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Featured Application: Bioremediation is an economical and effective option to remove petroleum
hydrocarbons (PHs) from soil and water ecosystems. In-depth understanding of the performance
of different microorganisms is helpful in constructing bacterial communities to effectively
remediate polluted ecosystems. Our study investigated the contribution of biotic and abiotic
factors on variation in the PHs degradation efficacy of Klebsiella pneumoniae (Kp) and
Pseudomonas aeruginosa (Pa). Our work advances the current understanding of characteristics
of highly effective strains in PHs biodegradation and their use in construction of highly effective
bacterial communities.

Abstract: The aim of this work was to develop bacterial communities to effectively degrade petroleum
hydrocarbons (PHs). We investigated the biotic and abiotic contributors to differences in PHs
degradation efficacy between two bacterial strains, Klebsiella pneumoniae (Kp) and Pseudomonas
aeruginosa (Pa), screened out from the activated sludge of a petroleum refinery. We characterized the
temporal variations in degradation efficacy for diesel and its five major constituents as a sole carbon
source and identified more constituents they degraded. The growth characteristics, surface tension,
hydrophobicity and emulsifiability of these two strains were measured. We further estimated the
relationships between their degradation efficacy and all the biotic and abiotic factors. Results showed
that the Pa strain had higher diesel degradation efficacy (58% on Day 14) and utilized more diesel
constituents (86%) compared to Kp. Additionally, the growth of the Pa strain in diesel medium was
faster than that of the Kp strain. The Pa strain had a lower surface tension and higher hydrophobicity
and emulsifiability than Kp, while the surfactant produced by Pa was identified as rhamnolipids.
Degradation of PHs was positively related to bacterial growth, hydrophobicity and emulsification but
negatively related to surface tension. Overall, differences in degrading capacity for diesel constituents,
relative growth rate, and biosurfactant production contributed to the variation in the PHs degradation
efficacy of these two bacterial strains.

Keywords: biodegradation; bacteria; diesel constituents; biosurfactant; degradation efficacy;
growth rate

1. Introduction

Petroleum hydrocarbons (PHs) are among the most abundant pollutants in soil and water
environments [1]. It is reported that about eight million tons of petroleum are released into the
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water environment every year [2]. Leakage of PHs commonly occurs during exploration, production,
refining, storage and transportation [3]. For example, a rig explosion resulted in the escape of four
million barrels of petroleum into the Gulf of Mexico in 2010 [4]. The European Environment Agency
reported that about 34% of contaminated sites in Europe were related to mineral oil (including
common petroleum substances such as polycyclic aromatic hydrocarbons (PAHs) and volatile aromatic
hydrocarbons) in 2006 and this value has since increased to 53% [5]. Besides surface water, PHs leakage
also contaminates groundwater. According to the United States Environmental Protection Agency,
in 2000, 25% of underground storage tanks for petroleum had leakage which directly resulted in serious
groundwater pollution in the United States [6,7]. Toxic and persistent constituents of PHs such as
olefinic and paraffinic hydrocarbons, monoaromatic hydrocarbons (e.g., benzene, toluene, and xylene)
pose a great threat to human beings [1,8–10]. Hence, developing an economical and effective way
to remove PHs from water ecosystems is a major goal to maintain the health of ecosystems and
human beings.

There are several methods to mitigate the risks of PHs contamination of the health of
ecosystems and effects on human health, including bioremediation [11–14] and a variety of
physico-chemical treatments, e.g., separation tank treatment [15], coagulant addition [16,17],
and membrane separation [18]. Although physico-chemical treatments are effective in degrading
these pollutants, they are limited by the high operational costs and generation of secondary toxic
compounds [19]. Compared to these methods, bioremediation has received immense attention
because it costs less in chemicals and energy and is environment-friendly. In this process, these PHs,
serving as the energy and carbon source for microorganisms, are transformed or degraded into
non-hazardous (such as microbial biomass and/or CO2) or less-hazardous chemicals (such as
glycerinum) [20,21]. As implementation of bioremediation is heavily dependent on microorganisms’
performance, an in-depth understanding of factors that affect their performance is required.

Many microorganisms are able to degrade PHs, such as protozoa, fungi and bacteria. Specifically,
grazing protozoa were reported to be able to carry out naphthalene mineralization up to four times
faster than the control in flasks with sediment slurry and seawater [22]. Fungi were also reported to
degrade PHs, which is mediated by the cytochrome P-450 system and/or soluble extracellular enzymes,
including lignin peroxidase, manganese peroxidase and laccases [23]. Additionally, filamentous
fungi, basidiomycetes, white rot fungi and deuteromycetes have also shown the ability to reduce the
abundance of PAHs by effectively degrading a broad range of the PHs that mainly compose diesel
fuels [24,25].

