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Abstract

:

One cold-adapted strain, named Planococcus sp. XW-1, was isolated from the Yellow Sea. The strain can produce biosurfactant with petroleum as sole source of carbon at low temperature (4 °C). The biosurfactant was identified as glycolipid-type biosurfactant species by thin-layer chromatography (TLC) and Fourier transform infrared spectroscopy (FTIR). It reduced the surface tension of water to 26.8 mN/m with a critical micelle concentration measurement of 60 mg/L. The produced biosurfactant possesses high surface activity at wide ranges of temperature (−18–105 °C), pH values (2–12), and salt concentrations (1–18%). The biosurfactant exhibited higher surface activity and higher growth rate of cells with hexadecane and diesel as carbon source. The strain Planococcus sp. XW-1 was also effective in degrading crude oil, after 21 days of growth at 4 °C in medium with 1% crude oil and 1% (v/v) bacteria broth, 54% of crude oil was degraded. The results suggest that Planococcus sp. XW-1 is a promising candidate for use in the bioremediation of petroleum-contaminated seawater in the Yellow Sea during winter. This study reported for the first time that Planococcus isolated from the Yellow Sea can produce biosurfactant using petroleum as the sole carbon source at low temperature (4 °C), showing its ecological role in the remediation of marine petroleum pollution.
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1. Introduction


Offshore oil exploration, oil tanker crashes, oil pipeline leaks, oil waste water discharge, and subsea oil leakage have led to a large amount of oil entering the ocean [1]. The impact of oil entering the ocean is huge. It will affect the growth of marine life, destroy the marine ecological environment, reduce the value of the coastal environment, destroy coastal facilities, and reduce the self-purification capacity of the ocean [2,3]. Since low temperature will affect the migration and transformation process of oil and reduce bioavailability, oil spills that occur at low temperature environments are often more harmful [4].



Microbial remediation is based on the metabolic activities of microorganisms, and the damaged ecological environment is repaired by the degradation and transformation of toxic and harmful substances. Microbial remediation has characteristics which make it low cost, good effect, and environmentally friendly [5]. However, the oil degradation effect of petroleum-degrading bacteria will be affected by the ambient temperature. Low temperature will affect the physical and chemical properties of petroleum pollutants [6]. At low temperatures, the evaporation rate of volatile components is delayed, the petroleum hydrocarbon components of long-chain alkanes are insoluble or form solids, and the bioavailability is significantly reduced [7,8]. Some psychrophilic bacteria can promote the emulsification and dissolution of petroleum hydrocarbons by producing biosurfactants, thereby increasing degradation of petroleum hydrocarbons [2,9]. Biosurfactant production by organisms such as Pseudomonas spp., Acinetobacter spp., Bacillus spp., Streptomyces spp., Rhodococcus spp., Achromobacter spp., Brevibacterium spp., and Arthobacter spp. have been well studied [2,10]. However, research on biosurfactant production by Planococcus spp. is scanty. Normally, members of this genus are Gram positive and able to grow at low temperatures and high salt concentrations [11,12]. The genus Planococcus was reported generally for hydrocarbon degradation in comparison with biosurfactant secretion [13]. Planococcus maitriensis Anita I was isolated, hich was the first time physical properties of biosurfacant from Planococcus appeared in the literature [13,14].



Large-scale biosurfactant production from Planococcus was reported in 2014 [13,15]. Biosurfactants have functions such as dispersing, solubilizing, emulsifying, foaming, penetrating, wetting, etc., which are characterized by low impact on the environment, low surface tension and interfacial tension, wide temperature adaptation range, and salt resistance [16,17]. Therefore, it is widely used in the fields of medicine, agriculture, food, environmental restoration, and oil extraction [18,19]. In situ remediation of petroleum pollution by adding surfactant-producing strains can improve the remediation effect and reduce the cost of remediation. Research on the bacteria with the abilities in surfactant-producing and petroleum-degrading are mainly focused on mesophiles, and less research is focused on bacteria screened from the cold marine environment. Halomonas sp. ANT-3b, screened from Antarctica, can emulsify n-hexadecane at a low temperature [20]. Some Rhodococcus have also been found to produce surfactant at low temperatures [21,22]. Giuduce and other scholars have screened a number of surfactant-producing strains from Antarctica, mainly including Rhodococcus, Pseudomonas, and Sphingomonas [23,24,25,26,27]. Therefore, the petroleum-degrading bacteria that produce surfactants at low temperature should be studied in depth.



