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Abstract
In the recent 50 years, marine oil spills had resulted in severe environmental pollution problems worldwide. In this study, 
12 petroleum-degrading strains named MJ1 to MJ12, which can use diesel oil as the sole carbon source for growth, were 
isolated from the seawater in Jiaozhou Bay, China. Strain MJ4 has the highest diesel-degrading rate which is up to 26.54% 
in 5 days with the diesel oil concentration of 10 g/L. According to the BLAST research, 16SrRNA sequence of MJ4 showed 
99% similarity to Bacillus megaterium strain. Single-factor experiments and response surface methodology were carried out 
to optimize the environmental factors and their reciprocal action for affecting the diesel oil degradation process of Bacillus 
sp. MJ4. Results of single-factor experiments revealed that the highest degradation rate was obtained with temperature of 
28 °C, pH of 8.8, diesel oil concentration of 25 g/L, P/N ratio of 0.56, nitrogen and phosphorus dosage quantity of 0.35 g/L 
and 0.18 g/L, respectively. A nonlinear regression equation of diesel oil degradation rate and pH, temperature, P/N ratio 
was obtained. The model predicted the maximum degradation rate of 72.21% with temperature of 28 °C, pH of 8.88, P/N 
ratio of 0.31, respectively.

Keywords  Bioremediation · Bacillus megaterium MJ4 · Environmental factors · Marine oil spill · Response surface 
methodology

1  Introduction

Nowadays, most of the industries and transport systems still 
depend on petroleum resource. In the process of oil exploita-
tion and processing, a lot of wastewater and residues con-
taining oil are produced, and crude oil spillages often occurs 
in the process of transportation. Oil spills had resulted in 
severe environmental pollution problems. Although annual 
statistics of oil spillages from 1970 to 2015 show a decline 
in the number and size due to the implementation of spill 
laws and conventions (Wu et al. 2019), the statistics show 

that 1.3 million tons of oil has been spilled into the ocean 
(Bao et al. 2012). Marine oil spill has a significant impact 
on the marine ecosystems and human health. Once oil spill 
happened, it could form into slick on the surface of the 
ocean. The slick blocks the change of O2/CO2, which leads 
to an oxygen depletion and destroys the balance of CO2 in 
ocean. Moreover, the slick blocks the sunshine and influ-
ences photosynthesis of the flora in the ocean. In addition, 
the oil in the ocean could harm human health by food chain. 
Diesel is a complex hydrocarbon distilled from crude oil 
with a carbon number between C9 and C20, such as paraffin, 
olefin, naphtha and aromatic compounds, which is mainly 
caused by accidental leakage of oil storage tank or oil pipe-
line (Adam and Duncan 1999; Mnif et al. 2015). Microbial 
communities responsible for the biogeochemical cycles are 
being truncated since diesel oil is toxic to general organ-
isms (Kayode-Isola et al. 2008). The quantity and quality of 
oil mixtures and the properties of the affected ecosystems 
determine the durability of oil pollution (Xue et al. 2021). 
Conventional marine oil pollution remediation techniques 
include physical, chemical and thermal treatments which are 
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costly and often cause secondary pollution. Bioremediation 
has been proved to be the most important eco-friendly and 
cost-effective technologies for the cleanup of petroleum pol-
lutants (Atlas and Hazen 2011; Ron and Rosenberg 2014). 
Since many indigenous microorganisms have the ability 
to degrade petroleum, microbial technology is considered 
to be one of the important methods for the remediation of 
petroleum hydrocarbon pollution (Mahmoudi et al. 2013; Xu 
et al. 2020). Until now, more than 100 genera, 200 species of 
petroleum degradation microorganism have been discovered 
in marine environment, including 79 genera of bacteria, nine 
genera of cyanobacteria, 103 genera of fungi, and 19 genera 
of algae (Xue et al. 2015). However, since petroleum is mix-
ture with different hydrocarbon structure, the effective bacte-
ria for petroleum degradation are totally different (Rajasekar 
et al. 2007). According to the literature and the authors’ 
results in research works, Pseudomonas (Richard and Vogel 
1999), Corynebacterium (Rahman et al. 2002), Bacillus 
(Bento et al. 2005), Acinetobacter (Gallego et al. 2001), 
Enterobacter (Saadoun 2002) were isolated and identified as 
diesel degradation bacteria; all of them are able to degrade 
aliphatic hydrocarbon, cyclohexane, alkyl benzene and dicy-
cloalkane. For marine diesel degradation, bacteria such as 
Arthrobacter, Rhodococcus (Michaud et al. 2004) have also 
been isolated and identified. Nevertheless, the marine petro-
leum degradation microorganisms are still scarce and the 
degradation efficiency is low. Thus, it is important to find 
the stable and efficient degrading bacteria and investigate the 
degrading character of the degrading bacteria. The degrada-
tion time of petroleum hydrocarbons in the environment is 
largely controlled by abiotic factors, such as the growth of 
microorganisms and the activity of enzymes that are related 
to petroleum hydrocarbon utilization. Because of the char-
acters of ocean, environmental factors such as scarcity of 
necessary nutrients and low temperature limit the growth 
and degradation abilities of oil-degrading bacteria (Thavasi 
et al. 2011). Fertilizers containing bioavailable nitrogen and 
phosphorus have been successfully applied to enhance the 
biodegradation of petroleum on many different coastlines, 
including the arctic (Atlas and Bragg 2009; Swannell et al. 
1999). However, dosage of nitrogen and phosphorus should 
be well investigated before application because they are the 
main element resulting in eutrophication of water body and 
structure change of marine ecosystem.

