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The deposition of paraffin wax in crude oil is a problem faced by the oil and gas industry during extraction, transportation, and refining of crude oil. Most of the commercialized chemical additives to prevent wax are expensive and toxic. As an environmentally friendly alternative, this study aims to find a novel thermophilic bacterial strain capable of degrading paraffin wax in crude oil to control wax deposition. To achieve this, the biodegradation of crude oil paraffin wax by 11 bacteria isolated from seawater and oil-contaminated soil samples was investigated at 70°C. The bacteria were identified as Geobacillus kaustophilus N3A7, NFA23, DFY1, Geobacillus jurassicus MK7, Geobacillus thermocatenulatus T7, Parageobacillus caldoxylosilyticus DFY3 and AZ72, Anoxybacillus geothermalis D9, Geobacillus stearothermophilus SA36, AD11, and AD24. The GCMS analysis showed that strains N3A7, MK7, DFY1, AD11, and AD24 achieved more than 70% biodegradation efficiency of crude oil in a short period (3 days). Notably, most of the strains could completely degrade C37–C40 and increase the ratio of C14–C18, especially during the initial 2 days incubation. In addition, the degradation of crude oil also resulted in changes in the pH of the medium. The degradation of crude oil is associated with the production of degradative enzymes such as alkane monooxygenase, alcohol dehydrogenase, lipase, and esterase. Among the 11 strains, the highest activities of alkane monooxygenase were recorded in strain AD24. A comparatively higher overall alcohol dehydrogenase, lipase, and esterase activities were observed in strains N3A7, MK7, DFY1, AD11, and AD24. Thus, there is a potential to use these strains in oil reservoirs, crude oil processing, and recovery to control wax deposition. Their ability to withstand high temperature and produce degradative enzymes for long-chain hydrocarbon degradation led to an increase in the short-chain hydrocarbon ratio, and subsequently, improving the quality of the oil.
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INTRODUCTION

Crude oil is an important commodity and a central source of energy in the world. It is predominantly composed of 50 to 80% petroleum hydrocarbons, i.e., alkanes, cycloalkanes, and aromatic alkanes content (Yan et al., 2013). Based on the hardness, crude oil is classified into high, moderate, and low wax content crude oil (Doerffer, 1992). The high wax content in waxy crude oil is due to the presence of a large amount of paraffin wax. Paraffins with carbon chain length higher than C18H38 are regarded as waxes and could solidify during the production and transportation stages of the crude oil (Bai and Zhang, 2013). The crystallization of waxes happens due to the change in temperature and pressure in the pipeline. The continuous wax build-up obstructs oil flow and leads to marginal oil recovery and the shutdown of the production pipeline (Sharma et al., 2016). On top of that, oil companies lose millions of dollars annually due to the reduced oil production and high cost of wax removal (Hosseinipour et al., 2014). The flow assurance problems also reflect the rising cost of production because extra horsepower and workforce are needed to alleviate the pressure to prevent wax deposition (Elsharkawy et al., 2000).

Current methods to mitigate paraffin wax deposition are by thermal (e.g., insulation and hot oil treatment), mechanical (e.g., scrapers and pigs) and chemical treatments (e.g., solvents, wax inhibitors, and dispersants) or a combination of these treatments (Jennings and Breitigam, 2010; Towler et al., 2011). However, there are certain disadvantages of using these remedies such as expensive cost for long production tubes (Sakthipriya et al., 2017), toxicity issues (Sadeghazad and Ghaemi, 2003; Al-Yaari, 2011), long-term damage to the pipelines and wells (Al-Yaari, 2011), and production downtime (Sood and Lal, 2008). Due to the abovementioned problems, an alternative approach to prevent wax deposition, such as green technology using microbes, is needed.

Microbes play essential roles in bioremediation of oil, and many studies have been published on microbial remediation to degrade paraffin wax in crude oil. However, most of these microorganisms were mesophilic bacteria such as Bacillus cereus QAU68 and Bacillus subtilis XCCX (Liu et al., 2013); Pseudomonas aeruginosa B1 and Acinetobacter junii B2 (Liu et al., 2012); and Rhodococcus sp. Moj-3449 (Binazadeh et al., 2009). Nevertheless, the operating temperature in the pipeline and petroleum reservoirs sometimes exceeds 50°C. Therefore, thermophilic hydrocarbon degraders are of particular significance. Thermophilic bacteria could survive the high temperature while degrading the crude oil. Some of the thermophilic bacteria capable of degrading crude oil that has been reported are Geobacillus kaustophilus TERI NSM (Sood and Lal, 2008), Geobacillus pallidus H9 (Wenjie et al., 2012), and Geobacillus sp. ZY-10 (Sun et al., 2015). Although thermophilic Geobacillus spp. had been studied previously, however, some of them were grown at longer incubation period such as 8, 10, or 22 days (Wang et al., 2006; Zhang et al., 2012; Fan et al., 2020). Furthermore, the majority of the research on Geobacillus spp. oil degradation reported a shorter range of hydrocarbon decomposition. As an example, Geobacillus sp. SH-1 was able to degrade n-alkanes from C12 to C33 (Zhang et al., 2012), Geobacillus toebii B-1024 and Geobacillus sp. 1017 were able to degrade C10–C30 and C13–C19, respectively (Tourova et al., 2016), while Geobacillus stearothermophilus A-2 could partially degrade long-chain alkanes (C22–C33) (Zhou et al., 2018). Therefore, thermophilic bacteria that could degrade more long-chain hydrocarbon in a shorter period while increasing the short-chain hydrocarbon is an advantage.