The surface seawater temperature range of the Yellow Sea is very low in winter (about 1~13 °C) [28]. In cold seasons, several oil spills have occurred in this sea area [29]. One of the main difficulties in bioremediation of petroleum pollution in the low temperature environment is the lack of cold-adapted bacteria with the abilities in surfactant producing and petroleum degrading. However, most of these bacteria have been isolated from the Polar and sub-Polar regions, and few are from China. Since indigenous bacteria are more adapted to local environments than non-native species, it is best to use autochthonous bacteria for oil spill bioremediation. So, the goal of this work was to isolate efficient cold-adapted surfactant-producing petroleum-degrading bacteria from the north Yellow Sea and analyze the characteristics of the biosurfactant produced.




2. Materials and Methods


2.1. Culture Medium


Experiments were conducted using 2216E liquid medium, 2216E agar medium, and man-made marine culture (MMC) inorganic salt liquid medium [30].The 2216E media were purchased from Qingdao Haibo Biotechnology Co., Ltd. (Haibo Biotechnology Co., Ltd, Qingdao, China). The 2216E liquid medium consisted of (g/L): peptone, 5; yeast extract, 1; and high-phosphoric acid, 0.1. The 2216E agar medium was composed of (g/L): peptone, 5; yeast extract, 1; high-phosphoric acid, 0.1; and agar, 15. The MMC liquid medium contained (g/L): NaCl, 24; KH2PO4, 2.0; Na2HPO4, 3.0; NH4NO3, 1.0; MgSO4•7H2O, 7.0; KCl, 0.7; and trace elements. During preparation of the media, the pH was adjusted to 7.4, followed by autoclaving at 121 °C for 20 min. The trace elements contained (mg/L): CaCl2, 0.02; CuSO4, 0.005; FeCl3•6H2O, 0.5; ZnSO4•7H2O, 0.1; and MnCl2•4H2O, 0.005.




2.2. Isolation of the Bacteria


2.2.1. Isolation of the Petroleum Degrading Bacteria


The surface seawater samples were collected in winter from the Dalian Port Cruise Terminal (38°56′7.30″ N, 121°39′34.37″ E), which located on the west coast of the north Yellow Sea. The temperature, salinity, and pH of the seawater are 3.4 °C, 3.2%, and 8.12, respectively.



5 mL sea water were added to 100 mL of sterile MMC. Crude oil (1% v/v) was added as the sole source of carbon and energy and cultures were incubated at 4 °C with agitation at 180 rpm for 20 days. 5 mL of cultures were then used to inoculate the next round of culturing by addition to sterilized MMC containing 1 mL of crude oil. The cultures were again grown for 20 days at 180 rpm, and this process was repeated three times. The cultures with petroleum hydrocarbon biodegradation ability were transferred to the 2216E plates with the dilution rates of 10−4, 10−5, 10−6, 10−7, and 10−8, respectively. The single colony was separated by a streak plate method for three times. Pure strains were stored on nutrient agar slant at 4 °C in the refrigerator. Abilities of the isolated strains in biosurfactant production and diesel oil biodegradation were tested for further selection [31].




2.2.2. Surface Tension Measurement


Surface tension measurement was performed with the procedure in previous literatures [32,33]. The isolates were cultured in conical flasks (250 mL capacity) containing 100 mL of MMC. Each conical flask was inoculated with isolated bacteria (grown 24 h in 2216E liquid medium at 4 °C and 180 rpm to attain an initial cell concentration OD600 = 1.5). Diesel oil was used as the sole carbon source and the cultures were grown at 4 °C and 180 rpm for 10 days. The culture was centrifuged at 6000× g for 20 min to remove cells, and then 20 mL of the cell-free supernatant was transferred to a petri dish to measure its surface tension by using a Wilhelmy plate-type tensiometer (BZY-101, Fangrui instrument Co., LTD, Shanghai, China). The surface tension measurement was carried out at room temperature after dipping the platinum plate in the cell-free supernatant for a while in order to attain equilibrium conditions. The measurement was repeated three times and an average value was obtained.




