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Abstract

:

Isolation and studies of novel, crude oil biodegrading thermophilic strains may provide a wider knowledge in understanding their role in petroleum degradation. In this study, the screening of ten new thermophilic strains revealed that all strains were alkane hydroxylase producers and seven of them produced lipase concurrently. Three best strains were characterized and identified through 16S rRNA sequence analysis as Geobacillus sp. D4, Geobacillus sp. D7, and Anoxybacillus geothermalis D9 with GenBank accession numbers MK615934.1, MK615935.1, and MK615936.1, respectively. Gas chromatography (GC) analysis showed that all three strains were able to breakdown various compounds in crude oil such as alkanes, toxic poly-aromatic hydrocarbons (PAHs), organosulfur, carboxylic acids, alkene, resins, organosilicon, alcohol, organochlorine, and ester. For the first time, alkane hydroxylase and lipase activity as well as crude oil degradation by A. geothermalis species were reported. Geobacillus sp. D7 is the best alkane degrader followed by A. geothermalis D9 and Geobacillus sp. D4 with 17.3%, 13.1%, and 12.1% biodegradation efficiency (BE%), respectively. The potential of thermophiles isolated can be explored further for bioremediation of sites polluted by petroleum and oil spills.






Keywords:


alkane hydroxylase; crude oil; biodegradation; PAHs; thermophiles; lipase












1. Introduction


Crude oil hydrocarbons are considered as one of the organic pollutants of high concern due to their wide distribution and persistence in nature [1,2,3]. The presence of complex compounds in crude oil such as alkanes, monocyclic, and polycyclic aromatic hydrocarbons causes toxicity to the environment and human health [2,4,5]. Crude oil biodegradation has been widely studied for the past few decades [6,7,8,9]. These studies have led to numerous microorganisms and their enzymes to be isolated and characterized. Despite its complexity and inertness, alkane, which made up the major components of crude oil, can be broken down aerobically by groups of cooperative enzymes such as alkane hydroxylase, alcohol dehydrogenase, aldehyde dehydrogenase, esterase, and lipase [10,11].



Alkane hydroxylase is known to be the first enzyme that initiates n-alkane degradation. Many researches were focused on the degradation of mainly the saturated portion of alkane in crude oil. In addition, only a few studies on alkane hydroxylase with a wide substrates range can be found. Alkane hydroxylase from Pseudomonas oleovorans GPol was reported to oxidize multiple forms of alkane and aromatic compounds [10]. Another similar observation was demonstrated by Alcanivorax dieselolei B-5 with multiple alkane hydroxylase systems [3]. On the other hand, alkane was proven to induce different protein expressions in Geobacillus thermoleovans B23 that could contribute to a wide range of crude oil components degradation [12].



Furthermore, most of the studies and current available commercial enzymes were done on various mesophilic microorganisms [3,11,13,14]. Thermophiles and their enzymes are more robust and stable as compared to mesophiles and psychrophiles. The presence of abundant disulfide bonds and positively charged amino acids in thermostable protein was responsible for their stability [12]. These proteins are often more tolerant of high pressure and organic solvents [14]. Moreover, the pressure resistance exhibits by β-glucosidases resulted from their thermal-resistance properties [15]. Thus, a search for special alkane hydroxylase in terms of thermostability and substrate range for bioremediation and industrial purposes is of interest. The isolations of thermophilic bacteria that produced alkane hydroxylase are necessary to accommodate these demands. In this study, the screening of thermophilic alkane hydroxylase producers was done on the east coast and the central region of peninsular Malaysia. The best three alkane hydroxylase producers—Geobacillus sp. D4, Geobacillus sp. D7, and Anoxybacillus geothermalis D9—were characterized and the degradation of various complex compounds in crude oil was recorded.




2. Results


2.1. Isolation, Screening, and Selection of Thermophilic Bacteria for Crude oil Degradation


In this study, 23 thermophilic bacteria that are able to utilize crude oil as a sole carbon source were isolated from seawater and soil. Ten out of 23 were chosen based on their thermostability to screen for potential crude oil degraders. Figure 1 shows OD600 and changes of pH culture medium every 24 h after the inoculation of isolates in enriched media supplemented with 1% of crude oil (w/v) for an incubation period of three days. Isolates D2, D5, D6, D8, and D10 grew moderately while exponential growth was observed with D1 and D7 along the incubation period. The highest growth was recorded on the second day of incubation for both D4 and D9 before it started to drop in the following day. However, isolate D3 only grew after two days of incubation (Figure 1a) which indicates that D3 might be a slow-growing bacterium. pH analysis of the culture medium shows an increase of alkalinity from the initial pH of 7.5 for all ten isolates once the bacteria cells proliferate. Likewise, when Pseudomonas synxantha LSH-7 were grown in crude oil, the pH of media became alkaline due to acid and alkaline phosphatase produced during the synthesis of protein and lipid [16]. In Figure 1b, the culture medium of isolate D3 was slightly acidic for the first two days of incubation due to the absence of bacterial growth.



