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Abstract

:

The extensive industrial use of the heavy metal molybdenum (Mo) has led to an emerging global pollution with its traces that can even be found in Antarctica. In response, a reduction process that transforms hexamolybdate (Mo6+) to a less toxic compound, Mo-blue, using microorganisms provides a sustainable remediation approach. The aim of this study was to investigate the reduction of Mo by a psychrotolerant Antarctic marine bacterium, Marinomonas sp. strain AQ5-A9. Mo reduction was optimised using One-Factor-At-a-Time (OFAT) and Response Surface Methodology (RSM). Subsequently, Mo reduction kinetics were further studied. OFAT results showed that maximum Mo reduction occurred in culture media conditions of pH 6.0 and 50 ppt salinity at 15 °C, with initial sucrose, nitrogen and molybdate concentrations of 2.0%, 3.0 g/L and 10 mM, respectively. Further optimization using RSM identified improved optimum conditions of pH 6.0 and 47 ppt salinity at 16 °C, with initial sucrose, nitrogen and molybdate concentrations of 1.8%, 2.25 g/L and 16 mM, respectively. Investigation of the kinetics of Mo reduction revealed Aiba as the best-fitting model. The calculated Aiba coefficient of maximum Mo reduction rate (µmax) was 0.067 h−1. The data obtained support the potential use of marine bacteria in the bioremediation of Mo.
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1. Introduction


Heavy metal pollution is fast becoming a global threat. Numerous industrial activities, including mining and smelting, are prime examples of anthropogenic sources of heavy metal discharge into the environment [1,2]. Rare heavy metals including molybdenum (Mo) have even been detected in the Antarctic [3,4,5]. Anthropogenic pollution sourced from nearby landmasses can reach the polar regions through long-range atmospheric transport and marine currents [6]. It has been suggested that mining sources in countries such as Chile could be among the main sources of traces of Mo in Antarctica, as Chile is one of the largest copper (Cu) and Mo producers globally and lies relatively close to the Antarctic region [7]. Low amounts of such anthropogenically sourced heavy metals have been reported to negatively affect Antarctic ecosystems [6,8].



Mo is a trace element that is involved in key biological processes in living organisms. It is required at a low concentration but can be lethal at elevated levels [9]. In rodent studies, high doses of Mo have been shown to cause renal failure [10] and reproductive anomalies [11]. A study of the effects of high human consumption of dietary Mo by residents living in areas of Mo pollution in Armenia demonstrated symptoms resembling gout, with elevated serum uric acid levels and high tissue xanthine oxidase levels [12]. Workers in an Mo production plant exposed to Mo dust also displayed similar symptoms [13].



Research is turning towards bioremediation as a sustainable alternative for the remediation of heavy metal pollution in soil and water. Bioremediation is the process of using resistant organisms, often microorganisms, to remove or break down contaminants into less toxic forms via various mechanisms [14,15]. One mechanism of metal removal is via enzymatic reduction into a less toxic form [16]. In the case of Mo, hexavalent Mo6+ can be enzymatically reduced to Mo-blue, a precipitable colloid compound with an intense blue colour that can be detected and quantified using a spectrophotometer at 865 nm [17,18]. Mo-blue is a less toxic form of the metal and can then be filtered out using dialysis tubing [19].



Pseudomonas sp. strain DRY1 was the first and, until now, the only Antarctic bacterium isolated from soil reported to have the potential to remediate Mo pollution [17]. To date, there has been no research on the potential for Mo reduction in Antarctic waters using marine bacteria. Preliminary screening done on a bacterial strain isolated from an Antarctic marine water sample showed Marinomonas sp. strain AQ5-A9 has the best Mo-reducing potential [20]. Marinomonas is a motile and aerobic gram-negative bacterial genus with straight or curved rod-shaped cells. The genus is psychro- and halotolerant and widely distributed in various marine environments, including in the polar regions [21,22].



Environmental variables such as pH, temperature, substrate concentration and salinity are important factors affecting the efficiency of Mo reduction [17]. Therefore, conditions for Mo reduction must be optimised to ensure successful remediation. The primary objective of the current study was to optimise Mo reduction initially using the conventional OFAT method and then refining further by incorporating two-way interactions between the variables using the statistical approach of RSM. Kinetic studies were also carried out to evaluate the effectiveness of microbial reduction when exposed to a range of molybdate concentrations.




2. Materials and Methods


2.1. Bacterial Culture, Maintenance and Media Preparation


The bacterium Marinonomas sp. strain AQ5-A9, originally isolated from Antarctic seawater, was provided by the Eco-Remediation Technology Laboratory, Faculty of Biotechnology and Biomolecular Sciences, Universiti Putra Malaysia. The seawater sample was collected in the vicinity of Bernardo O’Higgins Riquelme Base Station (63°19′15.41″ S, 57°53′58″ W).