Although many microorganisms can degrade PHs pollutants, bacteria play a dominant role [26,27].
Of various strains obtained from enrichment cultivation of oil-contaminated soils from an oil field
in China, 22 strains could utilize diesel as a sole source of carbon and energy and 11 strains could
degrade the total PHs of diesel by more than 70% in seven days [28]. Another study found that
when two bacterial strains (Mycobacterium hyalinum and Cladosporium carrianii) were applied at the
same time, a significant synergistic effect was observed, and almost complete (99%) degradation of
diesel in was achieved within five days [29]. Compared to bacteria, there are fewer kinds of fungi and
protozoa that can degrade PHs, and their average degradation efficacy is also lower [30,31]. Therefore,
a comprehensive understanding of how bacteria perform in degrading PHs is of great benefit in the
construction of effective bioremediation systems.

The biodegradation process for PHs is influenced by many factors, such as the constituent content
of diesel fuels [32]. Diesel is a complex mixture of PHs with carbon numbers of C10–C22. For 0#

diesel, among the 70 compounds detected, 8% of mass fraction was aromatic hydrocarbons, 90% was
saturated alkanes, and 2% was alcohol, acid and olefins [33]. For aromatic hydrocarbons, half were
monocyclic aromatic hydrocarbons (e.g., substituted benzene) while the other half were PAHs (e.g.,
naphthalene, anthracene, and phenanthrene). For saturated alkanes, 69% were C13–C22 straight
alkanes, 15% were isomers and 6% were naphthenic hydrocarbons [34]. Importantly, the extent of
their biodegradation varied [30], depending on the carbon number [35], branch number [36] as well as
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the biotoxicity of aromatic hydrocarbons [37]. The order of biodegradation difficulty was: olefins <
alkanes < PAHs < branched alkanes < naphthenic hydrocarbons [27,38].

This biodegradation process is also manipulated by the production of biosurfactant [39,40], a type of
metabolite of PHs produced by microorganisms [41,42]. For example, the strain DHT-GL (Pseudomonas
aeruginosa) was able to produce biosurfactant identified as glycolipid on yeast peptone glucose medium
and reduce its surface tension from 55 to 30 dN/cm after 96 h growth. In addition, this biosurfactant
not only increased emulsification of the oil but also increased the adhesion of PHs to the cell surface
of other bacteria [43]. These surfactants were reported to reduce the surface tension of liquid [44],
emulsify solubilization and increase the surface hydrophobicity of the bacterial cells [45,46]. The specific
biosurfactant function seems to be connected with environmental conditions and corresponding regulatory
systems. The range of rhamnolipid functions covers solubilization, modification of surface properties,
stimulation of bacterial motility, formation and disruption of biofilms, virulence and anti-microbial
activity [42]. These effects increased the probability of contact between the cell and PHs and the adhesion
of hydrocarbon, leading to improvement of the hydrophobic substrate [47]. Many microorganisms
produce biosurfactants to increase the bioavailability of poorly available substrates [24]. Therefore,
bacteria producing biosurfactants are hypothesized to be more effective in degrading PHs [48,49].

In addition to the constituent content of PHs and biosurfactants, growth characteristics of
microorganisms might also contribute to bacterial performance in degradation of PHs [50]. One of the
possible reasons is that PHs degradation by bacteria is mainly dependent on their strong intracellular
enzymes, such as monooxygenase and hydroxylase [51,52]. Synthesis and secretion of these enzymes
are impacted by the growth rate and metabolism of the cells [53]. It has been reported that fast-growing
bacteria have a higher degradation efficacy than their slow-growing counterparts, and there is a
positive correlation between them [50,54–56].

Two PH-degrading bacterial strains were screened in our laboratory, and we found that they
have a high diesel degradability both as a single strain and as a community. Meanwhile, one of them
was able to produce biosurfactant while the other was not (Supplementary Materials; Figures S1–S3).
Using them to biodegrade diesel, we aimed to explore both biotic and abiotic factors that contributed
to the performance of the two strains to degrade PHs. We hypothesized that the strain with higher
efficacy for diesel degradation would be able to produce biosurfactant and utilize higher levels of
diesel constituents, with a higher growth rate.