During the three days of incubation, D7 produced the highest alkane hydroxylase activity while D1, D4, D8, D9, and D10 showed more than 50% activity relative to D7 (Figure 2). Whereas for D2, D3, D5, and D6, the alkane hydroxylase relative activity was in a range of 7% to 25%. The production of lipase by all isolates, except D1, D3, and D5, has emphasized the role of lipase in crude oil degradation (Figure 2). In this study, D2 produced the highest lipase activity followed by D4, D9, and D7 with relative activity of 48%, 44%, and 42%, respectively. Contrarily, D6, D8, and D10 only produced a small amount of lipase with not more than 21% of relative activity. Thus, the three isolates with the highest alkane hydroxylase and lipase activity were selected, which were D4, D7, and D9.




2.2. Characterization and identification of strains.


The morphological and biochemical characterization of D4, D7, and D9 were as stated in Table 1. The three colonies are Gram-positive rod and endospore-forming bacteria. The colonies are circular with creamy to whitish pigmentation when streaked on nutrient agar at 50 °C. They are aerobic catalase producing bacteria that could hydrolyze lipid and starch. From the biochemical test, the isolates utilized glucose, lactose, and crude oil as their sole carbon source. Furthermore, D7 and D9 could utilize sucrose, whereas only D9 could hydrolyze casein in 24 h of incubation.



The 16S rRNA sequence analysis showed that both isolates D4 and D7 belong to the Geobacillus species with 99.9% identity to Geobacillus kaustrophilus NBRC 102445 and 99.3% to the Geobacillus jurassicus NBRC 107829 strain R-35651, respectively (Figure 3). The constructed phylogenetic tree proves that D4 and D7 are from a different species completely. Contrarily, in this study D9 was identified as an A. geothermalis species. Phylogenetic analysis showed 100% confidence that D9 was closely related to Anoxybacillus rupiensis R270. However, the phylogenetic relationship was constructed from a partial 16S rRNA nucleotide sequence through the missing gap deletion process. Therefore, the BLAST result for a complete 16S rRNA nucleotide sequence of D9 determined 99.8% of identity for Anoxybacillus geothermalis ATCC BAA-2555. Nucleotide sequence of 16S rRNA for D4, D7, and D9 were submitted to the NCBI GenBank nucleotide database with accession numbers MK615934.1, MK615935.1, and MK615936.1, respectively.




2.3. Total Protein Content and Alkane Hydroxylase for D4, D7, and D9


During the cell propagation in 1% crude oil medium, the extracellular protein content increased gradually for all isolates in a period of three days. The data shows that the highest extracellular protein content was recorded on the third day with 0.134 mg/mL, 0.175 mg/mL, and 0.065 mg/mL for D4, D7, and D9, respectively. In contrast, the intracellular protein concentrations decreased except for D4 as it dropped on the second day of incubation and continued to rise again on the third day (Figure 4). The protein concentration was proportional to its cell mass, thus the reduction of protein content might be due to a drop of cell mass production on that day (data not shown). Nevertheless, enzyme activity was measured at a standardized protein content (1 ng) in every experiment. The intracellular protein concentration was highest on the first day for D9 with 0.586 mg/mL, second day for D7 with 0.712 mg/mL, and the third day for D4 with 0.719 mg/mL. The alkane hydroxylase secreted on the first day (Figure 4b) was higher as compared with the one produced intracellularly (Figure 4c). Isolates D4, D7, and D9 had the highest extracellular alkane hydroxylase activity on the first day with 0.192 U/mL, 1.120 U/mL, and 0.331 U/mL, respectively, where it gradually decreased over the incubation period (Figure 4b). In the meantime, D7 and D9 showed the highest intracellular alkane hydroxylase activity with 0.163 U/mL and 0.244 U/mL, respectively, whereas for D4, the activity was highest on the third day with 0.140 U/mL (Figure 4c).




2.4. Gas Chromatography (GC) Analysis


GC analysis in Figure 5a visualized n-alkane as the major component of crude oil with 87.2% followed by 6.3% of branched alkane, 1.8% of aromatic compounds, 1.3 % of alkene, and 3.4% of trace compounds which included cyclo-alkane, resins, organosulfur, ester, organochlorine, carboxylic acids, organosilicon, and alcohol. Regardless of having a degradation of only 12.6%, Figure 5b shows that n-alkane still represents the largest fractions of degraded crude oil. Branched alkane, aromatic, and organosilicon, on the other hand, have average degradation values of 25.5%, 34.9%, and 37.8%, respectively (Figure 5b). However, the average degradation percentage of alkene, cyclo-alkane, ester, organochlorine, and resins were all recorded to be less than 10%. All colonies showed more than 50% preference towards alcohol, organosulfur, and carboxylic acids with degradation rates of 94.8%, 72.3%, and 50.8%, respectively.