Response surface method (RSM) is a method used in 
mathematical statistics to analyze the relationship between 
multiple independent variables and one or more responses. 
It has been applied in many fields of science research, espe-
cially in the research to evaluate the interaction of several 
factors on microorganism activity in fermentation and deg-
radation (Hallenbeck et al. 2015; Karpagam et al. 2015). 
Recently, RSM has been used in bioremediation of oil spills 
contamination (Huang et al. 2008; Pi et al. 2016).

Microbial degradation has been recognized as an efficient 
and environmentally friendly method in oil spill pollution 
remediation. However, efficient degradation strains are still 
lacking, and some environmental factors will greatly limit 
the petroleum hydrocarbon degradation performance of 
microbial strains. In addition, there has been an oil pipe-
line explosion near Jiaozhou Bay in which about 2000 tons 
crude oil spilled and most of them injected into Jiaozhou 
Bay. Considering above mentions, the purpose of this study 
is to obtain a high-efficiency oil-degrading bacteria. RSM 
was adopted to optimize the diesel degradation condition of 
the isolated strain to elaborate its application potential in the 
in situ marine oil spill bioremediation.

2 � Materials and methods

2.1 � Chemicals and culture media

The seawater used for media was obtained from Jiaozhou 
Bay, China. All chemicals, solvents and reagents used in the 
present study were of analytical grade. The diesel used in 
this experiment is 0 # light diesel. The main media prepared 
for experiments are shown in Table 1.

2.2 � Experimental methods

2.2.1 � Isolation and identification of diesel‑degrading 
bacteria

The seawater sample (5 mL) collected from Jiaozhou Bay 
was added in 250-mL Erlenmeyer flask containing 100 mL 
mineral medium with diesel oil concentration of 400 mg/L. 
Then, the medium was incubated in 28 °C at 130 r/min for 
5 days. The enrichment process was repeated with increasing 
diesel oil concentration to 600 mg/L. After two transfers, 
serial dilutions of enrichment culture were inoculated on LB 
solid medium and incubated at 28 °C. After 3 days, colonies 
with different morphologies were selected and purified as 
diesel-degrading microorganisms. Isolated strain was pre-
served with 2216E solid medium and stored in refrigerator 
at 4 °C for further use.

2.2.2 � Biodegradation of diesel oil

The degradability of diesel of all strains (MJ1–MJ12) was 
measured by ultraviolet spectrophotometry (Shi et al. 2019). 
Analysis of degradation products was conducted by gas chro-
matography and mass spectrometry (GC–MS, 7890/5975C, 
Agilent, USA) (Bezza and Chirwa 2015). A series of 250-
mL Erlenmeyer flasks were used for this experiment. The 
purified diesel-degrading bacterium was inoculated in LB 
liquid medium in 28 °C at 130 r/min for 16 h. Then, 4 mL 
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inoculum was prepared in 71 mL mineral medium with fil-
tered diesel oil of 10 g/L to determine the degrading ability 
of bacteria. Another same mineral medium was injected with 
4 mL LB liquid medium instead of the inoculum as the blank 
experiment. Mineral media for each strain were performed 
in triplicate and incubated in 28 °C at 130 r/min for 5 days.

