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Abstract

:

Seaweeds (macroalgae) are gaining attention as potential sustainable feedstock for the production of fuels and chemicals. This comparative study focuses on the characterization of the microbial production of alcohols from fermentable carbohydrates in the hydrolysate of the macroalgae Laminaria digitata as raw material. The potential of a hydrolysate as a carbon source for the production of selected alcohols was tested, using three physiologically different fermentative microbes, in two main types of processes. For the production of ethanol, Saccharomyces cerevisiae was used as a benchmark microorganism and compared with the strictly anaerobic thermophile Thermoanaerobacterium strain AK17. For mixed production of acetone/isopropanol, butanol, and ethanol (A/IBE), three strictly anaerobic Clostridium strains were compared. All strains grew well on the hydrolysate, and toxicity constraints were not observed, but fermentation performance and product profiles were shown to be both condition- and strain-specific. S. cerevisiae utilized only glucose for ethanol formation, while strain AK17 utilized glucose, mannitol, and parts of the glucan oligosaccharides. The clostridia strains tested showed different nutrient requirements, and were able to utilize glucan, mannitol, and organic acids in the hydrolysate. The novelty of this study embodies the application of different inoculates for fermenting a common brown seaweed found in the northern Atlantic Ocean. It provides important information on the fermentation properties of different microorganisms and pinpoints the value of carbon source utilization when selecting microbes for efficient bioconversion into biofuel and chemical products of interest.
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1. Introduction


There is an increased worldwide emphasis to find and utilize new sources of sustainable biomass that can be converted into biobased chemicals and energy carriers to supplant fossil fuels for transportation vehicles [1,2]. Seaweed (macroalgal) biomass is a largely underexploited feedstock in Europe, and biorefining applications are at an early stage [3,4]. Brown algae (Phaeophyta) neither contain lignin nor crystalline cellulose, which are major obstacles for the utilization of lignocellulosic feedstocks in biorefineries [5]. Due to their high photosynthetic ability, they have the potential to generate and store sufficient carbon resources needed for biorefinery applications. It has also been reported that seaweeds have higher productivity rates than terrestrial biomass such as corn and switchgrass [6]. Furthermore, they do not compete with arable land used for agricultural crops and do not require the use of fertilizer or other chemicals [7,8]. Brown macroalgae, however, have a complex carbohydrate composition containing cell wall polysaccharides, alginate, and fucoidan, and the storage carbohydrates mannitol and laminarin, and possibly also cell wall structural components, such as 1,4-β-glucan or mixed linkage glucans in smaller quantities [9,10]. Mannitol and laminarin are reserve carbohydrates that can account for up to 20% and 50%, respectively, of the dry weight [11].



Brown macroalgae are harvested commercially in large quantities in the world, especially in East Asia [12]. From 2005, the production has more than doubled with over 30 million tons of macroalgae harvested globally in 2015, indicating that they have a large potential for industrial exploitation [13].



However, the complex carbohydrate composition of macroalgae presents challenges for economic fuel and chemical production through conventional fermentation methods [14]. This has led to a focus on the use of macroalgae in microbial anaerobic digestion for biogas production [15], and the production of bio-oil through thermochemical processes such as pyrolysis or hydrothermal liquefaction [16,17]. In order to utilize macroalgae as a feedstock in biorefineries, there is a need for efficient and cost-effective pre-treatment methodologies [18], polysaccharide degrading enzymes [19,20], and versatile fermentative microorganisms that can utilize mixed carbon sources [21,22]. In recent years, there have been efforts to identify natural strains or genetically engineer microorganisms with the ability to ferment sugars from seaweed into biofuels, including ethanol [23,24,25] and butanol [26,27]. For example, two brown seaweed species (L. japonica and S. fulvellum) have been shown to be a potential feedstock for the production of bioethanol through simultaneous saccharification and fermentation using a genetically engineered strain of Escherichia coli [24]. Similarly, L. digitata has been evaluated for its potential to produce butanol through fermentation using Clostridium beijerinckii [26]. With such challenges in mind, the choice of microorganisms for the conversion of macroalgal feedstock is the first step in the development of a viable biorefinery platform. Non-conventional strains could be good candidates for the utilization of second and third-generation biomass (such as seaweeds), having the required substrate utilization range.



In this study, a comparative approach has been used to evaluate the potential of different microorganisms. Saccharomyces cerevisiae was used as the benchmark organism for ethanol production. It is the conventional fermentative organism for the production of ethanol for the consumer as well as industrial usage and is widely used on inexpensive glucose derived from first-generation biomass. Fermentation technologies are well established and advanced. S. cerevisiae utilizes glucose very efficiently, up to 90–95% of maximum theoretical yields are typically achieved under optimal conditions and it has a relatively high tolerance to ethanol. The drawback is its limited substrate utilization range.