2. Materials and Methods

2.1. Microorganisms

Klebsiella pneumoniae (Kp) and Pseudomonas aeruginosa (Pa) were screened out from the activated
sludge collected from a petroleum refinery in Nanjing, China. These two bacterial strains were
identified with 16S rDNA sequencing (Sangon Biotech, Shanghai, China) and the establishment
of a phylogenetic tree indicated that the Kp strain was Klebsiella pneumoniae (AR0139) and Pa was
Pseudomonas aeruginosa (DSM50071) [13]. The optimum growth conditions of the Kp strain were pH
of 7.5, temperature of 30 ◦C, and 2% salinity, while those of Pa were pH of 7.5, temperature of 35 ◦C,
and 1% salinity [57].

Before we selected Kp and Pa, four bacterial strains (i.e., KX-1, Kp, KX-4, and Pa) were screened
and constructed in equal proportions. The results showed that the biodegradation efficacy of the
combination of Kp and Pa was the highest (Figure S1) and individually, these two strains could degrade
diesel well (Figure S2). In addition, one of them could produce (Figure S3). Due to the aforementioned
reasons therefore, we used Kp and Pa in our study.

2.2. Chemicals and Culture Mediums

Luria-Bertani medium (LB) was made by adding 10-g peptone, 5-g yeast extract and 10-g NaCl
into 1-L deionized (DI) water. Then the medium pH was adjusted to pH 7.4. The medium was used
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for activation, enrichment and preservation of the strains before degradation experiments. Mineral
salt medium (MSM) was made by adding 1.0-g K2HPO4, 0.5-g KH2PO4, 5.0-g NaCl, 2.0-g NaNO3,
1.0-g MgSO47H2O, 0.1-g KCl, 0.01-g FeSO47H2O, and 0.1-g CaCl2 into 1 L DI water. The medium
pH was then adjusted to 7.2 ± 0.2. The medium was used for studying degradation of different PH
substrates by strains. The diesel medium was prepared by adding 15 mL diesel to 985 mL MSM. Finally,
the specific diesel constituent medium was made by adding 15 mL diesel constituent to 985 mL MSM.

All the mediums were autoclaved at 121 ◦C for 20 min before adding diesel or its constituent.
All the organic solvents used in this study were HPLC grade, and inorganic chemicals were analytical
grade or higher.

2.3. Petroleum Hydrocarbons for Degradation

In this study, a total of 14 different diesel components were monitored as test materials (Figure S4).
The mass fraction of these selected components was about 55% of the total 0# diesel (Figure S4a).
The percentages of each of these components are shown in Figure S4b. The component with the
highest content was chain alkanes which accounted for more than 90% of the total mass fraction.

2.4. Surface Tension Test

The surface tension of the diesel broths after 3, 4, and 5 days of cultivation was determined with a
surface tension meter (Sigma 702ET, Sweden Hundred Wood Technology, Shanghai, China). Culture
broths were centrifuged at 10,000 rpm for 10 min and filtered to harvest cell-free supernatant, which
was used for surface tension determination. The strains reducing surface tension to 45 mN m−1 or
lower were considered as effective biosurfactant producers [58].

2.5. Bacterial Biomass and PHs Degradation Efficacy Test

The diesel broths cultivated for 2, 4, 6, 8, 10, 12, and 14 days were collected and used for analysis
of the biomass and degradation efficacy. Bacterial biomass was determined by the optical density (OD)
value measured at a wavelength of 600 nm by UV spectrophotometer (Metash UV-5500, Shanghai
Metash Instruments Co. LTD, Shanghai, China) [28]. Meanwhile, the dilution-plate method was used
to estimate the number of living bacteria (culturing 48 h at 30 ◦C).

The degradation efficacy of the strains for diesel or its constituents was determined by ultraviolet
spectrophotometry [59], as shown in Equation (1). The culture broths were centrifuged, then poured into a
dipper to which 5 mL H2SO4 (50%), 1 g NaCl and 15 mL light petroleum were added. The organic phase
was fully oscillated and statically stratified. Therefore, the organic phase was treated with sodium sulfate
anhydrous and filtered into a 50 mL volumetric flask. We repeated the above steps twice to lower water
content and to collect as much remaining diesel, or its constituents, as possible. Then, the solution was
raised to a final volume of 50 mL and the absorbance of this solution was recorded at 256 nm with a 10 mm
optical path quartz colorimeter. Fitting by the least squares method of linear regression, a relationship
curve between absorbance and diesel concentration (mg/L) was obtained. The equation of the standard
curve for diesel concentration is Y = 0.0022X + 0.0012 (R2 = 0.9999).