2.2.3. Diesel Oil Degradation Measurement


Diesel oil degradation was measured as described by Xue et al. [34]. Cell-free supernatant was extracted thrice using a total volume of 60 mL of petroleum ether and the organic phase was filtered by anhydrous sodium sulfate to obtain the rest of crude oil. Residual oil was measured by the ultraviolet spectrophotometer (UV752, Shunyuhengping instrument Co., LTD, Shanghai, China) at 284 nm after diluting.





2.3. Identification of the Bacteria


2.3.1. Morphological Identification


The morphological characterization of the selected isolate was performed by Gram staining and scanning electron microscopy (SEM).



Gram staining was performed as proposed by Siamak et al. [35]. Cells were stained with crystal violet dye for 1 min and washed away the remaining dye. Iodine solution was added to form a complex between the crystal violet and iodine. Next, ethyl alcohol was added in order to decolorize the cells and carbolic acid reared solution was added to the redye sample.



SEM was used to visualize the morphology of stain [36]. The strains growing on the inclined plane 2216E were re-suspended with PBS buffer. Cells suspension was centrifuged (6000× g, 5 min) and washed with PBS buffer. Cells were fixed in 2.5% glutaraldehyde solution overnight, and then centrifuged (6000× g, 5 min) and washed with PBS buffer. cells were dehydrated using a gradient ethanol solution. Afterward, cells were lyophilized and gold-plated. The size and shape of the bacterium were observed using SEM (Supra 55, Carl Zeiss AG, Oberkochen, Germany).




2.3.2. Molecular Identification


The selected strain was identified by 16S rRNA gene sequencing [24], and the sequnce was submitted to the GeneBank of National Center for Biotechnology Information (NCBI) under accession number: OL913102. Sequencing was performed by Lifei biotechnology Co., Ltd. (Shanghai, China). The sequence was entered into the nucleotide basic local alignment search tool (BLASTn) of NCBI to obtain the closely related sequences and estimate the degree of similarity to these nearest relatives [37]. Phylogenetic tree was constructed using the neighbor-joining DNA distance algorithm using software MEGA (version 5) with 1000 bootstrap replictes [38].





2.4. Extraction of Biosurfactant


Analysis of surface tension was performed as previously described [33], albeit slightly modified. In order to obtain the produced biosurfactant, experiments were performed in 400 mL of MMC in a conical flask with 1000 mL capacity. Each conical flask was inoculated with 5 mL isolated bacteria (grown 24 h in 2216E liquid medium at 4 °C and 180 rpm to an initial cell concentration of OD600 = 1.5). The cultures were supplemented with diesel oil (0.5%, v/v) and incubated at 4 °C and 180 rpm for 10 days. The fermentation broth was centrifuged at 10,000× g for 20 min at 4 °C to obtain the cell-free supernatant. The cell-supernatant was adjusted to pH 2 with addition of 6 M HCl, and stored at 4 °C overnight. After precipitation of the acid, a mixture of chloroform/methanol (2:1 v/v) was added, the mixture was centrifuged at 8000× g for 20 min at 4 °C, and the extracts were finally obtained by rotary evaporation at 40 °C with a rotary evaporator (RE-2000A, Yuhua instrument Co., LTD, Gongyi, China). Purification of the crude extracts was then performed by column chromatography. The crude extracts were dissolved in chloroform and applied to a silica gel (100–120 mesh size). The loaded column was washed with 100 mL chloroform to completely remove the neutral lipids. The mobile phases of different chloroform-methanol ratios were applied to isolate the biosurfactant in sequence: 80:20 v/v (100 mL) and 35:65 v/v (100 mL) at a flow rate of 1 mL/min. The purified biosurfactant fractions were combined and then dried by rotary evaporation at 40 °C.




2.5. Identification of Biosurfactant


The biosurfactant was identified with TLC and FTIR [12,39].