The strictly anaerobic A/IBE-fermentation by clostridia is a benchmark process for the production of acetone/isopropanol, n-butanol, and ethanol from carbohydrates and ABE-fermentation was widely used on an industrial scale during World War I, using, e.g., molasses as feedstock. Clostridium strains are today potentially, highly versatile production organisms for second/third generation biomass utilization in the emerging seaweed biorefineries. Clostridia have a wide substrate utilization range, including C6 and C5 sugars as well as sugar alcohols, such as mannitol and organic acids [28,29,30].



Less established, non-conventional, but promising biorefinery organisms are thermoanaerobes. In this study, the strain Thermoanaerobacterium strain AK17 was evaluated for ethanol production from brown seaweed hydrolysates. It grows at 60 °C and has a wide substrate range, growing on all the lignocellulose sugars, and has been shown to be a good producer of ethanol [31] on defined media and second-generation lignocellulosic feedstocks [32]. Cultivation at high temperature (60–70 °C) has advantages as it reduces the costs of cooling, and higher temperatures protect the cultures from mesophilic spoilage bacteria. It increases the solubility of polysaccharides and leads to the reduced viscosity of fermentation broth, which may alleviate scale-up problems of mixing and enable greater substrate loadings. Elevated temperatures may also enable the cost-effective recovery of volatile products by distillation or gas stripping, which would reduce product inhibition and prolong the production phase of the culture.



The focus of this study was hence set to investigate the fermentability of a sugar-rich hydrolysate from the brown seaweed Laminaria digitata in the selected microbial conversion processes with reference to potential biorefinery applications. Cultivation of conventional and non-conventional organisms was compared, for the production of ethanol or mixes of acetone/butanol/ethanol/isopropanol (ABE/IBE).




2. Materials and Methods


2.1. Hydrolysate


The preparation of the hydrolysate used in this study was previously described by Hou et al. [26]. Briefly, it was obtained from wild-grown sugar-rich Laminaria digitata collected in August 2014 from the coast of the Danish North Sea. The dried seaweed was then processed by enzymatic hydrolysis at the DTI pilot scale (600L) facility, as described [26], and due to incomplete hydrolysis of the biomass, a substantial quantity of glucans (laminarin) remained in the hydrolysate. At the end of the process, the concentrations of the different sugars were measured by high-performance liquid chromatography (HPLC).




2.2. Ethanol Fermentation


2.2.1. Fermentation by Saccharomyces cerevisiae


Ethanol fermentation trials were performed as triplicates in 100 mL fermentation flasks sealed by air locks (filled with glycerol), with 60 mL working volume of hydrolysate as sole component. The fermentation flasks containing the hydrolysate were autoclaved at 121 °C for 10 min and cooled down to room temperature before inoculation. A strain of commercial Saccharomyces cerevisiae (Quick Yeast, dry form, Doves Farm Foods Ltd., Hungerford, UK) was then inoculated at 1 g/L, and the fermentation flasks were incubated at 30 °C in an orbital shaker-incubator (Grant Bio, ES-20) at 120 rpm. Samples for analysis were taken under sterile conditions before and after fermentation to measure the sugar consumption and the ethanol production.




2.2.2. Fermentation by Thermoanaerobacterium Strain AK17


The Thermoanaerobacterium AK17 inoculum was cultured in BM medium [32] containing (in g L−1): NaH2PO4, 5.5; Na2HPO4, 0.6; KH2PO4, 0.6; NH4Cl, 0.3; NaCl, 0.3; CaCl2 2H2O, 0.1; MgCl2 6H2O, 0.1. Then was added micronutrients (in mg L−1: FeCl2 4H2O, 2; H3BO3, 0.05; ZnCl2, 0.05; CuCl2 2H2O, 0.038; MnCl2·2H2O, 0.041; (NH4)6Mo7O24 4H2O, 0.05; AlCl3, 0.05; CoCl2·6H2O, 0.05; NiCl2·6H2O, 0.05; EDTA, 0.5; Na2SeO3·5H2O, 0.026; NaWO4·2H2O, 0.033) and vitamins (DSMZ medium No141, German Collection of Microorganisms and Cell Cultures). The medium was supplemented with 20 mM glucose as carbon source. An exponentially grown inoculum culture, corresponding to 2% total culture volume was then transferred into flasks with BM medium containing 50 to 100% (v/v) seaweed hydrolysate. Prior to inoculation, the pH was adjusted to 6.5 with 1M NaOH, and the cultures were supplemented with 0.2% yeast extract (Bacto™ Yeast Extract, BD biosciences, San Jose, CA, USA). Micronutrients, vitamins, and reducing agent (3 mM Cysteine hydrochloride + 3 mM Na2S) were also added prior to inoculation. Cultivations were carried out in anaerobic conditions, using closed flasks (118 mL) with 50 mL working volume, at 60 °C for 4 days. Samples for analysis were taken under sterile conditions before and after fermentation to measure the sugar consumption and the ethanol production.