2.2.3 � Analyses of 16S rRNA sequences

GenElute DNA extraction kit from Sigma and universal 
primers 27F (5′-AGA​GTT​TGA​TCC​TGG​CTC​AG-3′) and 
1492R (5′-TAC​GGC​TAC​CTT​GTT​ACG​ACTT-3′) were used 
for bacterial DNA extraction and amplification in this study, 
respectively. The composition of the reaction mixture and 
PCR conditions were the same as Zhang et al. (2016). The 
products of amplification were sequenced by Sangon Biotech 
(Shanghai) Co., Ltd. The 16S rRNA sequence was submitted 
to GenBank for the similarity search by BLAST using the 
national center for biotechnology information (NCBI) Web 
site. Phylogenetic tree was generated from alignments by 
the neighbor-joining method, and the reliability of inferred 
tree was checked with bootstrap test using the MEGA7.0 
program.

2.2.4 � Box–Behnken design for RSM

The Box–Behnken design for RSM was employed using 
Design-Expert Software Version 9. Single-factor experi-
ments were carried out to determine the influence of several 
environmental factors on diesel degradation for MJ4 before 
determination of the factors level in response surface meth-
odology, such as temperature, pH, diesel concentration, P/N 
ratio and dosage quantity of N and P. Experimental design is 

listed in Table 2. For each run, 4 mL culture suspension of 
MJ4 incubated in LB medium for 24 h was inoculated into 
71 mL mineral medium in 100-mL Erlenmeyer flask with 
shaker rotary speed of 130 rpm for 5 days.

Based on the results of single-factor experiments, we con-
ducted an analysis of variance for selecting the factors used 
in response surface methodology. The results indicated that 
pH, temperature and P/N ratio were the most significant fac-
tors. The factors and levels of Box–Behnken experimental 
design for diesel degradation by MJ4 are shown in Table 3. 
The central composite design Box–Behnken was adopted to 
conduct 17 runs (five central points), while the three vari-
ables were selected as variable A, B and C, respectively. The 
degrading rate of diesel by MJ4 for 5 days was specified as 
response value Y.

3 � Results and discussion

3.1 � Isolation and identification of diesel‑degrading 
bacteria

Twelve diesel-degrading strains which were named MJ1 to 
MJ12 were isolated from the petroleum-contaminated sea-
water in Jiaozhou Bay, China. The colonial morphology of 
12 strains is shown in Fig. 1. Degradation ability of the 12 
strains on commercial diesel fuel at the concentration of 
10 g/L in the mineral medium was examined. As shown in 
Fig. 2, all strains are able to grow and degrade diesel oil with 
the efficiency of diesel oil degradation between 4.77% and 
26.54% after 5-day incubation. Among the 12 strains, strain 
MJ4 showed the highest degrading ability, which was further 
utilized in this study.

Table 1   Culture media

Medium name Purpose Formula

Mineral medium The enrichment of microorganisms and degradation of diesel 
oil

K2HPO4 1 g
NH4NO3 1 g
Seawater with sterilization 1 L
pH: 7.0–7.5

LB medium Isolation of diesel-degrading bacteria Peptone 10 g/L
Yeast extract 5 g/L
NaCl 10 g/L
Agar powder (10 g–15 g)/L 

(solid medium)
pH: 7.4

2216E solid medium The preservation of the isolate Peptone 5 g
Yeast extract 1 g
Agar powder 15 g
Seawater with sterilization 1 L
pH: 7.0–7.5
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The 16S rRNA gene sequence (1377 bp) of MJ4 was 
determined and compared with the previously recorded 
sequences by BLAST using NCBI Web site. According to 
the result of Blast search, the 16S rRNA sequence of the 
MJ4 showed 99% similarity to the 16S rRNA sequence of 
Bacillus megaterium strain GC61 (KF158230). Results of 
phylogenetic analysis suggested that the isolate belonged 
to the genus Bacillus and was named Bacillus megate-
rium MJ4. The phylogenetic tree of strain MJ4 is shown 
in Fig. 3.