Degradation efficacy (%) = (1 − Residual diesel concentration/Initial diesel
concentration) × 100%.

(1)

2.6. Hydrophobicity and Emulsification Test

The bacterial adhesion to hydrocarbons was used to test the hydrophobicity of the strains.
Bacterial cells were harvested from culture broth and centrifuged at 8000× g for 20 min at 4 ◦C.
Pellets were washed three times with DI water. The cells were then resuspended in a saline solution
containing 0.9% NaCl to test their OD at 600 nm (0.5). These suspended cells (3 mL) were mixed
with 0.3 mL normal sixteen alkane (C16) in a screw-top test tube and then vortexed for 3 min. After
this step, the C16 and aqueous phases were separated by stewing for 30 min. This aqueous phase was
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carefully transferred into a cuvette with a Pasteur pipette and its turbidity was measured with UV
spectrophotometer at 600 nm. Hydrophobicity was expressed as the percentage of adherence to C16,
as follows in Equation (2):

Hydrophobicity (%) = 100% × (1 − OD of the aqueous phase/OD of the cell
suspension).

(2)

A value less than 10% suggests cells should be considered hydrophilic, while a value greater than
50% suggests the cells are hydrophobic [60].

After the above centrifugation, supernatant (3 mL) was mixed with C16 (0.03 mL). This mixture
was vortexed for 1 min and stewed for 24 h to exclude the water phase. The turbidity of the remaining
solvent phase was measured with a UV spectrophotometer at 600 nm. The degree of emulsification
was represented by OD600 [61].

2.7. GC-MS Analysis

During the degradation process (cultivating for 2, 5, 8, 11 and 14 days), the diesel broths
of the Kp and Pa strains were analyzed using GC-MS (Agilent GC7890A, Santa Clara, CA, USA;
the chromatographic column: HP-5MS (30 m × 0.25 mm × 0.25 µm), Agilent, Santa Clara, CA,
USA). For the GC analysis, the medium was first centrifuged (8000× g for 20 min at 4 ◦C) and the
supernatant (3 mL) of the centrifuged medium was extracted with hexane. The liquid phase was
filtered with a 0.45 µm filter. The operating temperatures of the injector and detector were 250 and
200 ◦C, respectively. The oven temperature program was as follows: 100 ◦C held for 0.5 min and raised
to 290 ◦C at 8 ◦C min−1, with an isothermal period of 20 min at the end. The ionization energy was
70 eV and the inlet velocity was 1 mL min−1. The limit of detection was determined by calculating 3 ×
the signal-to-noise ratio (S/N).

2.8. FTIR and HPLC-MS Analyses

Structural characterization of the bacterial secretions was done using FTIR and HPLC-MS
analyses. The metabolite extraction from the culture broth was carried out as described by
Mariaamalraj et al. [62]. Extraction was performed by following the standardized solvent extraction
method with ethyl acetate and the organic phase was subsequently purified by silica-gel column
chromatography. Primary characterization of the biosurfactant was carried out using the anthrone test,
the saponification test, and the rhamnose test [62] (Figure S9).

The column-purified secretions were analyzed in a NICOLET 6700 FTIR-Spectrophotometer
(Thermo-Fisher, Waltham, MA, USA) using the ATR (attenuated total reflectance) mode in a range of
500–4000 cm−1 to detect functional groups and bond types.

HPLC-MS was also used to confirm the presence of metabolites formed during biodegradation.
The liquid medium and biomass extracts from the 72 h exposures were analyzed and compared with
individual metabolite standards. An HPLC coupled to a triple quadrupole mass detector series 6410 with an
electrospray ionization source in the negative mode (Agilent Technologies, Santa Clara, CA, USA) was used.