In this study, all strains were able to remove n-decane (C10) completely while a moderate breakdown of n-undecane (C11) was observed with 40.8%, 42.4%, and 51% for D4, D7, and D9, respectively (Table 2). Meanwhile, n-tetradecane (C14) was removed by D4, D7, and D9 with 52.8%, 63.5%, and 59.1% degradation, respectively. Degradation of n-tricosane (C23) and n-hexacosane (C26) was recorded to be more than 14% by all isolates. Generally, the isolates prefer to degrade shorter to medium-chain alkane where the degradation percentage for C15 to C17 was observed between 10.9% and 21.6%. In addition, C18 and above showed less than 10% of degradation (Table 2). Moreover, the isolates were also able to oxidize branched alkane molecules with 100% degradation of 3-ethylhexane (C8) for D7 and 46% to 80% degradation of 2,6,10-trimethyldodecane (C15) and 2-methyl-6-propyldodecane (C18) for all isolates. Longer branched alkane from C18 to C20 was being degraded at a slower rate with an average degradation percentage of 19% for all isolates. A small portion of saturated cyclo-alkane molecules such as 1-Nonylcycloheptane (C16) is also degraded with 21%, 37.5%, and 25.2% for D4, D7, and D9, respectively. Contrarily, only D7 and D9 could degrade cyclotetracosane (C24) and 1,1,3,6-tetramethyl-2-(3,6,10,13,14-pentamethyl-3-ethyl-pentadecyl) cyclohexane (C32) with an average of 13.6% removal. However, all isolates show very little affinity towards nonadecylcyclohexane (C25) with less than 10% of degradation. In addition, some alkene fraction in crude oil was degraded where a total breakdown of (2Z,4E)-3,7-Dimethyl-2,4-octadiene (C10) by D7 and D9 was achieved, while about 81.4% were broken down by D4. Slow removal of hexacosene (C26) was also measured with degradation ranging from 2.6% to 10.8% by isolates.



Furthermore, the isolates have the ability to degrade toxic mono- and polyaromatic compounds with 100% removal of 1,2,3,5-tetramethylbenzene. In addition, 2,3-dimethylnaphthalene, 1,6,7-trimethylnaphthalene, and 2,3,5-trimethylphenanthrene were removed with degradation percentages of 31.6% to 34.3%, 48.5% to 54.6%, and 7.5% to 11.5%, respectively. Furthermore, only isolates from the Geobacillus species could degrade polyaromatic compound 9,10-dimethylanthracene with 3.2% and 20.1% degradation for D4 and D7, respectively. From this study, resin group 28-Nor-17.beta.(H)-hopane (C29) which is one of the most persistent compounds was also removed with less than 10.1% by all isolates. Apart from that, alcohol which is composed of the smallest fraction of crude oil was removed effectively where the degradation of 2-methyl-1-undecanol is 100% for D4 and D9, while the degradation for D7 is 84.5%. The data collected shows that only a small removal of ester and organochloride molecules was recorded, where the degradation percentage is less than 12.6%. The GC results also showed complete removal of carboxylic acid compound, which is 2-tetradecyl ester methoxyacetic acid. On the other hand, some organosilicon compounds were removed at a higher rate where 100% degradation of trichlorodocosylsilane and more than 28% degradation of octamethylcyclotetrasiloxane were observed by all isolates. Degradation of organosulfur compounds was also recorded where a 100% breakdown of butyl octadecyl ester sulfurous acid was demonstrated by both Geobacillus isolates. Moreover, more than 70% of 1-octadecanesulphonyl chloride were also removed by all isolates.



The negative values in Table 2 indicate the presence of new compounds that are originally absent in the control. Increase of n-hexane (C6), n-octadecane (C18), n-pentacosane (C25), n-heptacosane (C27), n-nonacosane (C29), and n-pentatriacontane (C35) in crude oil compositions by some of the isolates have resulted from the breakdown of longer n-alkane and other hydrocarbons. Similarly, the presence of 1-Tricosene in D9 could have resulted from a breakdown of longer alkene molecules and the degradation of the products is slower than their formation. The Biodegradation Efficiency (BE%) calculated in Table 2 proposed that D7 has a better overall efficiency to degrade crude oil followed by D9 and D4 with BE% of 17.3, 13.1, and 12.1, respectively. Total ion chromatogram (TIC) of the crude oil degradation by each isolate conducted in this study can be found in the Supplementary Materials.





3. Discussion


3.1. Growth and Enzyme Analysis of Isolates


Most of the Geobacillus species was known to utilize n-alkanes as energy source such as G. kautophilus TERI and G. jurassicus DS1T [6,17]. Some of the Geobacillus species possess an alkane hydroxylase gene, AlkB, or its homologs as found in G. thermoleovorans B23 and G. toebii B-1024 [12,18]. So far, there is only one reported study on genus Anoxybacillus on alkane hydroxylase involved in crude oil degradation as recorded by Anoxybacillus sp. WJ-4 [8]. Another study demonstrated that organic solvent tolerant Anoxybacillus sp. PGDY12 is able to grow in the presence of n-alkanes for more than five days [19]. However, the degradation of n-alkane and the presence of alkane hydroxylase were not mentioned. Thus, this study demonstrated for the second time crude oil degradation and alkane hydroxylase produced by the Anoxybacillus genus and the first time reported for the A. geothermalis species.