The bacterial culture was grown in saline nutrient broth (NB) with 5% (w/v) sodium chloride (NaCl) and maintained in 50% glycerol stock at −80 °C. Saline low phosphate media (LPM) (pH 7.0) was prepared by adding (%) glucose (1.0), magnesium sulphate heptahydrate (MgSO4.7H2O) (0.05), ammonium sulphate ((NH4)2SO4) (0.3), NaCl (5.0), sodium molybdate dihydrate (Na2MoO4.2H2O) (0.242), yeast extract (0.05) and sodium phosphate dibasic dihydrate (Na2HPO4.2H2O) (0.05). The media and glucose were autoclaved separately at 121 °C for 15 min [20].




2.2. Conventional One-Factor-At-a-Time (OFAT) Optimisation


Optimisation of bacterial growth and Mo reduction was carried out using the conventional One-Factor-At-a-Time (OFAT) approach based on the selected parameters of: salinity (0 to 80 ppt), temperature (10, 15, 20 and 25 °C), carbon source (fructose, sucrose, lactose, galactose, arabinose, starch), carbon source concentration (0.0 to 3.5 g/L), nitrogen source (aspartic acid, ammonium nitrate, ammonium sulphate, ammonium chloride, leucine, sodium nitrate, potassium nitrate), nitrogen source concentration (0.0 to 0.6 g/L), molybdate concentration (0 to 30 mM) and pH (overlapping buffer system of acetate pH 5.0, 5.5, 6.0, phosphate pH 6.0, 6.5, 7.0, 7.5 and Tris-HCl pH 7.5, 8.0, 8.5). The optimised value of each parameter was factored in the subsequent parameter optimisation and so forth until the last parameter of the arrangement.



The effects of these factors were evaluated in 50 mL saline LPM by adding 5 mL enriched bacterial culture grown for 48 h in saline NB of 5% salinity at 10 °C with an optical density (OD) of 0.3 ± 0.05. The sample was incubated for eight days at 150 rpm on an orbital shaker. All experiments were conducted in triplicate. Mo reduction and bacterial growth studies were carried out concurrently. The intensity of the blue colour signifying Mo-blue production was measured at 865 nm using a UV-VIS spectrophotometer (Jenway 7305, Staffordshire, UK) [17]. The bacterial growth was determined using a colony counting technique on saline nutrient agar (NA) (5% salinity). Concentration of colony-forming units (CFU) was expressed by means of logarithmic notation using the average of the plate counts from the experimental triplicates.



The statistical analyses were done using Graphpad Prism software. One-way analysis of variance (ANOVA) was applied to determine any statistically significant differences between the means of two or more independent groups, while Tukey’s multiple comparison test was used to determine which set of data differs from the rest.




2.3. Statistical Approach Response Surface Methodology (RSM)


In RSM, the statistical tool Central Composite Design (CCD) is used for optimising variables and to identify significant two-way interactions between variables. The tool is also used to generate 3D graphical interpretation that enables point prediction and determination of optimum conditions. The software Design Expert version 6.0.8. (State Ease Inc., Minneapolis, MN, USA) was used to design the experiments and analyse the data obtained.



The selected variables were analysed at five different levels with the combination of two 2k factorial points (−1, +1), two 2k axial points (−2, +2) and a central point (0), as shown in Table 1. The total number of design points is determined by n = 2k + 2k + n0, where k is the number of variables and n0 is the number of centre points [23]. Thus, 86 different experiments assessing six significant variables, including ten centre points, were conducted. The reduction of Mo was used as the response variable, as indicated by the OD of Mo-blue.




2.4. Kinetic Modelling


To describe the bioreduction yield achieved, it is important to determine a suitable kinetic model relating the Mo-blue production rate and initial concentration of hexavalent Mo. Various kinetic models have been developed, such as the Monod and Haldane models. Such models enable the calculation of the time required to reduce the toxicant to a certain target concentration, predict the amount of biomass production achievable at a given time and allow bioremediation approaches to be designed to remove the chemical contaminant to a designated concentration in situ or ex situ [24,25].



A batch experiment was conducted under the optimal conditions predicted from RSM. The initial molybdate concentration was varied, ranging from 0 to 45 mM. The kinetics were measured by collecting 1 mL aliquots of the culture every 24 h for four days. OD was measured at 865 nm using a UV-VIS spectrophotometer (Jenway 7305, Staffordshire, UK). In this study, four kinetic models were assessed for their ability to represent the kinetics of hexavalent Mo reduction, namely Aiba, Haldane, Monod and Yano models [26,27,28,29].