2.9. Statistics

Data were tested for normality with the Shapiro-Wilk test and the homogeneity of variances was
confirmed with Levene’s test using Origin Pro 2017C. The effects of time, strains and their interactions
were analyzed with two-way analysis of variance (ANOVA). When an effect was significant in the
ANOVA, it was tested by one-way ANOVA followed by Fisher’s LSD post hoc test. In addition,
Spearman correlation coefficients were calculated between different indicators (colony floc unit (CFU),
OD600, hydrophobicity, emulsification and surface tension value) and the degradation efficacy using
R [63]. For all analyses, a significance level of p < 0.05 was applied. Data are expressed as the mean of
three replicates with standard deviation.
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3. Results

3.1. Biodegradability of Diesel and Its Main Constituents

The Pa and Kp strains showed a significant difference in their PH degradation efficacy, such
that the degradation efficacy of the Pa strain was 15% higher than that of the Kp strain (Figure 1a).
The degradation efficacy of these two strains increased with cultivation time. Maximum values
of 58% were observed after 10 days cultivation for the Pa strain, and of 45% for the Kp strain,
although little change was observed until Day 14. There was a significant difference between the
two strains in degrading the diesel constituents phenanthrene, C16, C20 and C24 alkanes (Figure 1b–f).
Specifically, the Pa strain showed a higher degradation efficacy than the Kp strain throughout the
cultivation time. This difference was greater for phenanthrene, C20 and C24, than for C16. For another
diesel constituent –C12, the Kp strain had a significantly better degrading capability than the Pa strain
(Figure 1c); the Kp strain could degrade 90% of C12-containing organics within six days cultivation,
while the Pa strain could remove less than 15% of the compounds throughout the culture period.
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Figure 1. Degradation efficacy of Kp and Pa strains for: (a) diesel, (b) phenanthrene, (c) n-dodecane
(C12), (d) n-hexadecane (C16), (e) n-eicosane (C20), and (f) n-tetracosane (C24). The corresponding
hydrocarbon degradation efficacy values represent the mean ± SD of three independent replicates
(n = 3). In each data sample, Pt, Ps, and Pt×s represent the P value of time, strain and interaction
between the strains, respectively. Different letters above the columns represent significant differences
according to Fisher’s HSD test (p < 0.05).

In summary, degradation efficacy increased with culture time and the Pa strain performed much
better than the Kp strain in reducing phenanthrene and C16, C20 and C24 alkanes, while Kp was
superior in degrading C12 alkanes.
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3.2. Biodegrading Range of Diesel Constituents

The Pa strain had a wider degradation range than the Kp strain (Figure 2). The GC-MS spectrums
showed that the main carbon number of diesel constituents was distributed among C10–C23 (Figure 2a);
strain Kp mainly degraded C10 to C14 (Figure 2b), while strain Pa mainly degraded C15 to C24

(Figure 2c).
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Figure 2. GC-MS spectra of diesel constituents in the absence and presence of Kp and Pa. (a) original
1.5% diesel sample; (b) culture medium after 8-day degradation by Kp; and (c) culture medium after
8-day degradation by Pa.
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3.3. Growth Characteristics of Kp and Pa in Media with Diesel or Its Constituents as Sole Carbon Source

We first analyzed the diesel-constituent ranges that the two strains were able to utilize as a
sole carbon source. We found that the Pa strain was able to grow (including good-growth and
medium-growth) on 86% of diesel constituents on a mass basis, compared to 68% for the Kp strain
(Figure 3a,b). Additionally, the Pa strain grew better than the Kp strain on eight diesel constituents
(accounting for 75%), while the Kp strain grew better on only seven diesel constituents (accounting
for 48%). In terms of alkanes, the Pa strain preferred long-chain constituents (Figure 3b) while the Kp
strain preferred short-chain constituents (Figure 3a).
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Figure 3. Growth characteristics of Kp (a) and Pa (b) cultivated with diesel constituents as a sole carbon
source. Dark grey, light grey and white areas indicate good-growth (OD600 ≥ 1), medium-growth (0.4
< OD600 < 1) and poor-growth (OD600 ≤ 0.4), respectively.

In the culture medium with C21 as a sole carbon source, the Pa strain was able to grow while
the Kp strain could not. In addition, the Kp strain grew poorly in C20- and C24-containing medium,
while the Pa strain grew well in C20–C24- as well as in C16-containing medium. In diesel medium
(Figure 4a), the biomass of the Pa strain was significantly higher than that of the Kp strain in each
period. The relative growth rates of the Kp strain and Pa were 0.4 d−1 and 0.6 d−1, respectively
(Figure 4b). In the decline period, the declining rate of the Pa strain (−0.03 d−1) was lower than that
of the Kp strain (−0.05 d−1). In cyclohexane medium, the Pa strain showed a decline with a relative
growth rate of −0.26 d−1 (Figure 4c,d). In contrast, the Kp strain showed “S” type growth with a
relative growth rate of 0.8 d−1. The biomass production of the Kp strain was higher than that of Pa
throughout the culture time.