The growth of bacteria in hydrocarbon-rich environments induced the high protein concentration by all isolates (Figure 4a,b). Similarly, the protein content of G. thermoleovorans B23 was increased when the bacteria were cultivated in the presence of alkanes [12]. The increase of extracellular alkane hydroxylase as compared with intracellular enzymes in the first day (Figure 4c,d) corresponds to the new alkane degradation pathway as proposed by Meng (2018). As reported in the study, alkane was degraded outside the cell by extracellular alkane hydroxylase before uptake, thus explaining the high extracellular alkane hydroxylase activity in the first day [20]. As the degradation goes by, the degraded alkanes entered the cells, thus reducing the extracellular alkane hydroxylase produced. This is because small alkane molecules that could possibly diffuse into the cells caused the intracellular alkane hydroxylase to increase along the incubation period.



Moreover, the majority of thermophiles in this study produced lipase apart from the main alkane oxidizing enzyme. This result highlights the importance of lipase in crude oil degradation. Research states that lipase is involved in inducing the lipolytic reactions of emulsified hydrocarbon at the lipid–water interface, thus assisting the hydrocarbon uptake [7]. Furthermore, many studies showed the presence of lipase intracellularly or extracellularly produced by hydrocarbon degraders from Bacillus and Pseudomonas species [7,9,16]. Nevertheless, in this study, lipase production does not affect the pH media (Figure 1b and Figure 2). Although lipase activity resulted in the production of acidic products, however, fatty acid produced in three days crude oil degradation is not enough to change the medium pH. The alkalinity of the pH medium was instead caused by nutrients metabolism during bacteria growth [16].




3.2. Biodegradation of Crude Oil Compositions


Despite being saturated hydrocarbons, n-alkane is the most degraded compound in this study. The degradation summary (Figure 5) shows that the order of the most degraded compounds in relative comparison is n-alkane > branched alkane > aromatic compounds > organosulfur > carboxylic acids > cyclo-alkane > alkene > resins > organosilicon > alcohol > organochlorine > ester. A similar order of alkane biodegradation preference was observed as linear alkane being the most favorable followed by branched and cyclic alkanes, respectively [1].



In this study, all isolates prefer short-chain n-alkane as comparison to longer n-alkane. Lower molecular weight alkanes have a higher cell surface hydrophobicity which will increase the chances of uptake and small-sized n-alkane can pass through lipoproteins present in the membrane [7,20]. Therefore, longer chain n-alkane have a lower degradation rate as they either need to form emulsion by the help of surfactants or they need to be degraded extracellularly prior to uptake [20]. Branched alkanes, which have bulkier structures as compared to linear alkanes, are more difficult to be degraded as the alkyl branch hinders them from initial oxidation [21].



On the other hand, aromatics with high molecular weights are considered to be persistent and recalcitrant in nature. Nevertheless, poly-aromatic hydrocarbons (PAHs) were reported to be one of the most common compounds to be degraded in crude oil as the alkyl substituent or double bond of the benzene ring are more susceptible to enzymatic attack as compared to other complex hydrocarbons [22]. Thus, the data collected in this study shows that PAHs were being the third most degraded compounds where their removal was recorded to be more than 30% of the total amount by the isolates (Figure 5b). However, phenanthrene and anthracene in the study were being degraded at a much slower rate and there is an increase for anthracene compounds in crude oil treated with D9. Phenanthrene and anthracene were reported to be the most resistant PAH compounds [2].



Some researches state that it is thermodynamically less favorable to oxidize hopanes to their corresponding carboxylic acids [23,24]. This is because alcohols are reported to be readily degraded into its corresponding aldehydes [25]. Moreover, various toxic compounds other than aromatics such as organochlorine, organosilicon, and organosulfur found in crude oil can also be found in the environment as pollutants from industrial waste and in pharmaceutical products. Organochlorine compounds which are commonly used as pesticides were degraded by Pseudomonas, Flavimonas, and Morganella species [26]. The findings indicate both Geobacilus species and A. geothermalis isolates also have similar degradation capabilities towards these chloroalkane compounds. Despite being undesirable products [27], siloxane compounds were reported to be removed by Methylibium sp. and P. aeruginosa [28]. Likewise, organosulfur was widely reported as one of the common compounds to be biodegraded through alkanesulfonates monooxygenases [29,30].



