (w/v)
concentration respectively after 72 h. The degradation rate was increased
with an increase in salinity to 8% NaCl (w/v) concentration. Barman
et al. (2017) conducted a salinity study to check the effect on PAH
degradation by Pseudomonas mendocina where they reported a decline in
degradation beyond 1.17% salinity. Pugazhendi et al. (2017) have
studied the effect of salinity ranging from 4% - 30% on low and high
molecular weight PAHs biodegradation where they found a hal-
othermophilic bacterial consortium degraded 97 � 2.2% of 500 ppm
naphthalene after 5 days in 4% NaCl concentration. A halophilic con-
sortium CY-1 at 3% salinity was able to completely degrade phenan-
threne after 5 days (Wang et al., 2018). Ashok et al. (1995) reported four
bacterial strains including Pseudomonas that could grow under 7.5%
(w/v) NaCl condition on 0.1% naphthalene. Somee et al. (2018) also
used 7% NaCl (w/v) for the enrichment of diesel degrading consortium
whereas in our study, Pseudomonas sp. strain SA3 was not only able to
tolerate 8% NaCl (w/v) but also achieved maximum naphthalene
degradation (98.70� 1.20%) in 72 h, thus making it a significant finding.
It was observed that the salinity beyond 8% NaCl (w/v) decelerate the
degradation. This shows that high salinity reduces the microbial meta-
bolic rate which could be a reason for a decline in degradation (Sha-
fieiyoun et al., 2020). The degradation rate of naphthalene was greatly
influenced by high salinity. Wang et al. (2020) also reported that mi-
crobial plasmolysis occurs under high salt concentration which impeded
their growth.



Figure 5. Effect of environmental parameters on naphthalene degradation. (a) Effect of inoculum size (v/v) on naphthalene degradation. (b) Effect of pH on
naphthalene degradation. (c) Effect of salinity on naphthalene degradation. (d) Effect of temperature on naphthalene degradation. (e) Effect of carbon and nitrogen
source on naphthalene degradation. The values are presented as mean values � SD, n ¼ 3.Values followed by different alphabets within the treatment are significantly
different at p < 0.05 using Fisher's LSD.
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3.6.4. Effect of temperature on naphthalene degradation
Temperature affects the physical and chemical nature, composition

of microbial community and their metabolism rate during hydrocarbon
biodegradation (Al-Hawash et al., 2018). Optimum temperature is an
important environmental parameter that support microbial growth
during bioaugmentation (Kuppusamy et al., 2016). Naphthalene
degradation at 25 �C, 30 �C and 37 �C were found to be 26.05 � 1.35%,
48.61 � 8.16% and 98.13 � 0.55% after 72 h (Figure 5d). In our study,
the increase in temperature from 25 �C to 37 �C elicited naphthalene
degradation from 26.05 � 1.35% to 98.13 � 0.55% after 72 h. This may
be due to an increase in PAHs solubility and bioavailability with an
increase in temperature (Ghosal et al., 2016). Therefore, approximately
3.8-folds increment in naphthalene degradation was achieved when the
incubation temperature increased from 25 �C to 37 �C. Patel et al.
(2013) have used temperature 37 �C–40 �C and found maximum
phenanthrene degradation (80%) by consortium ASP at 37 �C within
120 h. They also reported a decrease in degradation when the tem-
perature was increased to 45 �C. Leahy and Colwell (1990) has reported
temperature in the range of 30 �C–40 �C intensified hydrocarbon
metabolism. Our study further agrees with Patel et al. (2012b) where 37
�C was observed to be the optimum temperature for complete naph-
thalene degradation at a concentration of 1000 ppm by bacterial con-
sortium DV-AL after 36 h.

3.6.5. Effect of carbon and nitrogen source on naphthalene degradation
Nutrients have been considered as an important factor influencing

PAH biodegradation. During microbial metabolism of hydrocarbon,
existing nutrients are used up, causing a reduction in the population
7

of active PAH degrading microbes (Kuppusamy et al., 2016; Lin et al.,
2010). Thus, carbon and nitrogen sources were supplemented to the
BH liquid medium to assist Pseudomonas sp. strain SA3 in naphthalene
degradation (Figure 5e). The addition of peptone as a nitrogen source
(0.1% w/v) revealed maximum naphthalene degradation efficiency
(98.58 � 0.46%) followed by glycerol and yeast extract which were
76.24 � 1.82% and 75.07 � 0.08% respectively. Thus, the naphtha-
lene degradation was significantly affected by the supplementation of
peptone as a nitrogen source. Patel et al. (2012b) have studied the
effect of various co-substrate out of which four co-substrates, peptone,
yeast extract, sodium succinate and sodium acetate were found to
enhance the naphthalene degradation. They reported 100% naphtha-
lene degradation in the presence of peptone by consortium DV-AL. In
this study, addition of 0.1% peptone resulted in 74.72 � 0.78%
naphthalene degradation after 48 h which rose to 98.58 � 0.46%
after 72 h Patel et al. (2013) reported 75% and 88% phenanthrene
degradation at a concentration of 300 ppm in the presence of glucose
and yeast extract respectively by consortium ASP. Varjani (2017)
reviewed that hydrocarbons do not contain nutrients such as nitrogen
and phosphorus, and limits the availability of these nutrients and
reduces the microbial degradation rate of hydrocarbon. Therefore,
supplementation of nutrients such as carbon, nitrogen and phosphorus
is essential to promote bioremediation in PAHs polluted environment.

4. Conclusion

Two potential isolates from ASSBY, identified as Pseudomonas sp.
strain SA3 and Pseudomonas taiwanensis strain SB5 were able to
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degrade up to 98.74 � 0.00% and 92.81 � 7.62. % naphthalene after
96 h and 120 h respectively. Due to a shorter incubation time and
maximum naphthalene degradation Pseudomonas sp. strain SA3 was
selected for further optimisation studies. Culture medium supple-
mented with 0.1% peptone, pH 8.0 and 8% salinity was found to be
optimum for maximum naphthalene degradation (98.58 � 0.46%) by
Pseudomonas sp. strain SA3 after 72 h. Thus, the strain can further be
utilised for other PAH degradation as a potential candidate for PAH
field trials bioremediation.
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