In summary, the Pa strain grew faster than Kp in diesel medium; however, in cyclohexane medium,
Pa was not able to grow while Kp grew well.
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Data in (a,c) are the original values while those in (b) and (d) are the corresponding logarithmic values.
Relative growth rates were estimated with the slopes during the logarithmic growth period based on
the Baranyi-Roberts Growth Model [64].

3.4. Surface Tension, Hydrophobicity and Emulsifiability

The difference between the surface tensions of the two strains was significant. The surface tension
of the Pa strain was below 32 mN/m while that of the Kp strain was above 60 mN/m throughout
the culture time (Figure 5a). As shown in Figure 5b, the difference in hydrophobicity between the
Kp strain and Pa was significant. The initial hydrophobicity of the Pa strain (15%) was higher than
that of the Kp strain (9%). This difference in the hydrophobicity increased as the culture time elapsed;
however, a decrease was noted on Day 14.

The difference in emulsification between the two strains was also significant (Figure 5c).
The emulsifiability of the Kp strain with a maximum value of 0.1, was much lower than that of the Pa
strain (0.3–0.6). All the above estimators indicated that the Pa strain might be producing biosurfactant.
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Figure 5. Differences in surface tension (a), hydrophobicity (b), and emulsifiability (c) between the two
strains, Kp and Pa.

3.5. Group Characterization of Bacterial Secretions

In order to confirm if the Pa strain produced biosurfactant, we identified its secretions with FTIR
and HPLC-MS. FTIR displayed the absorption band of –OH stretch at 3406 cm−1. Those at 2925
and 2860 cm−1 were caused by the C–H expansion vibration. The carbonyl and carboxyl expansion
vibration at 1737 and 1645 cm−1 indicated the existence of lipids, and peaks at 1457 and 1385 cm−1

suggested the bending of C–H (–CH3 and –CH2). The absorption peak at 1173 cm−1 was the stretching
vibration peak of C–O (Figure S5). The above estimators suggested that the secretions of the Pa strain
were composed of glycolipids.

These compounds had their peaks at 11.01 and 27.35 min, indicating that their molecular weights
were 527 and 334, respectively. This indicated that these two compounds were single rhamnolipid
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Rha-C12:1-C10 and Rha-C10 [65] (Figures 6 and 7a,b). The molecular weights of the compounds
observed at 13.56 and 16 min were 553 and 555, respectively, indicating that these two compounds were
double rhamnolipid Rha-Rha-C10:1 and Rha-Rha-C10, respectively (Figures 6 and 7c,d). The peak at
27.35 min represented Rha-C10 (namely 2-O-α-L-rhamnyl-β-hydroxydecyl acid; molecular weight: 334),
one of the most common structures in rhamnolipids (Figure 6). Among these homologues,
the mono-rhamnolipid structure Rha-C12:1-C10 with the RT of 11.01 min had the highest content.
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Figure 6. HPLC-MS analysis of Pa secretion.

These results suggested that the Pa strain might produce biosurfactant, which was identified as
rhamnolipids with the highest content of mono-rhamnolipid structure. This biosurfactant enhances
the surface hydrophobicity of the strain and improved the emulsification of the solution. Meanwhile,
there was no evidence showing that the Kp strain would produce any biosurfactant.
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3.6. Potential Factors Related to Degradation Efficacy

To show whether degradation efficacy of the strains was related to the aforementioned biotic and
abiotic factors, we constructed a matrix of Spearman correlation coefficients (Figure S6). This matrix
showed that all these factors were positively correlated with the degradation efficacy of each strain.

Irrespective of the estimator (CFU or OD600) used to indicate biomass, degradation efficacy was
positively correlated with biomass and there was no clear difference in the distribution of data point
clouds between these two strains (Figure S7).

We found degradation efficacy was positively correlated with hydrophobicity and emulsifiability
but negatively with surface tension values. We also found the data point clouds of the Pa strain were
separate from those of the Kp strain (Figure S8).
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4. Discussion

We have presented the variation in performance of two bacterial strains, Kp and Pa in the
degradation of PHs [1]. We found that the Pa strain was able to reduce diesel (a common form of PHs)
by 58%, while the Kp strain degraded 45% of diesel within 14 days. This difference in degradation
efficacy for given PHs was even greater in previous studies where one bacterial strain (Burkholderia
fungorum T3A13001) could degrade pyrene by 59–62% while the other strain (Caulobacter sp. T2A12002)
only did so by 21–24% over an 18-day incubation. This difference was also reported for two bacterial
strains (Pseudomonas (22.39–38.32%) and Rhodococcus sp. (87.35–99.89%)) in the degradation of diesel
and its component n-alkane [66]. Additionally, this difference was found for extreme halophilic
bacterial strains: one strain could degrade up to 47% of crude oil while another degraded 13% [67].