The model parameters were evaluated using the curve-fitting toolbox from Matlab R2015a based on Windows 7 (64-bit). The determined Mo-blue production constants were µmax (maximum Mo-blue production rate, h−1), Ks (half-saturation constant, mM), Ki (inhibition constant, mM), S (substrate concentration, mM) and k (Yano constants). The ability of the models to represent the Mo reduction rate was assessed through the coefficient of determination, R2 and adjusted R2, root-mean-square error (RMSE) and corrected Akaike Information Criterion (AICc).





3. Results


3.1. Optimisation of Mo Reduction Using OFAT


The effects of the various factors examined are illustrated in Figure 1, Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6.



3.1.1. Salinity and Temperature


The effects of salinity on bacterial growth and Mo reduction at 10 °C are shown in Figure 1. One-way ANOVA showed significant differences in Mo reduction (F8,18 = 50.23, p < 0.0001) and bacterial growth (F8,18 = 164.8, p < 0.0001) across the salt concentrations tested. Although there were no significant differences in the OD and bacterial growth observed between 30, 40 and 50 ppt (Tukey’s multiple comparison test), the maximum growth and Mo reduction were observed at 50 ppt. Strain AQ5-A9 was tolerant towards a wide range of salinity conditions, with some growth in both fresh water and at 80 ppt salinity.



Based on Figure 2, there were statistically significant differences across all temperatures tested in Mo reduction (one-way ANOVA, F3,8 = 20.07, p = 0.0004) and bacterial growth (one-way ANOVA, F3,8 = 518.9, p < 0.0001). Mo reduction activity initially increased but started to decrease at 20 °C. OD was maximum and significantly greater at 15 °C than that at 10 °C (p < 0.0001) but not significantly different from that at 20 °C (Tukey’s multiple comparison test). Meanwhile, bacterial growth steadily increased across the temperatures tested. However, there were some indications of a stress response in growth at 20 °C and 25 °C as bacterial cells and Mo-blue were observed to be precipitated at the bottom of the culture flask.




3.1.2. Carbon Source and Concentration


There were statistically significant differences in Mo reduction (one-way ANOVA, F6,14 = 103.5, p < 0.0001) and bacterial growth (one-way ANOVA, F6,14 = 1264, p < 0.0001) across all carbon sources. Figure 3a exhibited the use of sucrose as a carbon source, which led to the greatest Mo reduction. Tukey’s test (p < 0.01) showed a significant difference between sucrose and the second-best carbon source, glucose. In contrast, bacterial growth in sucrose- or fructose-supplemented media was amongst the highest observed, although differences in growth between the different carbon sources were not significantly different.



A series of sucrose concentrations ranging from 0.0 to 3.5% were then tested to find the optimum concentration (Figure 3b). One-way ANOVA showed significant differences in Mo reduction (F7,16 = 103.5, p < 0.0001) and bacterial growth (F7,16 = 106.2, p < 0.0001) across the sucrose concentrations. OD was highest with 2.0% sucrose but was not significantly different from 1.0%, 1.5% and 2.5%. OD was significantly lower using 0%, 0.5%, 3.0% and 3.5% sucrose (Tukey’s multiple comparison tests, all p < 0.01). Bacterial growth increased until 1.0% sucrose concentration and then remained stable across all higher concentrations tested.




3.1.3. Nitrogen Source and Concentration


There were significant differences across all nitrogen sources in Mo reduction (one-way ANOVA, F6,14 = 231.3, p < 0.0001) and bacterial growth (one-way ANOVA, F6,14 = 315.1, p < 0.0001). The Greatest growth and OD were obtained using ammonium nitrate (NH4NO3), (NH4)2SO4 or ammonium chloride (NH4Cl) as a nitrogen source (Figure 4a). These nitrogen sources showed no significant differences between each other in Mo-blue production and bacterial growth (Tukey’s multiple comparison test). (NH4)2SO4 was selected for further experiments due to being the cheapest of the three sources and its availability in bulk.



The effects of varying concentrations of (NH4)2SO4 on growth and OD are shown in Figure 4b. One-way ANOVA showed significant differences in Mo reduction (F6,14 = 188.6, p < 0.0001) and bacterial growth (F6,14 = 114.9, p < 0.0001) across the nitrogen concentrations. Highest OD was observed at a concentration of 3.0 g/L and gradually decreased at higher concentrations. Mo-blue production at 3.0 g/L showed no significant difference from 4.5 and 6.0 g/L, but was significantly different from that at 0.0, 1.5, 7.5 and 9.0 g/L (Tukey’s multiple comparison test, all p < 0.01). This indicates that Mo reduction was not greatly affected by nitrogen concentration. However, bacterial growth was affected by the increasing nitrogen concentration, significantly declining at 6.0 g/L.