Biodegradative enzymes present a significant role in microbial degradation of petroleum hydrocarbons (Yong and Zhong, 2010; Wasoh et al., 2019). The hydrocarbon removal efficiency depends on the bacteria used and their enzymatic oxidation characteristics (Elumalai et al., 2017). In the alkane degradation pathway, the degradation of n-alkane is usually initiated by alkane hydroxylase enzymes that transform alkane into alkanols by targeting different ranges of hydrocarbon (van Beilen et al., 1994; Singh et al., 2012). The terminal, biterminal, and subterminal oxidation pathways have been known and verified in bacteria from different genera (Ji et al., 2013). In the terminal oxidation pathway, the alkanes yielded corresponding alcohols after the initial attack at the terminal methyl group. Alcohol dehydrogenases and aldehyde dehydrogenases further oxidize the substrates to fatty acids, which then enters ß-oxidation (Watkinson and Morgan, 1990). In biterminal oxidation, the cleaved termini of n-alkane would undergo oxidation, forming the corresponding fatty acid without rupturing the carbon chain (Ji et al., 2013). In this pathway, ω-hydroxy fatty acid produced during terminal oxidation is converted to a dicarboxylic acid, which also enters ß-oxidation (Coon, 2005). Primary and secondary alcohol or methyl acetone are produced in subterminal oxidation. Ketone produced from the conversion of secondary alcohol is oxidized by Baeyer-Villiger monooxygenase to form an ester. Hydroxylation by an esterase would then generate alcohol and fatty acid (Kotani et al., 2007).

Lipases and esterases are also important enzymes in monitoring the biodegradation of crude oil (Kadri et al., 2018b). Both of these enzymes can cleave the carboxylic ester bonds in fats and oils to release fatty acid and glycerol (Lee et al., 2015). The fatty acid can also function as a carbon source for bacteria, thus increasing the hydrocarbon degradation. Lipases and esterases differ in their substrate specificity. The long-chain esters are hydrolyzed by lipases, while the short-chain esters are hydrolyzed at various rates by esterases and lipases (Chahinian and Sarda, 2009). As crude oil degradation is a continuous process, the intermediate products from the conversion of n-alkanes along the pathway would produce the substrate needed for lipase and esterase enzymes to utilize. Hence, this would enable the monitoring of oil biodegradation.

This study focused on finding a novel thermophilic bacterial strain capable of degrading paraffin wax in crude oil at 70°C. The functions of the strains were compared in terms of crude oil degradation efficiency and enzyme activities. Efficient crude oil degradation by the bacterial strains could be an alternative solution to control wax deposition and further improve oil flow in the pipeline.



MATERIALS AND METHODS


Crude Oil Samples

Crude oil with varying hardness was obtained from Petronas Research Sdn. Bhd., Malaysia. The characteristics of the crude oils were observed as follows; very hard, dense, and solid with 63°C pour point, and 66% long-chain alkanes composition (>C20) (oils A and B); hard, solid, and brittle with 48°C pour point, and 64% long-chain alkanes composition (>C20) (oils C and D); soft, watery, and semi-solid with 42°C pour point and 55% long-chain alkanes composition (>C20) (oil E). The higher composition of > C20 signifies the crude is waxier and have higher viscosity. The density of the crude oil is relatively similar (0.8 g/cm3).



Microorganisms

Strains N3A7 and D9 were previously isolated from seawater sample at Kampung Cherating Lama, 26080 Balok, Pahang, Malaysia (4°7′15.80′′ N, 103°23′20.20′′ E) on October 2016. Strains MK7, DFY1, T7, and DFY3 were previously isolated from oil-contaminated soil samples at a car workshop in Kampung Sungai Tua Tambahan, Tanah Gantian, 68100 Batu Caves, Selangor, Malaysia (3°15′28.09′′ N, 101°40′38.65′′ E) on November 2016. Strains AZ72, SA36, NFA23, AD11, and AD24, were isolated at Passenger Jetty, Jalan Tanjung Kemuning, Kampung Bahasa Kapor, 71000, Port Dickson, Negeri Sembilan, Malaysia (2.5223° N, 101.7931° E) on September 2017. All strains were stock cultured at the Enzyme and Microbial Technology Centre (EMTech) Lab, Faculty of Biotechnology and Biomolecular Sciences, Universiti Putra Malaysia, Malaysia.



Isolation and Screening of Hydrocarbon-Degrading Strains

An aliquot of 10 ml of the sample was pipetted into 250 ml Schott bottle containing 50 ml Bushnell and Haas (BH) broth medium supplemented with 2% (w/v) crude oil A, B, C, D, and E. The BH medium composed of (g/l): KH2PO4 (1 g), K2HPO4 (1 g), NH4NO3 (1 g), MgSO4 ⋅ 7H2O (0.2 g), FeCl3 (0.05 g), CaCl2 ⋅ 2H2O (0.02 g) and yeast extract (5 g). The cultures were incubated at 70°C at 200 rpm shaking rate for 7 days. A 100 μl aliquot of each bacterial culture was spread onto nutrient agar medium (Merck, Darmstadt, Germany) and incubated at 70°C for 18 h. Colonies with different morphologies were transferred onto fresh Nutrient Agar medium for three cycles and subsequently were preserved in Nutrient Broth (Merck, Darmstadt, Germany) using 20% (v/v) glycerol at −80°C.

The screening of paraffin wax degrading bacteria was made according to the method described by Patowary et al. (2016) with slight modifications. The bacteria were grown overnight on nutrient agar at 70°C. Single colonies were transferred into the nutrient broth, and the cultures were incubated overnight. The bacterial cultures were adjusted to OD600∼0.5. The bacterial inoculum (5%) were transferred into 250 ml Schott bottle containing 50 ml ocean water medium (OWM) (Kester et al., 1967) containing (g/l): yeast extract (5), peptone (5), beef extract (3), NaCl (19.9), KCl (0.6), MgCl2 ⋅ 6H2O (4.4), MgSO4 ⋅ 7H2O (5.8), CaCl2 ⋅ 2H2O (0.8), supplemented with 2% (w/v) crude oil B. The cultures were incubated at 70°C and 200 rpm shaking rate for 7 days. Uninoculated OWM supplemented with 2% (w/v) crude oil B served as abiotic control. The colony forming unit (CFU) value was monitored to determine the viable cell growth of the cultures.