The active component of the surfactant was separated using silica gel plate with a mobile phase of chloroform-methanol-water (65:25:4 v/v/v). To detect the glycolipid-type biosurfactant, the dry plates were sprayed with phenol reagent (3 g phenol in 5 mL sulfuric acid mixed with 95 mL ethanol) and then incubated at 110 °C for 5 min until brown spots appeared [39].



The purified surfactant was directly mounted on diamond stub and pressed. The screening of functional groups was performed using a transmission mode scan in spectral region from 400 to 4000 cm−1. FTIR spectra were recorded on a Nicolet iS5 Fourier Transform Infrared Spectrometer (Thermo Fisher Scientific, Waltham, USA) [12].




2.6. Critical Micelle Concentration (CMC) Measurement


The CMC is the lowest concentration of surfactant molecules associated in a solution to form micelles. The CMC was measured by plotting the surface tension of different concentration of the cell-free supernatant from 0–120 mg/L [33].




2.7. Influence of Environmental Factors on Biosurfactant Stability


The effects of temperature, pH, and salinity on the surface activity of the biosurfactant were determined. The analysis was carried out using the cell-free culture supernatant obtained after centrifuging the culture sample at 8000× g for 20 min to remove the cells. The pH of the cell-free supernatant was adjusted to 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0, and 12.0 with addition of 1 N HCl or 1 N NaOH. To assess the effect of temperature on biosurfactant stability, the cell-free supernatant was treated at different temperatures (−18, −2, 0, 10, 25, 35, 55, and 105 °C). Similarly, the sodium chloride concentration of cell-free supernatant was varied from 1–18%. Finally, the stability of the biosurfactant was determined indirectly by measurement of surface tension and emulsification activity (E24) [33,40].



Following the method outlined in Teixeira et al. [41], emulsification activity (E24) was measured. Cell-free culture supernatant (5 mL) mentioned above was mixed vigorously with diesel oil (5 mL) and followed by incubated for 24 h. E24 index value was calculated as percentage of the height of emulsified layer divided by the total height of the liquid column [40].




2.8. Influence of Carbon Source on Biosurfactant Production


The isolated cultured bacterial strains (OD600 = 1.5) were separately inoculated into 100 mL of MMC with different carbon sources. Diesel (1% v/v), crude oil (1% v/v), glucose (10 g/L), sucrose (10 g/L), hexadecane (1% v/v), phenanthrene (10 g/L), and pyrene (10 g/L) were tested as carbon sources separately. The mixtures were cultured at 4 °C at 180 rpm, and the surface tension and the bacterial concentration were measured after 10 days.




2.9. Biodegradation of Crude Oil


The crude oil biodegradation experiments were performed in 50 mL Erlenmeyer flasks containing 25 mL of MMC and 1% crude oil. The medium was sterilized and inoculated with 1% inoculum (optical density of 1.5 at 600 nm) of the petroleum-degrading bacterium. The experiments were conducted under two different conditions, one of which was designed as control group with 25 mL MMC + 1% crude oil and another was composed of 25 mL MMC + 1% isolated bacteria + 1% crude oil. Every group were shaken at speed of 180 rpm at 4 °C. After 21 days, the mixture was extracted with 25 mL of petroleum ether and the organic phase was filtered by anhydrous sodium sulfate to obtain the rest of crude oil. The concentration of petroleum was measured by the ultraviolet spectrophotometer (UV752, Shunyuhengping instrument Co., LTD, Shanghai, China) at 284 nm after diluting [34].





3. Results and Discussion


3.1. Isolation and Identification of the Petroleum Degrading and Surfactant Producing Bacteria


Eight petroleum degrading and surfactant producing bacteria were isolated from seawater. Based on diesel oil degradation and surfactant producing abilities, one strain was selected from the eight isolates (Figure S1).



The colony of the strain XW-1 was round, yellow-orange protrusions, the surface was not very smooth. At the end of the Gram stain, the cells were purple, indicating that Planococcus sp. XW-1 was Gram positive (Figure S2). The cells of Planococcus sp. XW-1 are spherical, and their diameters are about 0.8 µm (Figure 1).