3.1.4. Molybdate Concentration


There were statistically significant differences between the various initial molybdate concentrations in both Mo reduction (one-way ANOVA, F6,13 = 654.9, p < 0.0001) and bacterial growth (one-way ANOVA, F6,14 = 20.45, p < 0.0001). Greatest OD was achieved at 10 mM initial concentration of molybdate, significantly greater than at 15 mM (Tukey’s pairwise comparison test, p < 0.05). OD reduced further as molybdate concentration increased beyond 15 mM. Bacterial growth increased consistently across all concentrations tested, indicating that strain AQ5-A9 can tolerate and even benefit from high concentrations of molybdate.




3.1.5. pH


There were significant differences across all pH levels tested in Mo reduction (one-way ANOVA, F9,20 = 203, p < 0.0001) and bacterial growth (one-way ANOVA, F9,20 = 125.4, p < 0.0001). The highest OD was observed in phosphate buffer at pH 6.0, followed by pH 6.5, although these were not significantly different (Tukey’s multiple comparison test). Lower ODs were obtained in both acetate and Tris-HCl buffer systems. The Greatest bacterial growth was observed in Tris-HCl buffer at pH 8.5 though this was not significantly different from that at pH 7.5 (Tukey’s multiple comparison test).





3.2. Statistical Optimisation of Mo Reduction Using RSM


Based on CCD experimental design, 86 experimental runs were proposed from six significant parameters, as determined using Plackett-Burman Design (PB) (data not shown). Table 2 shows the results of ANOVA of CCD on Mo-blue production by strain AQ5-A9 as measured by OD. The overall model was significant. The linear terms A, C, D, quadratic terms A2, B2, C2, D2, F2, and interactive terms AB, AE, BC, BE, BF, CE, DF, EF were significant. The remaining terms were not significant.



The 3D response surfaces were plotted using Design-Expert Software version 6.0.8 to visualise the interaction effects of pairs of variables while keeping the other variables at a constant level. Figure 7a–h represent eight significant interactions between pairs of variables on Mo reduction by strain AQ5-A9. Maximum Mo reduction is predicted at the highest point on each 3D surface plot in which the optimum values of the parameters were determined.



Figure 7a depicts the AB interaction with the highest OD observed at the salinity of 40 ppt and temperature of 10 °C while Figure 7b depicts the AE interaction with the highest OD displayed at the salinity of 47 ppt and molybdate concentration of 16 mM. Figure 7c shows the BC interaction resulting in the highest OD at a temperature of 16 °C and sucrose concentration of 1.8% while Figure 7d illustrates the BE interaction with the highest peak observed at a temperature of 10 °C and molybdate concentration of 18 mM. Figure 7e presents the BF interaction with the highest OD observed at a temperature of 11 °C and pH of 6.0, whereas Figure 7f shows the CE interaction with the highest OD observed at sucrose concentration of 1.8% and molybdate concentration of 16 mM. Figure 7g displays the DF interaction with the highest peak spotted at nitrogen concentration of 1.5 g/L and pH of 6.0. Figure 7h portrays the CE interaction with the highest Mo reduction seen at molybdate concentration of 16 mM and pH of 6.0.




3.3. Kinetic Modelling


In this study, Figure 8a illustrates the rate of Mo reduction (h−1) by bacterial strain AQ5-A9 when exposed to various concentrations of molybdate. A steep incline in the rate of Mo reduction was seen from the concentration of 0 to 5 mM and the rate of reduction maintained until the concentration reaches 40 mM. A sharp decline in the rate of Mo reduction was seen at the concentration of 45 mM. Figure 8b illustrates the curve-fitting of experimental data of Mo reduction against four kinetic models (Aiba, Haldane, Monod and Yano). With the exception of the Monod model, the three remaining models fitted the experimental data well.



Table 3 shows the biokinetics constants of reduction from these models, the Aiba model giving marginally the best model fit. The calculated value for the coefficient of maximum Mo reduction rate (µmax) was 0.067 h−1. The half-saturation constant (Ks) and self-inhibition constant (Ki) were 3.845 mM and 75.620 mM, respectively. The reduction rate (µ) equation generated by the Aiba model using the obtained values is:


   µ = 0.067    S  S + 3.845      exp     (  −  S  75.62    )    













4. Discussion


4.1. Optimisation of Mo Reduction Using OFAT


The study of microbial molybdate reduction to Mo-blue can contribute both to the advancement of bioremediation approaches and in developing understanding of microbial metal reduction. The application of bioremediation technologies in cold climates depends on the capability of microorganisms to degrade or transform pollutants in conditions that are generally regarded as suboptimal relative to those of temperate or tropical regions. However, as elsewhere, environmental variables such as pH, temperature, substrate concentrations and salinity are amongst the factors likely to be key influences in the efficiency of Mo reduction in cold regions [15,30].