Bacterial Identification

The genomic DNA of the bacteria was extracted using DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The 16S rRNA genes were amplified using a set of universal primers, 8F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-ACGGCTACCTTGTTACGACTT-3′) (Weisburg et al., 1991). Each 50 μl of PCR reactions contained 25 μl of 2 × EasyTaq PCR Supermix (TransGen Biotech, China), 10 μM of each primer and 5 μl of genomic DNA as a template. Thermal cycling was performed in a G-storm GS1 thermal cycler (GRI, Ltd., Essex, United Kingdom) with the following parameters: initial denaturation step of 95°C for 1 min, followed by 30 cycles of 95°C for 15 s, 57°C for 15 s, and 72°C for 10 s. A final extension step consisting of 72°C for 5 min was included. Amplification products were checked by 1% (w/v) agarose gel electrophoresis. PCR amplicons were then sequenced (Apical Scientific Sdn. Bhd., Seri Kembangan, Malaysia). The sequences were analyzed and edited with Chromas Lite software (version 2.6.5; Technelysium Pty. Ltd., South Brisbane, QLD, Australia) and compared against the sequences in the National Center of Biotechnology Information (NCBI) database by using the BLASTn program1.



Phylogenetic Analysis

Clustal Omega (Sievers and Higgins, 2017) program was used to create multiple alignments of nucleotide gene sequences, while MEGA 7.0 (Kumar et al., 2016) program was used to construct the phylogenetic tree. The phylogenetic tree was constructed using the neighbor-joining method (Saitou and Nei, 1987) with p-distance method (Nei and Kumar, 2000). The robustness of individual branches was estimated by bootstrapping with 1000 replications (Felsenstein, 1985).



Growth Medium Optimization

An aliquot of 5% inoculum was added into a 250 ml Schott bottle containing 50 ml medium; M1 (OWM without organic nitrogen source), M2 (OWM with yeast extract only), M3 (OWM with peptone only), and M4 (OWM with beef extract only) medium. The M1–M4 media were supplemented with 2% (w/v) crude oil B. The cultures were subsequently incubated for 7 days at 70°C and 200 rpm shaking rate. Bacterial growth and crude oil degradation in the respective media were compared.



GCMS Evaluation of Oil Biodegradation

The cultures were grown in 500 ml conical flask containing 50 ml M2 medium containing 2% (w/v) of crude oil B at 70°C and 150 rpm shaking rate. The flasks were secured with silicone seals on the cap to prevent the evaporation of some oil fractions. The non-inoculated medium was incubated under the same condition served as a control. After 3 days of incubation, the culture was mixed with n-hexane (1:1). The mixtures were vortexed for 5 min and transferred into a separatory funnel. The extract was allowed to separate for 10 min, and the upper layer was collected. A 100 μl aliquot of the extract was added to a vial containing 900 μl n-hexane and kept at −20°C until further use (Kaida, 2012).

The residual crude oil components were analyzed by GCMS Agilent 7890A using HP-5MS column (30 m × 0.25 mm ID × 0.25 μm film thickness) (Ameen et al., 2016). The GC program was set with a split ratio of 10:1. Helium was used as the carrier gas with a flow rate of 1 ml/min. The oven temperature was set at 35°C for 1 min and was increased 15°C/min to 160°C for 1 min and then 5°C/min to 315°C for 12 min. A total of 1 μl of the sample was injected. The MS source and quad temperature were set at 230°C and 150°C, respectively. The biodegradation efficiency (BE) percentage was determined according to Michaud et al. (2004):
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Enzyme Assays

The bacterial extracellular enzymes were collected to determine the enzyme activities. The cultures were grown as described earlier. The supernatant of the cultures was collected every 24 h by centrifugation at 4°C and 8000 × g for 10 min.


Alkane Monooxygenase

Alkane monooxygenase activity was measured based on Jauhari et al. (2014) with slight modifications. The reaction mixture of 250 μl containing 145 μl of 100 mM PBS buffer (pH 7.0), 50 μl crude enzyme, 5 μl of 50 mM n-hexadecane and 50 μl of 125 μM of NADH was incubated at 70°C for 10 min with shaking. The reaction mixtures were then measured spectrophotometrically at 340 nm. One unit of alkane monooxygenase activity corresponded to the rate at which 1 μmol NADH is oxidized per min.



Alcohol Dehydrogenase

Alcohol dehydrogenase activity was measured based on Jauhari et al. (2014) with slight modifications. The reaction mixture of 250 μl containing 140 μl of 100 mM PBS buffer (pH 7.0), 50 μl crude enzyme, 10 μl of 25 mM of 1-hexadecanol and 50 μl of 1.65 mM of NAD+ was incubated at 70°C for 10 min with shaking. The reaction mixtures were then measured spectrophotometrically at 340 nm. One unit of alcohol dehydrogenase corresponded to the rate at which 1 μmol NADH is formed per min.



Lipase

Lipase activity was measured based on Zuo et al. (2010) with slight modifications. The reaction mixture contained 220 μl of 100 mM PBS buffer (pH 7.0), 25 μl of 5 mM of 4-nitrophenyl palmitate and 5 μl of the crude enzyme was incubated at 70°C for 10 min with shaking. The reaction mixture was added with Triton X-100 to prevent turbidity (Gupta et al., 2002). Immediate reading of the mixture using a spectrophotometer at 410 nm was performed. One unit of lipase activity was defined as the rate at which 1 μmol of p-nitrophenol is liberated per min under assay conditions (Rúa et al., 1997).