A study shows that there is an increase of isoprenanes, steranes, and herpanes by G. jurassicus DST when grown in crude oil [17]. Similarly, the increase of acidic components are common intermediates produced in biodegraded oils [31,32]. Data also show an increasing amount of ester (Table 2.) such as 4-dodecyl dimethyl ester 1,2,4-benzenetricarboxylic acid might result from the degradation of 1,2,3,5-Tetramethylbenzene that reacted with other hydrocarbons. Nocardia and Vocardia species were reported to convert 1,2,3,4-Tetramethylbenzene (prehnitene) to 2,3-Dihydroxy-4,5,6-trimethyl benzoic acid during the degradation process [33]. Therefore, the accumulation of new compounds might result from the intermediates produced by the bacteria during crude oil metabolism.





4. Materials and Methods


4.1. Chemicals and Samples


The crude oil used in this study was sourced from PETRONAS Research Sdn Bhd, Malaysia, and stored at room temperature. Unless specified, chemical reagents used in this study were purchased from Sigma-Aldrich, St. Louis, MO, USA, with a purity of ≥99.0%. Culture media were purchased from Merck, Darmstadt, HE., Germany, and Fisher Scientific, Hampton, NH, USA. Seawater sample and oil contaminated soil were collected from Cherating beach, 26080 Balok, Pahang (4°7′15.80″ N, 103°23′20.20″ E) and a car workshop in Batu Caves, Selangor, Malaysia (3°15′28.09″ N, 101°40′38.65″ E), respectively.




4.2. Isolation and Screening of Crude Oil-Degrading Bacteria


Seawater and soil samples were cultivated in Bushnell and Haas minimal medium with the following composition (g/L): 1 g of KHPO4, 1 g of K2HPO4, 1 g of NH4NO3, 0.2 g MgSO4.7H2O, 0.05 g of FeCl3, 0.02 g of CaCl2.2H2O, and 1% of crude oil pH 7.0 [34]. Cultures were incubated at 50 °C and 70 °C with 100 rpm agitation for seven days. The harvested bacteria present in the culture media were isolated every one, two, three, and seven days on nutrient agar and incubated at 50 °C and 70 °C for 24 h.



Enzymes production was obtained from growing the bacteria at 60 °C with 100 rpm agitation for three days in modified ocean water media [35] pH 7.5 with the following components (g/L): 5 g of yeast extract, 5 g of peptone, 3 g of beef extract, 19.9 g of NaCl, 0.6 g of KCl, 4.4 g of MgCl2.6H2O, 5.8 g of MgSO4.7H2O, 0.08 g of CaCl2, and 1% of crude oil.




4.3. Alkane Hydroxylase Activity


Alkane hydroxylase activity was measured according to the standard NADH assay method with modification by measuring absorbance change at 340 nm (ε = 6,220 M−1 cm−1) [10,29,36]. The reaction mixture containing a final concentration of 500 µM of NADH, 1 mM of n-hexadecane, 0.02% of DMSO, and 1 ng of enzyme was added in 100 mM PBS buffer with pH 8.0. The reaction was initiated by the addition of NADH to the reaction mixture and incubated at 50 °C for 5 min. The reaction mixture without enzyme acts as the control. Activity was expressed as unit/mL (U/mL) enzyme where one unit of alkane hydroxylase activity is defined as the amount of enzymes required for consumption of 1 μM of NADH per minute at 50 °C.




4.4. Lipase Activity


Measurement of lipase activity was performed by a modified Winkler and Stuckmann method by using p-nitrophenol as a substrate [37]. The reaction mixture contained 25 µL of 5 mM PNP palmitate solution in isopropanol, 1 µL of crude enzyme, and 224 µL of 100 mM PBS buffer, pH 8.0. The mixture was incubated at 70 °C with shaking for 10 min and the absorbance was recorded at 410 nm. One unit of lipase activity was defined as the amount of enzymes releasing 1 µmol of p-nitrophenol per minute at 70 °C.




4.5. Protein Quantitation


The modified Bradford method [38] was used in the detection and quantitation of the total protein content in the crude enzyme. The reaction consisted of 200 μL of Bradford reagent (Sigma-Aldrich, St. Louis, MO, USA), 10 μL of 0.15 M NaCl, and 10 μL of sample, and mixed in a 96-well microplate. The reaction was incubated for 10 min at room temperature and read the absorbance at 595 nm. Bovine serum albumin (BSA) was used standard.




4.6. Characterization and Identification of Strains


Bacterial isolates were characterized and identified by physiological analysis and biochemical tests according to Bergey’s Manual of Determinative Bacteriology [39]. Genomic DNA was extracted using the Qiagen Dneasy Blood and Tissue Kit (Qiagen, Hilden, NW., Germany). The 16S rRNA sequence of strain was amplified using Taq DNA polymerase (ABM Inc., Richmond, BC, Canada) with a universal forward primer (8F): 5′AGAGTTTGATCCTGGCTCAG3′ and a reverse primer (1492R): 5′ACGGCTACCTTGGTTACGACTT3′ [40] under standard conditions. Sequence similarity was performed using the BLASTn program at the National Centre for Biotechnology Information (NCBI) website (http://www.ncbi.nlm.nih.gov/BLAST.html).