The bacterial genus Marinomonas is halotolerant and has been widely reported in various marine environments, such as seawater or sea ice, and in association with marine animals [22,31]. Seawater generally has a salinity of 31–38 ppt, although it does vary between regions globally. In regions where ice formation is routine, such as around Antarctica, salt excluded during sea ice formation causes the formation of high-salinity and high-density water, which sinks and flows beneath the ice [32]. Most Marinomonas species are unable to grow in the absence of dissolved salt as they require Na+ for growth, but conversely can survive and grow in high salinity conditions of up to 120 ppt, more than three times that of normal seawater [31]. Based on the data obtained in this study, the optimal growth value of salinity of Marinomonas strain AQ5-A9 is around 50 ppt.



Psychrophilic microorganisms only grow in cold conditions. Meanwhile, psychrotolerant microorganisms, while they can tolerate cold conditions, have a relatively broad temperature range for growth [33]. A number of studies have reported that Marinomonas species can grow in a wide range of temperatures between 4 °C and 37 °C with some being able to survive in chronically cold environments, such as in the polar regions [21,34,35]. Strain AQ5-A9 shows the characteristics of psychrotolerance, as reported for many microorganisms isolated from Antarctic environments. Ahmad et al. [17] stated that terrestrial soil bacteria isolated from King George Island similarly had an optimum temperature for Mo reduction between 10 and 20 °C [17], while Lee et al. [30] reported an optimum temperature of 10 to 15 °C. In contrast, studies of Mo-reducing tropical bacteria revealed optimum temperatures between 35 and 40 °C for Mo reduction [36,37]. Clearly, Marinomonas strain AQ5-A9 has evolved adaptations to cold conditions, likely to include considerable structural and physiological adjustments, including distinctive membrane lipid composition [38].



Simple carbon sources like glucose and sucrose are commonly favoured by microorganisms. Mo reduction is associated with growth and requires enzymes(s) from bacterial metabolism; hence, it is best supported by the same simple carbohydrates that sustain most bacterial metabolism and growth [37]. These substrates are preferred as electron donors as they can produce reducing equivalents for NADH and NADPH and are the substrates for Mo-reducing enzymes [19,39]. Studies have reported that optimum sugar concentrations are between 1.0 and 2.5% [17,36]. At higher sugar concentrations, the observed decrease in Mo reduction is likely a result of osmotic stress.



Nitrogen is a major nutrient that is vital for all living organisms. The most effective nitrogen source in any given circumstance depends both on its bioavailability in the environment and the ability of microorganisms to metabolise it. Potential nitrogen sources are often abundant components in the environment, particularly in human-impacted areas where nitrogen-based fertilisers often in the form of ammonium salts are widely used in agriculture. A number of studies have reported that (NH4)2SO4 is the most suitable nitrogen source for Mo-reducing bacteria [17,40]. However, a high concentration of (NH4)2SO4 can also lead to detrimental effects on the growth of microorganisms.



The concentration of molybdate has an important influence on the formation of the intermediate phosphomolybdate species before being converted to Mo-blue, and higher than optimal molybdate concentrations can inhibit Mo-blue production [17,19]. In tropical Mo-reducing bacteria, the optimum molybdate concentration is between 20 and 80 mM [39], although Ghani et al. [19] reported that the tropical bacterium Enterobacter cloacae strain 48 could tolerate and reduce sodium molybdate at a concentration as high as 200 mM. Ahmad et al. [17] reported that an Mo-reducing Antarctic soil bacterium (Pseudomonas sp. strain DRY1) had an optimum molybdate concentration between 30 and 60 mM.



The optimal pH depends on bacterial species and their ability to regulate acid and base levels intracellularly. The pH of Antarctic seawater is typically slightly alkaline, between pH 7.5 and 8.5. This is consistent with the pH responses of bacterial growth observed here, with growth in the buffer Tris-HCl at pH 8.5 being greatest. However, in the phosphate buffer system at pH 6.0, the reduction of Mo was greatest, consistent with other studies that have shown that the optimum initial pH for Mo reduction is slightly acidic to neutral [17,39,41]. This is because phosphomolybdate is highly unstable at neutral and alkaline pH [42]. Under acidic conditions, molybdate is converted to polymolybdates and lowering the pH induces the formation of phosphomolybdates [43]. Phosphorus is also known to play a vital role in many processes in living organisms, in particular playing crucial roles in energy transfer, metabolic regulation for gene transfer, cell division and protein activation [44,45]. This may explain the increase in bacterial growth in the phosphate buffer system, which was significantly higher than in the Tris-HCl buffer system at comparable pH.