Esterase

Esterase activity was measured based on Zuo et al. (2010) with slight modifications. The reaction mixture contained 220 μl of 100 mM PBS buffer (pH 7.0), 25 μl of 5 mM of 4-nitrophenyl butyrate and 5 μl of the crude enzyme was incubated at 70°C for 10 min with shaking. Spectrophotometer reading at 410 nm was done immediately after incubation of the reaction mixture. One unit of esterase activity was defined as the rate at which 1 μmol of p-nitrophenol is liberated per min under assay conditions (Rúa et al., 1997).



Statistical Analysis

The data were analyzed statistically using Microsoft Excel 2018. The means were compared using Two-way ANOVA to indicate any significant difference among parameters and the variables at p < 0.05. All experiments were done in triplicates unless otherwise mentioned.



RESULTS


Isolation and Screening of Hydrocarbon-Degrading Strains

Bacteria from various sampling sites were isolated based on their growth on Bushnell and Haas (BH) medium supplemented with different crude oils after 7 days incubation at 70°C. The ability of these bacteria to grow in the oil containing minimal BH medium suggested that these bacteria could utilize the crude oil as a carbon source for growth and degrade crude oil. Among them, AZ72, SA36, NFA23, AD11, AD24, N3A7, MK7, DFY1, T7, DFY3, and D9 showed different morphological characteristics and rapid growth in overnight culture were chosen for further test. During the screening, all strains were able to grow in the OWM containing very hard crude oil (crude oil B) (Figure 1) and showed maximum cell growth after 3 days of incubation and declined after 7 days. Degradation and dispersion of crude oil were observed in the bottles after 2 or 3 days in all cultures, in which the growth started to increase.
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FIGURE 1. Growth profile of bacterial strains in the ocean water medium (OWM) supplemented with 2% (w/v) crude oil B (very hard). The bacteria were grown at 70°C and the colony forming unit (CFU) was determined.




Media Optimization

Different organic nitrogen source was tested to optimize the condition of the growth medium. Among the organic nitrogen sources, yeast extract was the best for bacterial growth. The number of bacteria in yeast extract (M2 medium) was higher after 2 days incubation compared to the growth in peptone (M3 medium), beef extract (M4 medium), without organic nitrogen source (M1 medium), and with all three organic nitrogen sources (ocean water medium) on the same day (Figure 2). Strain AD11 showed the highest growth (3.512 CFU/ml) after 2 days of incubation in yeast extract. The number of bacteria in peptone (Figure 2C), beef extract (Figure 2D), and without organic nitrogen source (Figure 2A) was relatively lower than in yeast extract (Figure 2B). The growth in the OWM (Figure 2E) peaked only after 3 days of incubation. Moreover, peptone and beef extract showed a detrimental effect on strain D9, whereby the strain showed no growth after 2 days in beef extract and 3 days in peptone. However, some strains (N3A7 and AD11) showed high growth after 2 or 3 days incubation in M1 medium (Figure 2A). The bacterial growth in yeast extract, beef extract, and OWM was able to support crude oil degradation but not in peptone and medium without organic nitrogen source. Thus, due to the lower bacterial growth in beef extract and OWM at day 2, medium containing yeast extract was chosen as the best medium for bacterial growth and crude oil degradation experiment.
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FIGURE 2. Bacterial growth in medium with (A) no organic nitrogen source (M1), (B) yeast extract (M2), (C) peptone (M3), (D) beef extract (M4), (E) with all three organic nitrogen sources (OWM). The growth of bacteria in the M2 medium was higher on average compared to M1, M3, and M4 medium. The growth in the M2 medium was also higher than the ocean water medium after 2 days. The degradation of crude oil was also supported in medium with yeast extract (p < 0.05).




Identification of the Bacteria

Approximately 1.5-kbp fragment of the 16S rRNA gene was amplified from the bacterial genomic DNA to identify the bacteria. The amplified fragments were compared to those sequences deposited in the GenBank database to determine the taxonomic identities. The 16S rRNA gene sequence of the bacteria displayed a similarity of 95–99% to the closest known species (Supplementary Table S1). Based on the 16S rRNA gene, a phylogenetic tree was constructed (Figure 3). Most of the bacteria belong to the phylum Firmicutes (Geobacillus spp. and Parageobacillus spp.). The eight bacterial strains belonging to the genus Geobacillus were closely related to Geobacillus kaustophilus (3), Geobacillus stearothermophilus (3), Geobacillus thermocatenulatus (1), and Geobacillus jurassicus (1). The two bacterial strains belonging to the genus Parageobacillus were both closely related to Parageobacillus caldoxylosilyticus (Figure 3).
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FIGURE 3. The 16S rRNA gene phylogenetic analysis of bacterial strains. The evolutionary history was inferred using the neighbor-joining method. The evolutionary distances were computed with p-distance method and 1,000 bootstrapped. The strains were aligned with closest relatives from GenBank. The accession numbers indicated within the bracket. The optimal tree with the sum of branch length = 0.18041597 was shown. The analysis involved 37 nucleotide sequences. There were a total of 1,204 positions in the final dataset. Bacterial strains used in this study are in bold. Sequence from Bacillus cereus ATCC 14579T was used as an outgroup.


Successively, based on the molecular identification and phylogenetic analysis, the 10 strains were identified as Geobacillus kaustophilus N3A7, DFY1, and NFA23, Geobacillus jurassicus MK7, Geobacillus thermocatenulatus T7, Parageobacillus caldoxylosilyticus DFY3 and AZ72, Geobacillus stearothermophilus SA36, AD11, and AD24. All sequences were submitted to the sequence database at the National Center for Biotechnology Information (NCBI).