According to the results of BLAST (Table S1), the strain XW-1 showed 98% similarity with Planococcus. Phylogenetic tree derived from 16S rRNA sequences was showed in Figure 2. Strain XW-1 appeared to represent a phylogenetically coherent group with Planococcus psychrotoleratus and Planococcus antarcticus.



Planococcus is a typical extreme environmental microorganism, which is often obtained from the deep ocean and sediments, glaciers, frozen soils, Antarctic desert and sea ice salt water, and oil pollution areas [41] such as Planococcus donghaensis MPA1U2 isolated from the surface of the Pacific Ocean [42], and Planococcus antarcticus DSM 14505 isolated from Antarctic [43].




3.2. Identification of the Biosurcatant


The extracted biosurfactant was subjected to TLC analysis to determine its composition. The spot of biosurfactant on plat appeared brown, indicating the presence of glycolipid-type biosurfactant, as shown in Figure 3. Two spots had Rf values of 0.60 and 0.88. The spot with Rf value of 0.6 indicated relation with di-rhamnolipid moieties and the spot with Rf value of 0.88 was consistent with mono-rhamnolipid moieties [44,45]. In a similar study, a mixture of rhamnolipid by P. aeruginosa NCIM 5514 yielded spots of Rf 0.57 and 0.89 [46].



As shown in Figure 4, the molecular components of the extract were identified by FTIR. The detected adsorption peaks in wavenumber regions of 3277, 2920, 2852, 1651, and 1300–1000 cm−1 indicated the presence of chemical structures that consisted of rhamnose rings and long hydrocarbon chains, similar to rhamnolipids [32]. A strong absorption band near 3277.65 cm−1 indicated that the extract included a large amount of -OH. The absorption bands around 2920.29 cm−1 and 2852.78 cm−1 were caused by the stretching vibration of -CH, -CH2 and -CH3 groups of aliphatic chains [47,48]. Deformation vibration of -CH was observed at 1259.18 cm−1 and 1376.21 cm−1 [49]. The absorption band near 1456.32 cm−1 correlated with ester carbonyl groups and the weak adsorption band around 1651.62 cm−1 indicated ester compounds. The stretching vibration of C-O-C bond was observed at 1071.22 cm−1 and 1018.12 cm−1, suggesting lactone structure and glycoside bond in the molecule [50]. A previous analysis of extract produced by Pseudomonas aeruginosa HAK01 determined a structure similar to this structure of XW-1 biosurfactant [50]. These results indicated that the biosurfactant produced by XW-1 has a glycolipid-type biosurfactant structure.




3.3. Determination of CMC Value


Biosurfactants are highly efficient surfactants that decrease the surface tension of liquid [51,52]. The reduction of surface tension depends on the CMC value, which is obtained by determining the surface tension of different concentrations of biosurfactant solution [32,53]. The biosurfactant value is the concentration required to reach saturated adsorption on the surface. A lower concentration of biosurfactant to form micelles is required with a decrease of CMC. As shown in Figure 5, the surface tension of aqueous solution decreased when concentration of biosurfactant increased to 60 mg/L. At 20 mg/L, surface tension exhibited a significant downward tendency from 72.4 to 41.5 mN/m. Between 20 and 60 mg/L, surface tension decreased moderately, from 41.5 to 26.8 mN/m. More than 60 mg/L, it showed an insignificant ascending tendency along with an increasing biosurfactant concentration, and this phenomenon may be related to the arrangement of surfactant molecules at the gas-liquid interface. Therefore, the concentration of biosurfactant (60 mg/L) was taken as the CMC value. The low CMC value obtained indicates that the biosurfactant produced by XW-1 has excellent formation and aggregation ability.




3.4. Effect of Temperature, pH and Salinity on the Stability of Biosurfactant


Environmental factors can affect biosurfactant activity, including temperature, pH, and salinity. Considering the applicability of biosurfactants in marine environment bioremediation, the effectiveness of biosurfactant should be evaluated under conditions of different temperature, pH, and salinity [54]. Surface tension and emulsification activity are important activity parameters of biosurfactants.