3.2 � Effect of operating conditions on diesel oil 
degradation

In order to obtain the optimum conditions for biodegradation 
of diesel oil with the newly isolated B. megaterium MJ4, 
further biodegradation experiments were carried out in 100-
mL Erlenmeyer flasks with temperature range of 16–32 °C, 
or at pH range of 6.25–9.5, or with initial diesel oil con-
centration of 5–25 g/L, or with different K2HPO4/NH4NO3 
ratio of 0–4:3, and different dosage of N and P. As shown in 
Fig. 4a, the degrading rate of diesel oil increased from 2% to 
14.94% with the increasing temperature ranged from 16 °C 
to 28 °C. However, it decreased when temperature is higher 
than 28 °C. This indicates that keeping appropriate tem-
peratures for B. megaterium MJ4 is an effective method to 
enhance petroleum hydrocarbon degradation in the ocean. A 
dramatic change in diesel degradation is observed in Fig. 4b. 
The degradation rate of diesel increased rapidly from 8% to 
55% by increasing pH from 6 to 8.8. However, the degrada-
tion rate did not keep increasing after pH of 8.8. This indi-
cates that B. megaterium MJ4 is sensitive to pH variation. 
It was observed that degradation of diesel increased when 

Table 2   Design of single-factor experiments

Runs Variable pH Diesel concentra-
tion, mg/L

P/N (N = 0.35 g/L) Temp

1 Temp 16 7 10 1:2 –
2 20
3 24
4 28
5 32
6 pH 5.4 – 10 1:2 28
7 6.2
8 7.0
9 8.8
10 9.5
11 Diesel concentration, mg/L 5 7 – 1:2 28
12 10
13 15
14 20
15 25
16 K2HPO3/NH4O3 (w/w, NH4NO3 = 1 g/L) 4/3 7 10 – 28
17 1
18 2/3
19 1/3
20 0
21 Dosage of N and P (A: N = 0.35 g/L; P = 0.178 g/L) A 7 10 – 28
22 3A/4
23 A/2
24 A/4
25 0

Table 3   Factors and levels of Box–Behnken experimental design for 
diesel degradation by MJ4

Factor Level

−1 0 1

A pH 8.1 8.8 9.5
B Temperature 24 28 32
C P/N ratio 1/3 2/3 1
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Fig. 1   Colonial morphology of the isolated diesel oil-degrading bacteria
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Fig. 2   Degrading rate of diesel oil for MJ1 to MJ12
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heightening the initial concentration of diesel within certain 
range (up to 25 g/L) in Fig. 4c. According to Fig. 4d, the 
degrading rate of diesel has a tendency of increasing when 
the addition of phosphorus increases. The highest degrad-
ing rate is 17.31% when the K2HPO3/NH4NO3 ratio (w/w) 
is 4:3. For the degradation of diesel oil with strain MJ4, the 
results revealed that the optimum temperature (Fig. 4a) was 
observed at 28 °C, the optimum pH (Fig. 4b) was 8.8, with 
high tolerance up to 25 g/L to high diesel oil-contaminated 
water (Fig. 4c), and less tolerance to reduction of nitrogen 
and phosphorus (Fig. 4d, e).

However, considering the reduction in K2HPO4/NH4NO3 
ratio means saving treatment cost and minimizing the risk 
to form water eutrophication, K2HPO4/NH4NO3 ratio of 2:3 
with the diesel oil degradation efficiency of 15.51% was 
selected as the optimum K2HPO4/NH4NO3 ratio for subse-
quent experiments.

3.3 � Interaction among factors influencing diesel oil 
biodegradation

The optimal combination of the three factors, namely 
temperature, pH, and P/N ratio, was determined by 
Box–Behnken design (BBD). The response values obtained 
by the experiment are reasonably consistent with those pre-
dicted by the Design-Expert software (Table 4), indicating 
that the key factors of the system can be described by a 
quadratic equation. A maximum diesel oil removal produced 
by the BBD design was further validated. A quadratic func-
tion formulation of the optimization process for the overall 
maximum biodegradation percentage (Y) was obtained:

where A is pH, B is temperature and C is P/N ratio. The 
positive signal corresponds to the synergistic effect in the 
degradation process, while the negative signal corresponds 
to the antagonistic effect. The 3D graphs reflect the interac-
tion of the three factors with the response of the maximum 
biodegradation percentage of diesel oil (Fig. 5).