4.2. Optimisation of Mo Reduction Using RSM


4.2.1. Statistical Analyses of RSM


Table 3 shows the statistical analysis of quadratic models applying to Mo reduction. The analysis confirmed that the fitted model was highly significant and provided a good fit to the experimental data. The analysis identified that three factors, A (salinity), C (carbon concentration) and D (nitrogen concentration), had a significant influence on Mo reduction. Salinity is a significant factor in this study because of the disposition of the marine bacterium that is receptive to the salt content while carbon, as well as nitrogen source. were significant to the response as they are the essential substrates for Mo reduction and bacterial metabolism.



The analysis also confirmed that three factors, namely B (temperature), E (molybdate concentration) and F (pH), were insignificant to the Mo reduction. Although the bacterial strain was isolated from the Antarctic seawater, its metabolism was not largely affected by the temperature due to its ability to thrive in a wide range of temperatures. Molybdate concentration and pH were also not significant to the reduction as the experimental range (Table 1) did not include the inhibitive concentration of the substrate and is within the acidic condition for reduction, respectively.




4.2.2. Response Surface Plot of Pairwise Parameter Interactions


Figure 7a,d show the interaction between the pairs of variables, AB, and BE, respectively. These figures illustrate the optimum temperature for strain AQ5-A9 ranging from 10 to 20 °C, confirming its psychrotolerant characteristics. This supports the potential use of this strain for Mo reduction in cold regions during summertime [46]. Zhou et al. [47] stated that the presence of a clear peak in the centre of a response surface plot suggests a mutual relationship between the two variables, as depicted in Figure 7b,c,f. Figure 7b illustrates the interaction between salinity and molybdate concentration, with optimum Mo reduction between 40 and 50 ppt salinity and 15.0 and 17.5 mM molybdate concentration. Increasing the salinity above 50 ppt reduced the reduction of Mo. As noted above, varying salinity results in osmotic and specific ion effects on microorganisms, affecting their activity and biomass [38,48].



Figure 7c shows the interaction between carbon concentration and temperatures. Optimum reduction of Mo was predicted between 1.75 and 2.0% sucrose concentration and temperatures of 15.0 to 17.5 °C. This temperature range is again consistent with the studied Marinomonas strain being psychrotolerant [21,49]. Figure 7f identified the same optimum sucrose concentration in the interaction with molybdate concentration, with the latter optimum between 15.0 and 17.5 mM.



Figure 7e,g,h illustrate the interactions between pH, temperature, nitrogen concentration and molybdate concentration, respectively. All three plots illustrate similar downward trending curves, consistent with the effects of pH on bacterial growth and Mo reduction. Sidgwick [50] reported that the formation of 12-molybdophosphates (12-MP) and heteropolymolybdates requires an acidic environment due to the instability of the compounds at neutral and high pH. However, members of the genus Marinomonas have been reported to favour neutral to slightly alkaline conditions for growth [21,51], consistent with the second peak as the pH increased to 6.5 shown in Figure 7h. Figure 7g suggests that optimum (NH4)2SO4 concentration is between 1.50 to 2.25 g/L while Figure 7h shows an increase in Mo reduction between 12.5 to 17.5 mM molybdate concentration with reduction at higher concentration. Both Figure 7g,h illustrate substrate inhibition at concentrations of (NH4)2SO4 and molybdate exceeding 2.25 g/L and 17 mM, respectively. Substrate inhibition is well-known at higher nitrogen and molybdate concentrations owing to their toxicity to the cell [19,39,52,53].





4.3. Comparison of Optimised Conditions between OFAT and RSM


The predicted optimised conditions for Mo reduction by strain AQ5-A9 using both conventional OFAT and statistical RSM approaches were compared. The data presented in Table 4 suggest that RSM provides a better approach to reducing molybdate as the Mo-blue production in OFAT was 2.459 after an eight-day incubation while RSM shortened the incubation to four days and achieved an OD of 2.201. The optimum conditions predicted by RSM for sucrose and (NH4)2SO4 concentration were lower than those predicted from OFAT, which could reduce expenditure. Under RSM, the optimum initial concentration of molybdate was increased slightly from 15 mM to 16 mM.




4.4. Kinetic Study of Mo Reduction


In this part of the study, the reduction rate of Mo was obtained by subjecting strain AQ5-A9 to various molybdate concentrations. The statistical analysis and biokinetic constants are indicated in Table 3. All models predicted the maximum specific reduction rate per hour, µmax, and Ks (half-saturation constant, mM), Ki (inhibition constant, mM) except for Monod and k constants for Yano. In overview (Figure 8a), the substrate reduction declined, which confirmed the inhibition of substrate from the increase in concentration starting at 40 mM. The Aiba model provided mathematically (but marginally) the best fit to the experimental data, although virtually identical fits were provided by the Haldane and Yano models, with only the Monod model being poorer. The Aiba model is a widely accepted model for use in substrate inhibition kinetics. At high toxic substrate concentration, the specific reduction rate of an organism may be hindered. Therefore, the Aiba model was developed to deliver a suitable fit of µ against S for reduction at high levels of substrate [54]. The model introduces a third constant, Ki, which deals with specific rate inhibition at low and high substrate concentration [55].