The surface tension of the XW-1 biosurfactant was tested from −18 °C to 105 °C. The surface activity was stable at both low and high temperatures, with no significant change even at −18 °C and 105 °C, according to Figure 6a. Surface tension was maintained around 26 mN/m, indicating no loss of activity. Although the emulsification activity was low (only about 30–45%), it was stable at different temperatures. Cooling the supernatant to −18 °C did not cause significant changes in surface activity or emulsification capacity (surface tension was 27.5 mN/m; E24 was 29.9%). The biosurfactant produced by XW-1 exhibited an excellent surface activity in extreme environmental conditions, especially at low temperatures. This means that the biosurfactant could be used to enhance bioremediation of petroleum contaminated seawater in the north Yellow Sea in winter.



In similar research, the surface activity of biosurfactant produced by S. marcescens maintained stability at temperatures ranging from 30 to 100 °C [55]. According to Aparna et al. [56], the surface activity of the Pseudomonas sp. extract isolated from hydrocarbon-contaminated soil samples in Karnataka of India was stable under different temperatures from 4 °C to 121 °C (surface tension was between 34 and 37 mN/m). The emulsification activity of Planococcus rifietoensis IITR53 and Planococcus halotolerans IITR55 was retained under temperatures from 4 °C to 120 °C [34].



When the pH of the cell-free supernatant was varied from 2 to 12, the surface tension remained relatively stable under neutral and acidic conditions, as shown in Figure 6b. When the pH was adjusted to 2, 3, 4, 5, and 6, the surface tension values were 29.2, 28.7, 28.3, 27.4, and 27.2 mN/m and the emulsification indexes were 32%, 36.3%, 39.8%, 41.8%, and 43.9%, respectively. The surface performance and emulsification capacity of the biosurfactant decreased linearly from pH 4 to 2 since the extreme pH conditions changed the structures of the biosurfactant and altered its surface activity [56]. When the cell-free supernatant was alkalized to pH values of 8, 9, 10, 11, and 12, the surface activities were 27.2, 27.6, 27.9, 28.3, and 28.4 mN/m, respectively, and the emulsification indexes were 44.9%, 42.6%, 40.4%, 38.8%, and 35.7%, respectively. The highest values for surface tension (29.2 mN/m) and the lowest values of emulsification (32%) were obtained at pH 2. The lowest values of surface tension (26.2 mN/m) and the highest values of E24 (46.2%) were obtained when the pH value was maintained at 7. Therefore, the biosurfactant was more active under neutral conditions. This result was similar to that reported for rhamnolipid produced by Pseudomonas sp. 2B, with surface tension values close to 30 mN/m for various pH values [56]. The pH range of the surface seawater of the Yellow Sea is about 8.10~8.14 [57]. At this range, the biosurfactant produced by Planococcus sp. XW-1 had well surface activities. Figure 6c shows the stability of biosurfactant in different concentrations of NaCl. The surface tension was stable at 27 mN/m from 1–9% (w/v) NaCl, indicated that the surfactant could be used for a variety of marine environments, such as salt marshes, estuaries, intertidal zones. At higher concentration, surface tension increased to 30.8 mN/m and the emulsification index decreased from 46.5% to 32.6% at 18% NaCl concentration. This effect at high salt is due to the reduction in the micelles size and shape at high salt concentrations, affecting the functional properties of the biosurfactant [58]. Electrolytes had a direct effect on the carboxylate groups of the rhamnolipids. With strong repulsive electrostatic forces between the rhamnolipid molecules, the solution/air interface had a net negative charge. This negative charge was shielded by the Na+ ions in the electrical double layer in the presence of NaCl, causing the formation of a close-packed monolayer and a decrease in surface tension values [56,59]. This observed effect of salinity on biosurfactant was consistent with previous reports [60,61,62].




3.5. Effect of Seven Carbon Sources on Biosurfactant Production


The influence of different carbon sources (diesel oil, hexadecane, sucrose, glucose, phenanthrene, pyrene, and crude oil) on biosurfactant production was characterized and is shown in Figure 7. Obvious differences were observed by testing the effects of these seven carbon sources on biosurfactant production. The surface tension value decreased from 70.1 to 24.6 mN/m when hexadecane was used as the sole carbon source, and decreased from 70.1 to 26.8 mN/m when diesel oil was used as the only carbon source. Therefore, the production of the XW-1 biosurfactant using either hexadecane or diesel oil as the sole carbon source resulted in higher surface activity.