The ANOVA of regression equation results is presented 
in Table 5. According to Table 5, the model F value of 44.07 
and value of “Prob > F” which is less than 0.0001 imply the 
model is significant.

Goodness of fit was examined by the determination coef-
ficient (R2 = 0.9827), which suggests that more than 98.27% 
of variance can be explained by the model. The determina-
tion coefficient of the goodness of fit (R2 = 0.9827) indicated 
that more than 98.27% of variance can be explained by the 
model. The “predicted R2” of 0.7225 is not as close to the 
“adjusted R2” of 0.9604 as one might normally expect. The 
coefficient of variation (CV = 8.71%) indicated that the 
experiments were precise and reliable.

Analysis of variance results of the second-order response 
surface model and the significance of each coefficient are 
given in Tables 5 and 6, respectively. According to Table 6, 
P/N ratio shows a significant linear main effect (P < 0.0001), 
while pH (A) and temperature (B) are not significant among 
the three factors; the interaction between pH (A) and tem-
perature (B) is significant, while the interactions among pH 
(A) and P/N ratio, temperature (B) and P/N ratio (C) are not 
significant; in the twice terms, only temperature (B2) is not 
significant.

Y = 70.32 + 2.96A + 0.46B + 13.83C + 6.92AB + 2.89AC

− 4.02BC − 16.81A
2
− 3.17B

2
− 28.33C

2
.

 Bacillus mycoides strain Y6 (FJ596146.1)

 Bacillus cereus strain Y2 (FJ596143.1)

 Bacillus sp. B-1 (AY189746.1)

 Bacillus sp. strain BAB-6096 (KY672905.1)

 Bacillus sp. KMSII-3 (GQ468395.1)

 Bacillus cereus strain E22 (GU826149.1)

 Bacillus halodurans strain ATCC 27557 (KC884852.1)

 Bacillus flexus strain IFO 15715 (KC884853.1)

 Bacillus ginsengisoli strain WJB80 (KU877649.1)

 Bacterium strain CH16 (KY069045.1)

 Bacillus megaterium strain L103 (KC189946.1)

 Bacillus megaterium strain GC61 (KF158230.1)

 Bacillus sp. MJ40.0050
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100
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19
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Fig. 3   Phylogenetic position of strain MJ4 within the genus Bacillus and allied bacteria. The branching pattern was generated by the neighbor-
joining method. The number of each branch indicates the bootstrap values



Petroleum Science	

1 3

14 16 18 20 22 24 26 28 30 32 34
0

2

4

6

8

10

12

14

16
% ,lio leseid fo etar noitadarge

D

Temperature, °C

(a)

6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0
0

10

20

30

40

50

60

% ,lio leseid fo etar noitadarge
D

pH

(b)

(c) (d)

5 10 15 20 25
4

6

8

10

12

14

% ,lio leseid fo etar noitadarge
D

Concentration of diesel oil, g/L

0 1/3 2/3 1 4/3
0

4

8

12

16

20

% ,lio leseid fo etar noitadarge
D

K2HPO3/NH4NO3, w/w

0 1/4 1/2 3/4 1
0

10

20

30

40

% ,lio leseid fo etar noitadarge
D

The Proportion of N and P for the original amount

(e)
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3.4 � Analysis of the interactive effect of factors 
on the response

As shown in Fig. 5, the 2D contour map and 3D response 
surface are used to graph the regression equation. The model 
predicts the maximum diesel oil degradation rate is 72.21% 
under the condition of the temperature of 28 °C, pH of 8.88 
and P/N ratio of 0.31. Subsequent experiments under the 
optimized conditions show the degradation rate is 70.62%, 
which indicates the model is precise and reliable.