Few kinetic studies have attempted to model Mo-blue production in bacteria, with none addressing Mo reduction in Antarctic marine bacteria. Othman et al. [56] used a tropical bacterium strain A.rzi isolated from soil, reporting the Luong model as the best model. However, the Luong model is not suitable for application in the current study, as it includes an additional term to account for complete growth inhibition of bacteria at maximum substrate concentration [57].





5. Conclusions


This study is the first to apply statistical experimental design to optimise Mo reduction, utilizing a psychrotolerant marine bacterium, Marinomonas sp. strain AQ5-A9, isolated from Antarctic waters. The results obtained support RSM being an effective tool for optimising environmental factors to improve Mo reduction in comparison with the conventional OFAT approach. The application and evaluation of kinetic modelling helped to determine the reduction constants, laying a solid foundation for further use of this microorganism in treating high concentrations of Mo. Ongoing studies of enzyme extraction from Mo-reducing bacteria will further improve the application of such bacteria in the Antarctic region.
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Figure 1. Molybdate reduction and growth of strain AQ5-A9 in saline LPM at different salinities (ppt). Error bars represent mean ± standard deviation for the three replicates. 
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Figure 2. Molybdate reduction and growth of strain AQ5-A9 in saline LPM at different culture temperatures (°C). Error bars represent mean ± standard deviation for the three replicates. 
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Figure 3. The effects of different (a) carbon sources at the initial concentration of 1.0%; (b) different concentrations of sucrose in saline LPM on Mo reduction and growth of strain AQ5-A9 at 15 °C. Error bars represent the mean ± standard deviation for the three replicates. 
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Figure 4. (a) The effects of different nitrogen sources at an initial concentration of 3.0 g/L on bacterial growth and OD; (b) The effects of different concentrations of (NH4)2SO4 in saline LPM on bacterial growth and OD of strain AQ5-A9 at 15 °C with 2.0% sucrose as electron donor. Error bars represent mean ± standard deviation for the three replicates. 
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Figure 5. The effects of various concentrations of molybdate (mM) on bacterial growth and OD of strain AQ5-A9 at 15 °C in saline LPM with 2.0% sucrose as electron donor. Error bars represent mean ± standard deviation for the three replicates. 






Figure 5. The effects of various concentrations of molybdate (mM) on bacterial growth and OD of strain AQ5-A9 at 15 °C in saline LPM with 2.0% sucrose as electron donor. Error bars represent mean ± standard deviation for the three replicates.



[image: Jmse 09 00648 g005]







[image: Jmse 09 00648 g006 550] 





Figure 6. The effects of pH (using an overlapping buffer system) on bacterial growth and OD at 15 °C in saline LPM with 2.0% sucrose as electron donor. Error bars represent mean ± standard deviation for the three replicates. 
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Figure 7. Three-dimensional response surface plots showing the significant interactions between pairs of variables on molybdate reduction by strain AQ5-A9. (a) AB; (b) AE; (c) BC; (d) BE; (e) BF; (f) CE; (g) DF; (h) EF. 
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Figure 8. The effect of (a) a molybdate concentration on Mo reduction rate; (b) Curve-fitting of experimental Mo reduction rate for strain AQ5-A9 against various kinetic models. 
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Table 1. Experimental ranges of six different variables tested in CCD.
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Variables

	
Symbol

	
Experimental Values




	
−2

	
−1

	
0

	
+1

	
+2






	
Salinity (ppt)

	
A

	
21.72

	
40.0

	
50.0

	
60.0

	
78.28




	
Temperature (°C)

	
B

	
0.86

	
10.0

	
15.0

	
20.0

	
29.14




	
Carbon concentration (%)

	
C

	
0.59

	
1.5

	
2.0

	
2.5

	
3.41




	
Nitrogen concentration (g/L)

	
D

	
−1.24

	
1.5

	
3.0

	
4.5

	
7.24




	
Mo concentration (mM)

	
E

	
0.86

	
10.0

	
15.0

	
20.0

	
29.14




	
pH

	
F

	
5.54

	
6.0

	
6.25

	
6.5

	
6.96
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Table 2. Analysis of variance (ANOVA) of Mo reduction by strain AQ5-A9 with CCD 1.
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Source

	
Sum of Squares

	
(Degrees of Freedom)