4.7. Construction of the Phylogenetic tree


The 16S rRNA of bacterial strains was aligned with nucleotide sequences of related bacteria obtained from NCBI GenBank using the MUSCLE program. A phylogenetic tree was constructed by the Neighbour-Joining method [41] using Jukes and Cantor’s model [42] with 1000 resampling repeats of bootstrapping analysis to evaluate the tree algorithms data. The tree and evolutionary analyses were conducted in the MEGA X software [43]. The evolutionary distances were computed using the Maximum Composite Likelihood and are in the units of the number of base substitutions per site. This analysis involved 28 nucleotide sequences. Codon positions included were 1st + 2nd + 3rd + Noncoding. All positions containing gaps and missing data were eliminated (complete deletion option). There were a total of 1171 positions in the final dataset.




4.8. Gas Chromatography (GC) Analysis


Characterization of total hydrocarbon fractions during biodegradation was analyzed by the gas chromatographic–mass spectrometry (GC–MS) model Agilent 7890A, HP-5MS (30 m × 0.25 µm × 0.25 µm, Santa Clara, CA, USA). The operating conditions were as follows: helium was used as the carrier gas; MS source and quad temperature were 230 °C and 150°C, respectively; the oven temperature was kept at 35 °C for 1 min then raised to 160 °C and 315 °C at a rate of 15 °C/minute and 5 °C/minute, respectively.




4.9. Statistical Analysis


All experiments were carried out in triplicates. Statistical analyses were performed using a two-way analysis of variance (ANOVA) and t-Test to determine a significant level (P-value) between the independent variables. The analysis was done using Microsoft Excel data analysis tools with standard protocols.





5. Conclusions


The presence of lipase in almost all screened thermophiles indicates that lipase plays an important role in hydrocarbons metabolism. The best three isolates were characterized as Gram-positive rod and endospore-forming bacteria. They are catalase and amylase positive and utilized crude oil as their sole carbon source. The 16S rRNA sequences of Geobacillus sp. D4, Geobacillus sp. D7, and A. geothermalis D9 described here are available via GenBank accession numbers MK615934.1, MK615935.1, and MK615936.1, respectively. The extracellular and intracellular alkane hydroxylase analysis has shown that some of the alkanes degraded outside the cells into their corresponding acids before the uptake. The breakdown of various alkylated compounds might be promoted by alkane hydroxylase produced and the involvement of other enzymes that have yet to be discovered. In this study, crude oil degradation by A. geothermalis was reported for the first time. Therefore, to have a complete knowledge of these isolates and their bioremediation potential, further characterization and studies on the pathways, enzymes produced, and gene expressions are needed to be carried out in the future.
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The following are available online at https://www.mdpi.com/2073-4344/10/8/851/s1, Figure S1: Head to tail comparisons of total ion chromatogram (TIC) exhibits the relative abundance of crude oil at different RT between the control (black) and treated (blue) with D4 (a), D7 (b) and D9 (c). The TIC of all the three isolates shows the relative abundance of lighter end compounds were notably reduced.
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Figure 1. Effects of modified ocean water with 1% crude oil after inoculation of ten isolates in an incubation period of three days. (a) Optical density of culture growth every 24 h. (b) The changes in pH media from initial pH 7.5 after inoculation every 24 h. The values presented were the averages of three replicates. Error bar represents the standard error while no error bar denotes the standard error values that are too small. 
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Figure 2. The average of extracellular alkane and lipase relative activity of each isolates after three days of incubation in modified ocean water media with 1% crude oil. The data shows a significant difference between alkane hydroxylase and lipase activity with a P-value of 0.02. The values presented were the averages of three replicates. Error bar represents the standard error. 
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Figure 3. Phylogenetic tree of three isolates and the relationship of their 16S rRNA nucleotide sequences with other 24 related bacteria where Bacillus subtilis IAM 12118 served as outgroup. 
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Figure 4. Analysis of crude enzyme concentration of isolates and their alkane hydroxylase activity every 24 h in three days of incubation period. Extracellular (a) and intracellular (b) total protein concentration. Extracellular (c) and intracellular (d) alkane hydroxylase relative activity at 1 ng of protein. The data shows that there is a significant difference between extracellular and intracellular alkane hydroxylase activity measured at each day (P < 0.05). The values presented were the averages of three replicates. Error bar represents the standard error while no error bar denotes the standard error values that are too small. 
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Figure 5. The fractions of crude oil based on gas chromatography (GC) analysis. (a) Compound groups that made up crude oil components before treatment. (b) Red shading visualized the compound removal after inoculation based on average degradation percentage by the three isolates for each compound type. 
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Table 1. Morphological and biochemical identification of the three isolates.
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Characteristics