3.5 � Analysis of diesel degradation products

The further degraded sample which was obtained under 
the optimized conditions by RSM method and nonbio-
logical control samples were qualitatively analyzed by 
GC–MS and are compared in Fig. 6. The best structural 
match between the retained data and the mass spectrum 
interpretation is listed in Table 7. Figure 6a and b repre-
sents the gas chromatograms of nonbiological and biode-
gradable diesel samples, respectively. It was observed that 
almost all the peaks disappeared in the biological sample 
inoculated with strain MJ4, (Fig. 6b). Compared with non-
biodiesel samples, the concentration of diesel oil in the 
samples added with petroleum-degrading bacteria MJ4 
was significantly reduced. According to the gas chroma-
tographic analysis in Fig. 6, the inoculated MJ4 degraded 
almost all the normal alkanes (C10–C20) in diesel within 
5 days. The degradation rate of compounds in the range of 

C12-C20 can reach more than 80% (Table 7). The analysis 
of crude oil degradation products by Punniyakotti et al. 
showed that Bacillus subtilis A1 has high degradation abil-
ity for petroleum hydrocarbons of different chain lengths 
(Punniyakotti et al. 2017).

4 � Discussion

Bioavailability of nutrients, such as nitrogen and phospho-
rus, and environmental factors, such as temperature and 
ecological interactions, often limit the degradation rate of 
petroleum hydrocarbons in the marine environment (Ali 
Khan et al. 2017). Firstly, the different nutrients, environ-
mental factors stimulate different taxa of oil-degrading 
bacteria. Bargiela et al. (2015) found that low temperature 
can improve the richness of bacteria and reduce the diver-
sity of metabolism. Secondly, the enzymatic activity of 
microorganisms is largely restrained under the condition of 
temperature, pH, even nutrient. pH of seawater is typically 
limited to a range between 7.5 and 8.4. The main reason 
for long-term changes in ocean pH is anthropogenic carbon 
dioxide emissions. However, other factors, such as watershed 
processes, nutrient inputs, changes in ecosystem structure 
and metabolism, can also affect pH changes in coastal eco-
systems (Duarte et al. 2013). In the process of petroleum 
degradation, the catalytic action of enzymes such as paraf-
fin monooxygenase, fatty alcohol dehydrogenase and fatty 
aldehyde dehydrogenase is also very important. In addition, 
the production of biosurfactants during diesel degradation is 
also affected by environmental factors, such as temperature 
and pH value (Li et al. 2015). A large amount of emplas-
tic was discovered among the bacterial colonies, and the 
amount increased with increasing temperature in the cultiva-
tion of crude oil-degrading strain (Liu et al. 2016). During 
the degradation process of crude oil-degrading bacteria, a 
large amount of viscous substances appeared in the colony, 
and the amount increased with the increase in temperature 
(Liu et al. 2016). In diesel–water system with 50 mg/L of 
rhamnolipid, the optimal pH value for microbial growth and 
diesel biodegradation was 7.2; when the pH value was lower 
than 5.2 or higher than 8.4, the diesel degradation rate was 
significantly reduced (Whang et al. 2009). For the bacterium 
isolated in this study, it might be that the enzymes of micro-
organisms lost activity under the acidic or excessive basic 
conditions. In order to enhance the degradation of diesel oil, 
supplement of alkalinity should be considered in the biore-
mediation of diesel contamination with Bacillus sp. MJ4.

According to the results, the biodegradation ratio of 
diesel by MJ4 increases steadily with the increased diesel 
concentration, which indicates that the bacterium could be 
applied in bioremediation of high-concentration diesel leak-
age. Since oxygenases are involved in the major degradation 

Table 4   Box–Behnken experimental results of diesel oil degradation 
by MJ4

Standard order A B C Actual value, % Predicted 
value, %

1 −1 −1 0 55.00 53.84
2 1 0 1 46.01 44.86
3 0 1 −1 28.83 29.47
4 0 1 1 50.53 49.09
5 −1 0 −1 12.31 11.28
6 0 −1 1 52.52 56.21
7 −1 1 0 40.07 40.92
8 1 0 −1 13.83 11.42
9 −1 0 1 32.33 33.16
10 0 0 0 70.32 70.32
11 0 0 0 70.32 70.32
12 1 −1 0 44.27 45.92
13 0 0 0 70.32 70.32
14 0 0 0 70.32 70.32
15 1 1 0 58.32 60.68
16 0 −1 −1 21.32 20.51
17 0 0 0 70.32 70.32
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pathways of both saturated and aromatic hydrocarbons, it 
is generally believed that petroleum hydrocarbons can only 
be extensively degraded in the environment under aerobic 
conditions (Fritsche and Hofrichter 2008; Xue et al. 2019). 