The Effect of Bacterial Growth and Rate of Degradation on the pH of the Medium

The strains were grown in yeast extract (M2) medium containing 2% (w/v) crude oil B for 3 days. The growth and crude oil degradation of the strains were monitored by plate count and GCMS analysis, respectively. The initial growth of the 11 strains was not apparent; however, the growth of the strains increased after 1 day of incubation (Figure 4A). Some strains, such as N3A7 and D9, showed further induction in growth until day 3, while other strains declined after 2 days. Strains DFY1 and AD24 declined but slightly increased after 3 days, while the growth of strains SA36 and NFA23 increased after 2 days and then decreased.
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FIGURE 4. Growth, degradation efficiency, and changes in pH of growth medium during the degradation of crude oil. (A) Bacterial growth of the 11 strains in 2% (w/v) crude oil B for 3 days, (B) Crude oil biodegradation efficiency of the 11 strains from days 1 to 3 and overall degradation, (C) The pH of the medium during the degradation of crude oil (p < 0.05). The overall degradation is the average degradation from biodegradation efficiency on days 1 to 3. The crude oil biodegradation efficiency was calculated by comparing the peak areas of the inoculated sample with the peak areas of the control from GC–MS analysis.


Based on the results in Figure 4B, the biodegradation efficiency of the strains was between 33 and 67% on the first day. The biodegradation efficiency (35–71%) slightly increased on the second day, while the highest biodegradation efficiency was achieved after 3 days (45 to 84%). The highest overall biodegradation efficiency of crude oil among the 11 strains was exhibited by strains N3A7, MK7, DFY1, AD11, and AD24 (more than 70% oil degradation), the poorest degradation was observed by strain DFY3 (37%), while other strains showed moderate oil degradation (54 to 63%). The utilization of crude oil resulted in changes in the pH of the medium. The transformation of the oil shifted the pH toward slight alkalinity (pH 7.8–8.1) after 1 or 2 days of incubation with strains N3A7, MK7, DFY1, DFY3, AD24, and AD11 (Figure 4C). After 3 days of incubation, the pH decreased to pH 7.3–7.5. As for strains AZ72, SA36, NFA23, D9, and T7, the pH of the medium slightly reduced toward acidity. However, the pH of the medium of these strains continued to increase after 2 days between pH 7.3 to 7.7 except for strain D9, which further declined to pH 6.6 after 3 days.



Preferential Degradation of Long-Chain n-Alkanes

The increase in the relative content of the carbon fractions ratio of ∑C21–/∑C22+ and (C21 + C22)/(C28 + C29) indicates that the strains prefer to utilize the long-chain hydrocarbon (Table 1). The ratio was mostly higher in strains N3A7, MK7, DFY1, AD11, and AD24 on different incubation periods. However, hydrocarbon ratio decreased slightly after 2 days of incubation of strains MK7 and AD11 and increased again on the third day. The ratio increased during incubation of strain DFY1, and N3A7 decreased after 2 days, while AD24 reduced after 3 days. The reduction demonstrated the utilization of the short-chain fraction after 2 or 3 days. The results also suggest that the strains would probably utilize the short-chain hydrocarbon when the contents of long-chain hydrocarbon were reduced. A minimal increase of the ∑C21–/∑C22+ and (C21 + C22)/(C28 + C29) ratio was observed in other strains during the incubation period. The minimum increase of ratios by strains T7, DFY3, D9, AZ72, SA36, and NFA23 was because of a lower rate of degradation compared to strains N3A7, MK7, DFY1, AD11, and AD24.


TABLE 1. The changes of n-alkane contents between hydrocarbon lower than C22 and higher than C22.
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The heatmap shows the degradation of hydrocarbon by different strains with complete degradation of some long-chain hydrocarbon on different days of incubation (Figure 5). Interestingly, strains N3A7, MK7, DFY3, AZ72, SA36, NFA23, AD11, and AD24 could completely degrade C38 to C40, whereas strains DFY1 and T7 could completely degrade C37 to C40 by day 3 (Figure 5). Most of the strains could partially degrade the long-chain hydrocarbon above C18 and some short-chain hydrocarbon (C12–C13), especially on days 1 and 2. However, for a few strains such as N3A7, MK7, DFY1, AD11, and AD24, the biodegradation efficiency of most of the C18 and above hydrocarbon reached above 80% compared to the other strains by day 3. The majority of the strains showed low (1–68%) degradation of C12–C13 on days 1 and 2, but strains N3A7, DFY1, AD11, and AD24 were able to degrade more than 80% of C12 and C13 by day 3. All strains showed an increase in the content of C14, C15, and C17 on the first day of incubation. The composition of C14−C17 reduced during incubation. However, the composition was still higher than in control in most of the strains. Among the strains, N3A7 showed an increase of C13 (48%), C16 (9%), and C18 (11%), while MK7 showed an increase of C18 (8%) only on the first day (Figure 5). However, the trend of increment in the short-chain hydrocarbon content reduces throughout incubation in these strains. The rise of the short-chain fraction ensued from the degradation of the long-chain fraction and slower degradation of the short-chain fraction. The total ion chromatogram (TIC) of the crude oil degradation by each strain conducted in this study can be found in Supplementary Material (Supplementary Figures S1–S12).
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FIGURE 5. Heatmap showing degradation and increment of hydrocarbon contents during incubation. The percentage of hydrocarbon degradation and increment is represented by the different color scales on the right.




Degradative Enzyme Activities in the Biodegradation of Crude Oil

The alkane monooxygenase was induced in all strains during crude oil degradation, but the maximum induction was at different incubation periods (Figure 6A). All strains exhibited maximum alkane monooxygenase induction after 1 day incubation, while strains MK7 (29.0 U/ml) and SA36 (33.3 U/ml) showed maximum induction of this enzyme after 2 days incubation. The highest activity was exhibited by strain AD24 (43.0 U/ml) on the first day. Markedly high enzyme activity on the first day was also observed in other strains such as AZ72 (35.2 U/ml), AD11 (34.2 U/ml), DFY1 (33.9 U/ml), DFY3 (33.3 U/ml), SA36 (32.0 U/ml), and N3A7 (30.7 U/ml). The enzyme activity declined after 2 days of incubation, and by day 3 no activity was detected. The decline was attributed to a high removal of n-alkane between 74 and 84% (Figure 4B), especially by strains N3A7, MK7, DFY1, AD11, and AD24 on day 3.
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FIGURE 6. Quantification of enzyme activity. (A) Alkane monooxygenase, (B) alcohol dehydrogenase, (C) lipase, and (D) esterase activities during crude oil degradation by thermophilic bacterial strains (p < 0.05).