	
Isolates




	
D4

	
D7

	
D9






	
Colony morphology on nutrient agar

	
Size

	
Moderate

	
Moderate

	
Large




	
Pigmentation

	
Cream

	
Cream

	
Whitish cream




	
Form

	
Circular

	
Circular

	
Circular




	
Margin

	
Entire

	
Entire

	
Entire




	
Elevation

	
Convex

	
Convex

	
Umbonate




	
Shape of cells

	
Rod

	
Rod

	
Rod




	
Gram staining

	
-

	
-

	
-




	
Aerobic growth

	
+

	
+

	
+




	
Endospores

	
+

	
+

	
+




	
Catalase reaction

	
+

	
+

	
+




	
Casein hydrolysis

	
-

	
-

	
+




	
Starch hydrolysis

	
+

	
+

	
+




	
Lipid hydrolysis

	
+

	
+

	
+




	
Carbon source

	
Glucose

	
+

	
+

	
+




	
Lactose

	
+

	
+

	
+




	
Sucrose

	
-

	
+

	
+




	
Crude oil

	
+

	
+

	
+
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Table 2. The tabulated data of degradation percentage for each compound type and their RT. The Biodegradation Efficiency BE% for D4, D7, and D9 on overall crude oil degradation was listed.
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Type

	
RT (Min)

	
Compound

	
Molecular Formula

	
Degradation Percentage (%)