From two petroleum-contaminated soils, ten strains were screened out and were able to
produce biosurfactant and degrade oil. These strains could produce glycolipid biosurfactants, which
ranged from 1.93 to 3.7 g L−1. The results showed that four isolates could effectively degrade
crude oil in saline mineral broth, with the highest removal efficacy of 39%. Gas chromatography
analysis revealed that both lighter and heavier PHs were degraded by microbial cells. It was
also demonstrated that branched alkanes as well as linear alkanes were degraded by the isolates.
Based on 16S rDNA sequencing, all four isolates were identified as Pseudomonas aeruginosa [68].
A hydrocarbon-degrading, biosurfactant-producing, and plant-growth-promoting endophytic
bacterium, Pseudomonas aeruginosa L10, was isolated from the roots of a reed, Phragmites australis,
in the Yellow River Delta, Shandong, China. P. aeruginosa L10 effectively degraded C10–C26 n-alkanes
from diesel, as well as common PAHs such as naphthalene, phenanthrene, and pyrene. In addition,
P. aeruginosa L10 could produce biosurfactant. Moreover, they identified genes related to PHs
degradation, such as putative genes encoding monooxygenase, dioxygenase, alcohol dehydrogenase,
and aldehyde dehydrogenase. Genome annotation revealed that P. aeruginosa L10 contained a gene
cluster involving in the biosynthesis of rhamnolipids, rhlABRI, which could be responsible for the
observed biosurfactant activity [69].

There are also many applications of bacterial communities. An in vitro experiment was
performed by taking petrol pump soils and diesel in flasks with micronutrient and macronutrient
supplements. The bioreactor was inoculated with bacterial communities containing Moraxella
saccharolytica, Alteromonas putrefaciens, Klebsiella pneumoniae subsp. aerogenes and Pseudomonas fragi
along with soil and diesel. The ability of the bacterial inoculum to degrade diesel was analyzed through
GC-MS. Smaller chain compounds were obtained after the experimental period of 30 days. The diesel
degradation rate was better with the bacterial consortium than with individual bacteria. The bacterial
consortium can be a better choice for faster and complete remediation of soils contaminated by
hydrocarbons [70].

Together with these previous studies, our study provided strong evidence that PHs degradation
capacity is species-specific and a comprehensive understanding of the contributing factors to this
species-specific degradation capacity is of importance to enhance microbial remediation of a PHs
polluted environment.

Different species have different capacities to utilize given diesel constituents as a sole source of
carbon and energy. For example, the Dietzia strain DQ12-45-1b was reported to utilize a wide range of
n-alkanes (C6–C40) and aromatic compounds of crude oil as a sole carbon source while other strains only
use some of these compounds (≤C25) [71]. Similarly, Habib et al. [66] reported that the bacterial strain
ADL15 tended to degrade shorter n-alkanes (n-C10, n-C11, n-C12) more effectively than the middle-chain
n-alkanes, while the other bacterial strain, ADL36, could degrade most of the recognizable n-alkanes
significantly. Therefore, we hypothesized that the difference in diesel degradation between the two
strains was partly due to the fact that they had different capacities to utilize diesel constituents.
As expected, the Pa strain performed much better than the Kp strain in reducing diesel constituents
(especially those with high content), such as C14, C17 and C21 alkanes (with their contents varying
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from 5.77% to 15.2%), but not C12 which only accounts for 5.06%. These results suggested that specific
bacterial strains or communities are required to utilize given PHs pollutants.

We further assessed the growth characteristics of these two strains in mediums where diesel or its
constituents were provided as a sole carbon and energy source. This was because the degradation of
PHs by bacteria depends mainly on their strong intracellular enzymes [51,52] and the synthesis and
secretion of biosurfactants which are affected by the bacterial growth rate [53]. Therefore, we expected
that there would be a positive correlation between PHs degradation efficacy and bacterial growth
rate [50,54–56]. As expected, compared with the Kp strain, Pa grew faster in diesel medium and was
able to utilize more constituents (on both a number-basis and content-basis). This indicated that the Pa
strain had a better capacity to utilize diesel as a carbon source. We also confirmed that degradation
efficacy was positively correlated with bacterial growth as indicated by either OD600 or CFU. Although
the Pa strain did not grow, Kp grew very well in cyclohexane medium. Pa still performed better in
degrading diesel which was because cyclohexane accounted for only 0.6% of diesel on a content-basis.
Our result suggested that high growth rate, especially in constituents with high content, should be
attended to when selecting strains for PHs biodegradation.