All strains exhibited higher alcohol dehydrogenase activity than alkane monooxygenase (Figure 6B). Similarly, the maximum induction of alcohol dehydrogenase was on a different day of incubation. Strain N3A7 (96.1 U/mL) showed the maximum induction on the first day, and then the enzyme activity declined. The maximum induction of alcohol dehydrogenase was exhibited after 2 days by strains MK7 (113.0 U/mL) and DFY1 (134.9 U/mL) and then declined, while the maximum induction of enzyme by strains AD11 (124.9 U/mL), AD24 (128.7 U/mL), DFY3 (99.9 U/mL), AZ72 (68.3 U/mL), SA36 (67.4 U/mL), NFA23 (100.7 U/mL), T7 (70.1 U/mL), and D9 (91.2 U/mL) were after 3 days. The overall enzyme activity of strains N3A7, MK7, DFY1, AD11, and AD24 was the highest amongst the other strains. These strains also exhibited the highest average degradation in comparison to other strains despite some reduction in growth.

In comparison to the other two enzymes, esterase and lipase activity were significantly induced by all strains during crude oil degradation. The induction of esterase was initially slow but exhibited sudden increased after 2 days with maximum induction on the second day for the majority of the strains and then declined, except for strains AD24 (565.6 U/mL) and AZ72 (340.6 U/mL). Both of these strains showed maximum induction after 3 days. Similar to the other enzymes, strain N3A7, MK7, DFY1, AD11, and AD24 also showed a higher esterase activity on average compared to the other strains, especially after 2 or 3 days incubation. The results in Figure 6D indicated that the esterase activity of strains DFY3, AZ72, SA36, NFA23, T7, and D9 was significantly lower than the previously mentioned strains throughout the incubation period. The majority of the strains showed lower lipase production during the initial incubation, except for strains DFY1, AD11, and DFY3 (Figure 6C). The maximum lipase activity of strains DFY1, AD11, and DFY3 were induced to 343.5, 315.9, and 208.1 U/mL, respectively after 1 day incubation. Strain MK7 and AZ72 showed the highest lipase induction after 2 days, reaching up to 315.5 and 133.3 U/mL and then declined. The maximum lipase activity of strains N3A7, AD24, SA36, NFA23, T7, and D9 was induced after 3 days. An overall highest lipase activity was also observed in the five efficient degrader strains N3A7, MK7, DFY1, AD11, and AD24.



DISCUSSION

Bacteria can utilize various ranges of hydrocarbon (Hasanuzzaman et al., 2007; Binazadeh et al., 2009). The isolation of oil degraders, designated as N3A7, MK7, DFY1, T7, DFY3, D9, AZ72, SA36, NFA23, AD11, and AD24 on different types of crude oil with varying hardness shows that the bacteria can utilize a diverse range of hydrocarbon in the oil. The majority of the identified bacteria belonged to the genera Geobacillus and Parageobacillus. Strain D9 was identified previously as Anoxybacillus geothermalis D9 (MK615936.1) (Yusoff et al., 2020). The isolation and identification of these strains at 70°C suggest a possible role of these microorganisms to degrade crude oil in a high-temperature environment. The isolation of paraffin wax degrading microbes at 70°C was necessary because of the temperature of the extracted oil on the surface is approximately 70°C due to the high pour point (63°C) of crude oil B. Thus, making it vital to reduce the pour point just before the oil start to solidify at 63°C. Strains that could grow at high temperature (70°C) are suitable to be used in high-temperature oil reservoirs (Sood and Lal, 2008). Several members of Geobacillus sp. and Anoxybacillus sp. such as Geobacillus caldoxylosilyticus (Marchant et al., 2002), Geobacillus kaustophilus TERI NSM (Sood and Lal, 2008), Geobacillus stearothermophilus KTCC-B7S (Sorkhoh et al., 1993), and Anoxybacillus rupiensis (Xia et al., 2015) were found to utilize various alkane hydrocarbons. Some geobacilli has been transferred to Parageobacillus genus (e.g., Parageobacillus caldoxylosilyticus) (Aliyu et al., 2016).

The gradual increase of bacterial growth during incubation was associated with the adaptation of the bacteria toward the environment because crude oil is not an essential element for bacterial growth. During this period, enzymes are produced by the bacteria (Cappuccino and Welsh, 2017). The crude oil started to show signs of dispersion after 2 or 3 days of incubation, of which, the growth of all strains began to increase. The high growth obtained for all strains after 3 days of incubation reflects the capacity of these strains to use the various components in crude oil as substrates, allowing the degradation to occur when the bacteria were actively growing. Nutrients availability could also promote cell growth and degradation of crude oil by improving the production of the enzyme. The increase of bacterial growth and oil degradation with the addition of yeast extract (Okeke and Frankenberger, 2003; Mukred et al., 2008; Palanisamy et al., 2014; Farag et al., 2018), peptone (Mukred et al., 2008), and beef extract (Dixit and Pant, 2000) were previously reported. The addition of only yeast extract was shown to accelerate bacterial growth and allowed sufficient crude oil degradation as compared to other nutrients. As a source of vitamins and amino acids, yeast extract functioned as co-factor for the degradation of oil, which helped to improve enzyme production (El-Helow et al., 2000; Konsoula and Liakopoulou-Kyriakides, 2004). The absence of organic nitrogen sources, which resulted in insufficient nutrient levels in M1 medium resulted in low growth and crude oil degradation by the strains (Sihag et al., 2014). Some of the bacteria did show high growth in M1 medium due to the utilization of soluble short-chain alkanes, which are readily available than the larger molecules of long-chain alkanes (Sihag et al., 2014).