As shown in Figure 7, the growth rate of the cells was higher when hexadecane or diesel oil was used as the sole carbon source. Compared with phenanthrene, pyrene, and crude oil, the surface tension of the fermentation liquid changed little but there was higher growth of cells using sucrose and glucose as carbon sources. Glucose and sucrose are good carbon sources for microbial growth due to their high bioavailability, but the synthesis of secondary metabolites of microorganisms is often repressed by catabolites, such as gluconic acid (produced by glucose and sucrose), which is a common phenomenon [32]. The surface tension value of the fermentation showed little change with phenanthrene and pyrene as carbon sources. Compared to production in the presence of phenanthrene and pyrene, the biosurfactant produced by XW-1 when crude oil was used as a carbon source showed higher surface activity (surface tension was 43 mN/m). However, the growth rates of these cells were lowest due to low bioavailability. The addition of biosurfactants can promote degradation for the removal of phenanthrene, pyrene, and crude oil.




3.6. Biodegradation of Crude Oil


After 21 days of growth at 4 °C in medium with 1% crude oil and 1% bacteria broth, 54% of crude oil was degraded (Figure 8). The result showed that the strain XW-1 has a good ability to degrade petroleum at low temperature.



According to Hou [63], the average concentrations of dissolved petroleum hydrocarbons in the surface water of north Yellow Sea in winter was about 0.051 mg/l, which slightly beyond the concentration limit of Grade I(II) seawater according to National Seawater Standard, China. Moreover, the petroleum hydrocarbon concentration in the north Yellow Sea is higher in the west and lower in the east in winter. So, decontamination of petroleum is therefore necessary on the west coast of the north Yellow Sea. There are some bacteria can degrade various hydrocarbons and therefore can contribute significantly to remove hydrocarbon pollutants in marine environments [13,14]. For example, Planococcus ZD22 can fully degraded 2 mM of benzene at 8 °C for five days [64], and Rhodococcus.sp stain Q15 degraded almost all of the n-alkanes after 28 days of growth at 0 °C in MSM containing 0.1% diesel oil [65].





4. Conclusions


Planococcus sp. XW-1, isolated from the west coast of the north Yellow Sea, showed outstanding abilities in petroleum degrading and surfactant producing at low temperatures. Up to 54% of crude oil was degraded by adding Planococcus sp. XW-1 at 4 °C. The biosurfactant produced by Planococcus sp. XW-1 was glycolipid-type biosurfactant, and the CMC was 60 mg/L. The biosurfactant was able to reduce the surface tension of water to 26.8 mN/m. Meanwhile, it exhibited a robust tolerance for temperature, pH, and salinity. These findings suggest that Planococcus sp. XW-1 is a promising candidate for use in in-situ bioremediation of petroleum-contaminated marine ecosystems of the north Yellow Sea in winter.
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Figure 1. Scanning electron micrographs of cells of Planococcus XW-1. 
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Figure 2. Phylogenetic tree of Planococcus sp. XW-1 based on 16S rRNA gene sequences. The phylogenetic tree revealed the relationship between members of the genus Planococcus and related genera. 
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Figure 3. The result of detecting biosurfactant XW-1 by TLC. Without adding biosurfactant were set up as negative control. 
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Figure 4. The infrared spectrum of the biosurfactant produced by Planococcus sp. XW-1. 
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Figure 5. Surface tension versus concentration of isolated biosurfactant produced by Planococcus sp. XW-1. 
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Figure 6. Effect of temperature (a), pH (b) and NaCl concentration (c) on the surface tension and emulsifying property (E24) of XW-1 biosurfactant. 






Figure 6. Effect of temperature (a), pH (b) and NaCl concentration (c) on the surface tension and emulsifying property (E24) of XW-1 biosurfactant.



[image: Ijerph 19 00782 g006a][image: Ijerph 19 00782 g006b]







[image: Ijerph 19 00782 g007 550] 





Figure 7. Effect of different carbon sources on surface tension and bacterial density. 
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Figure 8. Biodegradation rate of crude oil at 4 °C for 21 days (samples without adding bacteria were set up as the control). 
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