The addition of surfactants could significantly promote PHs degradation of oily sludge [72],
which might be due to the reduced surface tension [73], and/or enhanced hydrophobicity [46], and/or
emulsifiability [74]. Importantly, some microorganisms have been reported to produce biosurfactants.
For example, Qiao and Shao [75] identified that a novel biosurfactant (proline lipid) was produced by a
marine oil degrading bacterium, Alcanivorax dieselolei B-5. In our study, Pa had a lower surface tension
value and higher hydrophobicity and emulsifiability than Kp. These results motivated us to investigate
whether biosurfactant production contributed to the better performance of Pa in degrading PHs.
As expected, we found Pa could excrete glycolipid and we further identified this glycolipid to be
rhamnolipid [65]. This compound was found to serve as a surfactant which enhances the solubility of
PHs and renders them more accessible for biodegradation [76,77]

We also found that degradation efficacy was positively correlated with hydrophobicity and
emulsifiability. In fact, rhamnolipids produced by Pa are well known to interact with toxic
xenobiotics—closing them in micelles and making them less toxic to bacteria. The reduction in the
toxicity of phenols can be explained by a combination of toxin accumulation in biosurfactant micelles
and hydrophobic interactions of phenols with rhamnolipid-based dissolved organic carbon. These
results provide evidence that, next to the effect of the micelle formation, hydrophobic interactions with
rhamnolipid-based dissolved organic carbon affect the bioavailability of phenols [78]. Besides which,
the surfactant-mediated treatment increases hydrocarbon solubilization and potentially facilitates
biodegradation. This property of rhamnolipids is of interest to those using biosurfactants for
microbial treatment of hydrocarbon-rich wastewaters co-contaminated with toxic compounds [79].
Moreover, more studies have been conducted about rhamnolipids’ influence on cell hydrophobicity
and hydrocarbons degradation—for both single species, and communities. Both surfactants altered
cell surface hydrophobicity of the consortia in a similar manner, i.e., increased for the hydrophilic and
decreased for the hydrophobic cultures. Additionally, the surfactants exhibited a similar influence
on diesel fuel biodegradation; enhanced biodegradation was observed for initially slow-degrading
cultures and the opposite for fast degraders. This indicates that in surfactant-mediated biodegradation,
the effectiveness of surfactants depends on the specification of microorganisms and not on the type of
surfactant [46,80]. Nevertheless, production of biosurfactant does not mean that other bacteria will
not degrade biosurfactant as a preferred carbon source. A study showed that the biodegradation
susceptibility order can be established as follows: biodiesel > rhamnolipids > diesel oil. The complete
degradation time for the abovementioned carbon sources was estimated to be 5, 10 and 28 days,
accordingly. Similar results were observed for nitrate-reducing experiments, although the degradation
processes were carried out at a much slower rate [81,82]. Therefore, we confirmed that biosurfactant
production by Pa contributed to the higher PHs degradation by the strain.
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5. Conclusions

The degradation efficacy of Pa for diesel (a common form of PHs) was 15% higher than that of Kp.
In addition, Pa also performed much better in degrading the main constituents of diesel: phenanthrene
and C16, C20 and C24 alkanes (except C12). Specifically, Pa degraded 86% of diesel constituents on a
mass basis, compared to Kp (68%). In addition, although Pa grew faster in diesel medium than Kp,
in cyclohexane medium, the growth of Kp was higher. Pa was able to produce biosurfactant which was
identified as rhamnolipids with the highest content of mono-rhamnolipid structure. This biosurfactant
enhanced the surface hydrophobicity of the Pa strain and improved the emulsification of the solution.

This study confirmed that specific bacterial strains or communities would be required to degrade
specific PHs pollutants. In particular, strains producing biosurfactant might play an important role
in PHs biodegradation, indicating that it might be of great significance to increase the proportion of
surfactant strains to improve biodegradation efficiency.

When these two strains are applied for bioremediation of PHs, the potential leak of these species
into the environment should be considered and prevented since they are pathogenic. Especially,
inoculation of these species in situ is not recommended unless there is robust evidence showing that
they are non-invasive or not able to lead to any disease.
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