Bacterial growth and degradation of crude oil could also affect the pH of the growth medium. In the current results, the highest degradation was achieved by Geobacillus kaustophilus N3A7, Geobacillus jurassicus MK7, Geobacillus kaustophilus DFY1, Geobacillus stearothermophilus AD11, and Geobacillus stearothermophilus AD24 when the pH of the medium decreased toward neutral pH. The oxidation of n-alkane to alkanols reduces the pH from slightly alkaline during the initial 2 days incubation to neutral pH due to the accumulation of organic acids (Okpokwasili and James, 1995; Abdel-Megeed and Mueller, 2009; Darsa et al., 2014). Higher biodegradation efficiencies have been observed at a near-neutral pH (Abdel-Megeed and Mueller, 2009), as depicted in the present results. Mishra and Singh (2012) found the pH of the incubation medium was between 7.34 and 7.39, and after 10 days, the pH was slightly reduced to neutrality in the range of 7.0–7.3. Bacteria behaved differently in crude oil and, as a result, could produce alkaline by-products that shifted the pH toward alkalinity (Kim and Picardal, 2000; Qazi et al., 2013; Nwinyi et al., 2014; Meng et al., 2017). Thus, the increase in pH exhibited by some strains was due to their metabolites produced from crude oil.

The higher degradation of N3A7, MK7, DFY1, AD11, and AD24 stemmed from the higher biodegradation efficiency of the long-chain n-alkanes and the increase of short-chain alkanes, especially on days 1 and 2. The increase of the short-chain fraction in all strains (<C21) could probably be due to the conversion of the long-chain fraction into the short-chain fraction by bacterial enzymes (Hao and Lu, 2009; Sun et al., 2015). The bacteria and crude oil interaction is a complex biochemical process, which can affect the properties of crude oil directly or indirectly due to bacterial growth, enzymatic reactions, and metabolites (Hao and Lu, 2009). Bacteria and its metabolites can also alter the chemical properties of crude oil by decreasing the concentration of long-chain alkanes, which increased the short-chain fraction. The bacterial transformation of high molecular weight substrates through enzymatic reaction could cut the large aliphatic chains or internal linkage of the substrates into low molecular weight molecules, thus reducing the viscosity of the oil (Leon and Kumar, 2005). In the presently known biochemical mechanisms, alkanes are usually converted to alkanol, aldehyde, and then fatty acids, through enzymatic reactions (Ji et al., 2013). However, alkanes can also be produced by decarbonylation of aldehyde formed through the reduction of fatty acids. Based on the report by Park (2005), the reduction of hexadecenoic acid formed hexadecanal, which subsequently converted to pentadecane and carbon monoxide. Therefore, it could also be possible that the long-chain hydrocarbons were degraded into fatty acids, and some of the non-hydrocarbon products would undergo decarbonylation to form alkanes of shorter length. A higher light fraction is preferable as it implies that the viscosity, as well as production loss of the crude oil, is minimized. Thus, this indicates an added advantage of the 11 strains. Similar results were observed, whereby the degradation of long-chain alkanes increased the short-chain alkanes (Premuzic and Lin, 1999; Hao et al., 2004; She et al., 2011; Wenjie et al., 2012; Sun et al., 2015). Bioavailability, substrate conversion rate, and cell affinity toward hydrocarbon could also affect the biodegradation efficiency of the strains despite the decrease in bacterial growth. The biotransformation rate of hydrocarbon is not necessarily high if the ability to mass transfer the alkane substrate into the bacterial cell is the limiting factor (Boopathy et al., 1998). The bioavailability of hydrocarbon substrates could also affect the biodegradation efficiency of crude oil.

Contact between the hydrocarbon substrates and bacterial cells are essential before the molecular oxygen can be introduced by the functional oxygenases (Hua and Wang, 2014). The bioavailability of n-alkane C18 and above may be less compared to the other substrates owing to the slow mass transfer to the degrading microbes (Boopathy, 2000) and higher hydrophobicity (Ghazali et al., 2004). As a result, the effectiveness in mineralizing these hydrocarbon substrates was less, as the bacteria only partially degraded the substrates. Long-chain n-alkanes are less soluble (Sihag et al., 2014); therefore, they are less accessible for bacteria to metabolize compared to the short-chain. It is also possible that the alkane monooxygenase enzyme produced by the bacteria target other n-alkane hydrocarbons more than the C18 to C36 range. Apart from it, the rate of hydrocarbon transformation by bacterial cells was subjected to cell affinity (Rosenberg and Rosenberg, 1981). Cells with high attraction for hydrocarbon, degrade the hydrocarbon more effectively than those with low attraction. Hence, this could be the reason that strains N3A7, MK7, DFY1, AD11, and AD24 showed higher biodegradation efficiency of the hydrocarbon in crude oil despite the reduction in growth. Biosurfactant production could also be involved in the degradation of long-chain hydrocarbon by reducing the surface tension and making the hydrocarbon bioavailable for degradation by the bacteria. The reduction of the surface tension enhanced the solubilization of hydrocarbon in water or water in hydrocarbon (Patowary et al., 2016).