Therefore, if the initial concentration of diesel oil is high to 
cover the surface of the ocean, the bioremediation is danger-
ous to complete.
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Nutrients (such as nitrogen and phosphorus) are the lim-
iting factors to improve the biodegradation rate of hydro-
carbons in marine environment (Hazen et al. 2016; Wang 
et al. 2016). Fertilizers containing bioavailable nitrogen 
and phosphorus have been successfully used to enhance 
the biodegradation of petroleum in many regions, includ-
ing the arctic (Atlas and Bragg 2009; Swannell et al. 1999). 

According to the results of nutrient addition in this study, the 
degrading rate of diesel has a tendency of increasing when 
the addition of phosphorus and nitrogen increases. Effect of 
fertilizer on biodegradation of crude oil by marine isolates 
of B. megaterium MJ4 showed that the optimal phosphorus-
to-nitrogen ratio was 0.38, which is a little different with pre-
sent experiment (the optimal P/N ratio in the present study 

Table 5   ANOVA for the quadratic model

Square Degree of freedom Mean square F value p value
Prob > F

Significant

Model 6820.51 9 757.83 44.07  < 0.0001 Significant
Residual 120.38 7 17.20
Lack of fit 120.38 3 40.13
Pure error 0.000 4 0.000
Cor total 6940.90 16
R2 = 0.9827 Adjusted R2 = 0.9604 Predicted R2 = 0.7225

Table 6   Analysis of variance table

Factor Coefficient estimate Degree of freedom Standard error 95% CI P value

Low High

Intercept 70.32 1 1.85 65.94 74.71
A 2.96 1 1.47 −0.51 6.43 0.0833
B 0.46 1 1.47 −3.01 3.93 0.7631
C 13.83 1 1.47 10.36 17.29  <0.0001
AB 6.92 1 2.07 2.02 11.83 0.0124
AC 2.89 1 2.07 −2.01 7.79 0.2063
BC −4.02 1 2.07 −8.93 0.88 0.0936
A2 −16.81 1 2.02 −21.59 −12.03  <0.0001
B2 −3.17 1 2.02 −7.95 1.61 0.1609
C2 −28.33 1 2.02 −33.11 −23.55  <0.0001
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is 0.56) (Thavasi et al. 2011). Huang et al. (Huang et al. 
2008) have optimized nitrogen and phosphorus addition in 
diesel oil degradation by Rhodococcus erythropolis which 
was isolated in oil-polluted seabed. The results indicated the 
optimal nitrogen and phosphorus addition is 0.46 g/L and 
0.6 g/L, respectively. Generally, the addition of nitrogen and 
phosphorus will facilitate the growth of the microorganisms, 
thereby improving degradation of oil by microorganisms. 
Addition dosage of nitrogen and phosphorus on biodegrada-
tion of crude oil by marine isolates of Bacillus megaterium 
showed that the optimal phosphorus dosage and nitrogen 
dosage are 0.23 g/L and 0.089 g/L, respectively, and there 
was no significant change observed in bacterial cell growth 
and biodegradation rate beyond the optimal dosage (Thavasi 
et al. 2011). The difference between two results should be 
attributed as the different nitrogen sources were used; in the 
present study, NH4NO3 was used and it can emulsify diesel.

5 � Conclusions

The present study demonstrated the isolation and identifica-
tion of a novel indigenous petroleum-degrading bacterial 
strains from the oily seawater of Jiaozhou Bay. Single-fac-
tor experiments and RSM-BBD were used to evaluate and 
optimize the environmental factors for affecting the diesel 
oil degradation process of B. megaterium MJ4. A nonlinear 
regression equation of diesel oil degradation rate and pH, 
temperature, P/N ratio was obtained. Experiments under the 
optimized conditions show the degradation rate is 70.62%, 
which indicates the model is precise and reliable. Analysis 
of diesel degradation products by GC–MS shows that B. 

megaterium MJ4 can degrade alkane components in vari-
ous ranges, proving that MJ4 is a very effective crude oil-
degrading bacterium. In conclusion, B. megaterium MJ4 
could be utilized to enhance the biodegradation of complex 
hydrocarbon components, including marine oil spills, due to 
their low cost and environmental friendliness. In the future, 
the growth of MJ4 during oil spill remediation and its impact 
on other indigenous marine microorganism will be studied.
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