DF

	
Mean Square

	
F-Value

	
Prob > F






	
Model

	
4.12

	
16

	
0.16

	
15.46

	
<0.0001 ***




	
A

	
0.089

	
1

	
0.089

	
9.12

	
0.0035 **




	
B

	
0.00015

	
1

	
0.00015

	
0.015

	
0.9041




	
C

	
0.36

	
1

	
0.36

	
36.99

	
<0.0001 ***




	
D

	
0.09

	
1

	
0.09

	
9.21

	
0.0034 **




	
E

	
0.00067

	
1

	
0.00067

	
0.0066

	
0.7977




	
F

	
0.0045

	
1

	
0.0045

	
0.45

	
0.5067




	
A2

	
0.54

	
1

	
0.54

	
53.63

	
<0.0001 ***




	
B2

	
0.085

	
1

	
0.085

	
8.38

	
0.0053 **




	
C2

	
0.97

	
1

	
0.97

	
95.69

	
<0.0001 ***




	
D2

	
0.16

	
1

	
0.16

	
15.8

	
0.0002 ***




	
E2

	
0.37

	
1

	
0.37

	
0.37

	
<0.0001 ***




	
F2

	
0.023

	
1

	
0.023

	
2.29

	
0.1359




	
AB

	
1.04

	
1

	
1.04

	
103.07

	
<0.0001 ***




	
AC

	
0.026

	
1

	
0.026

	
2.58

	
0.1135




	
AD

	
0.00165

	
1

	
0.00165

	
0.16

	
0.6873




	
AE

	
0.063

	
1

	
0.063

	
6.48

	
0.0132 *




	
AF

	
0.00081

	
1

	
0.00081

	
0.08

	
0.7785




	
BC

	
0.082

	
1

	
0.082

	
8.38

	
0.0051 **




	
BE

	
0.34

	
1

	
0.34

	
34.75

	
<0.0001 ***




	
BF

	
0.14

	
1

	
0.14

	
14.01

	
0.0004 ***




	
CD

	
0.0084

	
1

	
0.0084

	
0.83

	
0.3654




	
CE

	
0.073

	
1

	
0.073

	
7.27

	
0.0091 **




	
DE

	
0.012

	
1

	
0.012

	
1.15

	
0.2883




	
DF

	
0.091

	
1

	
0.091

	
9.29

	
0.0039 **




	
EF

	
0.088

	
1

	
0.088

	
9.03

	
0.0044 **




	
Residual

	
0.59

	
58

	
0.01

	

	




	
Lack of Fit

	
0.52

	
49

	
0.011

	
1.37

	
0.3194




	
Pure Error

	
0.069

	
9

	
0.0077

	

	




	
Cor Total

	
4.8

	
85

	

	

	




	
Standard deviation

	
0.10

	
R2

	
0.8780




	
Mean

	
1.82

	
Adjusted R2

	
0.8213




	
Coefficient variance

	
5.52

	
Predicted R2

	
0.6272




	
Predicted residual error sum of square

	
1.79

	
Adequate Precision

	
19.347








1 A: Salinity (ppt); B: Temperature (°C); C: Sucrose concentration (%); D: Nitrogen concentration (g/L); E: Molybdate concentration (mM); F: pH. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Table 3. Statistical analysis and biokinetic constants of Mo reduction kinetic models for strain AQ5-A9.






Table 3. Statistical analysis and biokinetic constants of Mo reduction kinetic models for strain AQ5-A9.





	Model
	DF
	RMSE
	R2
	Adj R2
	µmax (h−1)
	Ks (mM)
	Ki (mM)
	K
	AICc





	Aiba
	7
	0.0029
	0.952
	0.952
	0.067
	3.85
	75.6
	-
	−114.7



	Haldane
	7
	0.0031
	0.947
	0.947
	0.069
	4.16
	50.7
	-
	−113.7



	Yano
	6
	0.0030
	0.952
	0.952
	0.053
	2.33
	8338
	0.47
	−111.8



	Monod
	8
	0.0045
	0.896
	0.883
	0.040
	0.06
	-
	-
	−107.7
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Table 4. Comparison of optimised conditions between OFAT and RSM.






Table 4. Comparison of optimised conditions between OFAT and RSM.





	Variables
	OFAT
	RSM





	Salinity (ppt)
	50.0
	47.0



	Temperature (°C)
	15.0
	16.0



	Carbon concentration (%)
	2.0
	1.8



	Nitrogen concentration (g/L)
	3.0
	2.25



	Molybdate concentration (mM)
	15.0
	16.0



	pH (phosphate buffer)
	6.0
	6.0



	Incubation period (day)
	8
	4



	Mo-blue production (OD865nm)
	2.459
	2.201
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