The degradative enzymes play a vital role in the degradation of hydrocarbon, and the respective genes encoding the enzymes had been identified in recent studies (Hassanshahian et al., 2012). The small and medium-chain alkanes are usually oxidized by methane monooxygenase and non-heme alkane monooxygenase, respectively (van Beilen et al., 1994). On the other hand, higher molecular weight hydrocarbons (>C20) are oxidized by many enzymes such as cytochrome P450s, alkane hydroxylase, flavin-binding monooxygenase, and LadA long-chain alkane monooxygenase (Nie et al., 2011; Singh et al., 2012). It is common for alkane degraders to degrade various alkane chain lengths due to the presence of multiple alkane hydroxylases with overlapping ranges of hydrocarbon. Hence, this allows the organism to utilize multiple substrate ranges and induce the enzyme at different times (van Beilen et al., 2002; Mishra and Singh, 2012; Jauhari et al., 2014). Some enzymes are secreted extracellularly, such as LadA from Geobacillus thermodenitrificans NG80-2. The long-chain alkane monooxygenase LadA is an extracellular protein capable of converting C15–C36 (Nie et al., 2011). Extracellular enzyme is more convenient to be used to lower pour point of crude oil as the cell do not need to be lysed to obtain the enzyme. The extracellular enzyme is more suitable for large scale production than intracellular enzyme as the enzyme is secreted outside the cell. The production of extracellular enzymes by the strains in this study caused the degradation of crude oil by altering the structure of alkane hydrocarbons to make it easier for bacteria to take up the metabolic intermediates across the cell membrane (Meng et al., 2017). Extracellular enzymes were also reported to accelerate the monooxygenation of diverse organic compounds selectively (Peter et al., 2011). Moreover, many organic pollutants are less soluble or toxic to bacteria. Thus, extracellular catalysis of the compounds is important. The extracellular enzyme activity that degrade long-chain hydrocarbon tested in the study is not specific. Genome and proteome analysis of the strains could further elucidate the specific genes encoding the enzymes for long-chain hydrocarbon degradation. Thus, the investigation on the specific genes responsible for the degradation of long-chain hydrocarbon through genome and proteome analysis, as well as biosurfactant production, should be carried out in the future.

The increase of alkane monooxygenase activity by the strains corresponds to the increase in alkane degradation efficiency until maximum enzyme activity was reached. Thus, indicating that alkane monooxygenase played an essential role in initiating of alkane degradation in crude oil. Surprisingly, the biodegradation efficiency of the strains continued to increase even after the enzyme activity had begun to decline. The increase in biodegradation efficiencies with declining enzyme activity might be associated with the activity of some intracellular enzymes involved in crude oil degradation (Olajuyigbe and Ehiosun, 2016). The break down of hydrocarbons into simpler molecules allow their assimilation and further degradation within the cell by intracellular enzymes, thus increasing degradation efficiency due to less hydrocarbon being present in the medium (Wasoh et al., 2019). A recent study by Yusoff et al. (2020) found that strain D9 exhibited extracellular alkane hydroxylase activity on the first day, but the activity reduced following the increase of the intracellular alkane hydroxylase activity. Further increase in biodegradation efficiency after the enzyme activity declined could also be due to the higher (more than 80%) removal of long-chain n-alkane (C18 to C37), especially by strains N3A7, MK7, DFY1, AD11, and AD24 on the 3rd day of incubation. The reduction of residual n-alkane content resulted in a decline of extracellular alkane monooxygenase activity due to less substrate bioavailability. A similar observation was reported by Olajuyigbe and Ehiosun (2016) and Kadri et al. (2018a).

The biodegradation of crude oil is a continuous process. Therefore, there is also a possibility that degradation continues inside the cell as elucidated by Meng et al. (2017). Thus, reducing the extracellular alkane monooxygenase, alcohol dehydrogenase, lipase, and esterase activity due to the reduction of residual hydrocarbon present in the medium. As previously mentioned, the degradation of crude oil also depends on cell affinity to the hydrocarbon. Based on the results, even though strains AZ72, SA36, NFA23, DFY3, and T7 showed high or increased alkane monooxygenase, alcohol dehydrogenase, lipase, or esterase enzyme activities, but their biodegradation efficiency was lower compared to strains N3A7, MK7, DFY1, AD11, and AD24. Thus, this could be associated with the higher cell affinity of strains N3A7, MK7, DFY1, AD11, and AD24 toward the hydrocarbon leading to a more efficient uptake and degradation than the low-affinity cell. The higher alcohol dehydrogenase, lipase, and esterase activity after 2 or 3 days of incubation could be due to the increase of the degradation products such as alkanols, long-chain, and short-chain fatty acids which were produced through the oxidation of n-alkanes. The accumulation of these products resulted in the induction of the activity of these degradative enzymes. Previous studies also showed that less lipase enzyme was induced during the early incubation period, followed by a rapid increase in enzyme production when the hydrocarbon content decreased (Margesin et al., 2000; Elumalai et al., 2017).

In terms of cell growth, some strains showed a reduction in growth with increasing alcohol dehydrogenase, lipase, and esterase activity. Growth reduction could be due to the inhibitory effect of aliphatic alcohols and fatty acid on cell growth. Previous studies showed that alkanols could inhibit bacterial growth, despite being a very good alcohol dehydrogenase enzyme inducer (Alvarez et al., 2011). Thus, this could be the reason the degradative enzyme activity was higher despite low cell growth.



CONCLUSION

This research presented evidence that suggests different nitrogen sources affect the capability of bacteria to degrade crude oil by means of enhancing or reducing the enzyme production. The increase of alkane monooxygenase activity corresponded to the increase in crude oil degradation efficiency until the maximum activity was reached. The evidence is consistent with the fact that alkane monooxygenase is used to initiate the degradation of n-alkane and that the degradation could also occur intracellularly. The ability of Geobacillus kaustophilus N3A7, Geobacillus kaustophilus DFY1, Geobacillus jurassicus MK7, Geobacillus stearothermophilus AD11, and Geobacillus stearothermophilus AD24 to efficiently degrade the crude oil (more than 70% biodegradation efficiency of crude oil) suggest that these strains produced the degradative enzymes, which effectively improve the degradation and uptake of hydrocarbon into bacterial cells for further biodegradation. The enzymatic degradation of long-chain n-alkane by cutting the large aliphatic chains or internal linkage of the substrates into short-chain n-alkane, and the possibility of short-chain n-alkane production through decarbonylation, reflect their potential application to reduce the pour point of crude oil and accelerate the biodegradation process.
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