	
D4

	
D7

	
D9






	
n-Alkane

	
5.507

	
Hexane

	
C6H14

	
0

	
–1001

	
0




	
9.468

	
Decane

	
C10H22

	
100

	
100

	
100




	
7.325

	
Undecane

	
C11H24

	
40.8

	
42.4

	
51




	
10.312

	
Tetradecane

	
C14H30

	
52.8

	
63.5

	
59.1




	
19.012

	
Pentadecane

	
C15H32

	
10.9

	
12.9

	
16.9




	
17.259

	
Hexadecane

	
C16H3

	
15.8

	
21.6

	
21.4




	
24.790

	
Heptadecane

	
C17H36

	
11.5

	
20.5

	
14.3




	
16.155

	
Octadecane

	
C18H38

	
3.2

	
4.8

	
–8.61




	
17.908

	
Nonadecane

	
C19H40

	
0.4

	
6.3

	
2.6




	
19.661, 23.102

	
Eicosane

	
C20H42

	
2.9

	
3.5

	
1.7




	
21.414

	
Heneicosane

	
C21H44

	
3.2

	
8.7

	
6.7




	
24.141

	
Docosane

	
C22H46

	
9.4

	
3.8

	
3.8




	
27.972

	
Tricosane

	
C23H48

	
15.3

	
26.5

	
23.3




	
26.414

	
Tetracosane

	
C24H50

	
9.5

	
16

	
13.1




	
33.296

	
Pentacosane

	
C25H52

	
–0.21

	
9.0

	
7.6




	
29.465

	
Hexacosane

	
C26H54

	
14.8

	
23.5

	
15.3




	
30.893

	
Heptacosane

	
C27H56

	
–1.21

	
–1.81

	
–2.01




	
32.322

	
Octacosane

	
C28H58

	
7.1

	
17.5

	
9.2




	
33.685

	
Nonacosane

	
C29H60

	
7.0

	
5.3

	
–0.11




	
34.984

	
Triacontane

	
C30H62

	
4.5

	
7.3

	
5.8




	
36.217

	
Hentriacontane

	
C31H64

	
8.2

	
8.2

	
8.1




	
37.451

	
Dotriacontane

	
C32H66

	
7.1

	
7.5

	
2.1




	
40.957

	
Pentatriacontane

	
C35H70

	
10.9

	
7.7

	
–2.01




	
Branched alkane

	
5.442

	
3-ethylhexane

	
C8H18

	
31.5

	
100

	
15.5




	
10.052

	
2,6,10-trimethyldodecane

	
C15H32

	
46.0

	
52.0

	
57.3




	
8.948

	
2-methyl-6-propyldodecane

	
C16H34

	
63.0

	
65.0

	
80.0




	
13.688

	
2,6,10-trimethylpentadecane

	
C18H38

	
21.1

	
31.3

	
10.3




	
14.597

	
2,6,10,14-tetramethylpentadecane

	
C19H40

	
15.6

	
17.8

	
13.6




	
16.358

	
2,6,10,14-tetramethylhexadecane

	
C20H42

	
17.0

	
23.3

	
21.3




	
cylo-alkane

	
18.363

	
1-Nonylcycloheptane

	
C16H32

	
21.0

	
37.5

	
25.2




	
26.738

	
Cyclotetracosane

	
C24H48

	
–6.51

	
14.5

	
11.4




	
22.713

	
Nonadecylcyclohexane

	
C25H50

	
2.7

	
9.9

	
4.0




	
29.790

	
1,1,3,6-tetramethyl-2-(3,6,10,13,14-pentamethyl-3-ethyl-pentadecyl) cyclohexane

	
C32H64

	
–4.81

	
14.2

	
14.4




	
Alkene

	
6.871

	
(2Z,4E)-3,7-Dimethyl-2,4-octadiene

	
C10H18

	
81.4

	
100

	
100




	
24.336

	
1-Tricosene

	
C23H46

	
0

	
0

	
–1001




	
32.711

	
9-Hexacosene

	
C26H52

	
8.4

	
10.8

	
7.3




	
35.373

	
1-Hexacosene

	
C26H52

	
7.6

	
2.6

	
10.6




	
Aromatic compounds

	
7.585

	
1,2,3,5-tetramethylbenzene

	
C10H14

	
100

	
100

	
100




	
10.766

	
2,3-dimethylnaphthalene

	
C12H12

	
48.5

	
54.6

	
54.1




	
12.389

	
1,6,7-trimethylnaphthalene

	
C13H14

	
31.6

	
39.7

	
34.3




	
20.375

	
9,10-dimethylanthracene

	
C16H14

	
3.2

	
20.1

	
–18.71




	
23.752

	
2,3,5-trimethylphenanthrene

	
C17H16

	
11.3

	
7.5

	
11.5




	
Resin

	
36.802

	
28-Nor-17.beta.(H)-hopane

	
C29H50

	
7.0

	
10.1

	
6.2




	
Alcohol

	
6.481

	
2-Methyl-1-undecanol

	
C12H26O

	
100

	
84.5

	
10




	
Ester

	
7.52

	
3-(Prop-2-enoyloxy) dodecane

	
C15H28O2

	
0

	
–1001

	
0




	
39.074

	
Octatriacontyl pentafluoropropionate

	
C41H77F5O2

	
7.0

	
1.5

	
6.1




	
Carboxylic acid

	
7.975

	
2-tetradecyl ester methoxyacetic acid,

	
C17H34O3

	
100

	
100

	
100




	
9.273

	
2-oxo-methyl ester octadecanoic acid

	
C19H36O3

	
–1001

	
–13.31

	
–23.41




	
48.553

	
4-dodecyl dimethyl ester 1,2,4-benzenetricarboxylic acid

	
C23H34O6

	
0

	
0

	
–1001




	
Organo-chlorine

	
31.348

	
1-chlorooctadecane

	
C18H37Cl

	
10.1

	
0.1

	
12.6




	
Organo-sulfur

	
8.364

	
1-octadecanesulphonyl chloride

	
C18H37ClO2S

	
78.4

	
73.6

	
87.0




	
11.156

	
Butyloctadecyl ester sulfurous acid

	
C22H46O3S

	
100

	
100

	
2.4




	
Orgaono-silicon

	
5.767

	
Trichlorodocosylsilane

	
C22H45Cl3Si

	
100

	
100

	
100




	
6.157

	
Octamethylcyclotetrasiloxane

	
C8H24O4Si4

	
35.3

	
38.7

	
28.1




	

	
Biodegradation Efficiency (BE%)

	
12.1

	
17.3

	
13.1








1 Negative values indicate increment of compounds as compared to the control.
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The values represent the average degradation percentage from D4, D7, and D9 for each component of crude oil when the

total initial amount of compounds was made 100%.
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Geobacillus kaustophilus NBRC 102445 - NR 114089.1
Geobacillus sp. D4 - MK615934.1

Geobacillus thermoleovorans CCB US3 UF5- NR 074931.1
Geobacillus vulcani strain 35-1- NR 025426.1

Geobacillus thermocatenulatus BGSC 93A1 - AY608935.1
Geobacillus zalihae NBRC 101842 - NR 114014.1
Geobacillus stearothermophilus R-35646 - FN428694.1
Geobacillus sp. D7 - MK6159335.1

Geobacillus jurassicus NBRC 107829 R-35651 - NR 116988.1
Geobacillus jurassicus DS1- AY312404.1

Geobacillus uzenensis U (T) - AF276304.1

Geobacillus subterraneus 34 (T) - AF276306.1

Geobacillus thermodenitrificans NG80-2 - NR 074976.1
Bacillus thermantarcticus DSM 9572T - FR749957.1
Geobacillus thermoglucosidasius R-35637 - FN428685.1
Geobacillus toebii R-35642 - FN428690.2

Anoxybacillus kamchatkensis JWVK-KG4 - NR 041915.1
Anoxybacillus tepidamans R-35643 - NR 116985.1
Geobacillus tepidamans R-35643 - FN428691.1
Anoxybacillus caldiproteolyticus SF03 - NR 115200.1
Anoxybacillus amylolyticus MR3C - NR 042225.1
Anoxybacillus contaminans R-16222 - NR 029006.1
Anoxybacillus voinovskiensis TH13 - NR 024818.1
Anoxybacillus geothermalis ATCC BAA-2555 - NR 151896.1
Anoxybacillus geothermalis D9 - MK615936.1
Anoxybacillus rupiensis R270 - NR 042379.1

Aeribacillus composti N.8 - NR 159152.1

Bacillus subtilis [AM 12118 - NR 112116.2