2.3. ABE and IBE Fermentation


The microbial strains used in the ABE/IBE fermentations include Clostridium acetobutylicum ATCC824 and C. beijerinckii strains NCIMB 8052 and DSM6423. Strains were stored at −20 °C as spore suspension in 20% glycerol. The suspension was heat-shocked for 1 min at 95 °C (C. beijerinckii) or for 10 min at 80 °C (C. acetobutylicum) before inoculation. Control fermentations on pure sugar (glucose and mannitol) were performed in CM2 medium containing (in g L−1): yeast extract, 1.00; KH2PO4, 1.00; K2HPO4, 0.61; MgSO4·7 H2O, 1.00; FeSO4·7 H2O, 0.0066; para-aminobenzoic acid (pABA), 0.10; and ammonium acetate, 2.90. Stock solutions of D-glucose and mannitol were autoclaved separately and added after autoclaving of the medium to a final concentration of 40 g L−1. All liquid media were made anaerobic by flushing with nitrogen gas. The Laminaria digitata hydrolysate was tested as such (H), or supplemented with salts and nutrients (HSN, that is, all nutrients in CM2). Samples for analysis were taken under sterile conditions before and after fermentation to measure the sugar consumption and the ethanol production.




2.4. Analysis of Free Organic Acids and Monosaccharides by HPLC


Samples for high-performance liquid chromatography (HPLC) analysis were filtered through 0.2 µm filter (Phenomenex) prior injection. Glucose, mannitol, acetic acid, lactic acid, and ethanol were quantified using a Dionex 2000 HPLC system (Dionex, Idstein, Germany) with a Rezex ROA-Organic Acid H + (8%, Phenomenex, Aschaffenburg, Germany) and a RI-101 detector (Shodex, München, Germany). Separation was performed at a column temperature of 60 °C with 0.2 mM sulfuric acid (Carl Roth, Karlsruhe, Germany) as eluent at a flow rate of 600 μL/min for 30 min. Quantification was carried out using external standards with HPLC grade (Merck, Darmstadt, Germany, Sigma-Aldrich, St. Louis, MO, USA) and the Chromeleon evaluation software version 6.80 (Dionex, Idstein, Germany).




2.5. Total Monosaccharides Analysis by HPAEC-PAD


Polysaccharides were hydrolyzed to monosaccharides by a two-step acid hydrolysis process [33]. Twenty-five milligrams of the samples were mixed with 250 µL of sulfuric acid 72% (w/w) (Thermo Scientific™) in pyrex tubes with screw caps. The tubes were incubated in an incubator at 30 °C and 150 rpm shaking for 1 h. Afterward, 7 mL of milliQ-water was added to the tubes to reach the acid concentration of 4% (w/w). The samples were vortexed and autoclaved for 1 h. After cooling down, the samples were centrifuged at 3000× g (Sigma 3-16PK centrifuge, Germany) for 10 min to remove the solid particles. The hydrolysate was then neutralized by Barium hydroxide (0.1 M).



To analyze the monosaccharides, the hydrolysate was diluted with milliQ-water, and filtered through a 0.2 µm syringe filter. Monosaccharides were analyzed by an anion exchange chromatography (HPAEC-PAD) system (Thermo Fisher Scientific, Sunnyvale, CA, USA) using a Carbopac PA-20 column coupled with a guard column (Thermo Fisher Scientific, Sunnyvale, CA, USA). Neutral sugars were separated under isocratic condition using Milli-Q-water (A), 1 mM sodium hydroxide (B), and 200 mM sodium hydroxide (C) as eluents. Elution was performed using an eluent mixture of 62.5% (A) and 37.5% (B) for 25 min. Uronic acids were analyzed using the same column but with different eluents, Milli-Q-water (A), 1M sodium acetate (B), and 200 mM sodium hydroxide (C). Uronic acids were eluted by an eluent mixture of 55% (A), 15% (B), and 30% (C) for 18 min. For both neutral sugars and uronic acids, separation was performed at a flowrate of 0.5 mL/min, and column and compartment temperatures were kept at 30 °C [34]. The concentrations of glucans were then estimated by subtracting the quantity of free monomeric glucose from the total glucose content.




2.6. Yields Calculation Formulas


Two different calculations for the ethanol yields were considered to highlight either the added amount of substrate (total) or the substrate utilization profile (partial). First, the ethanol yield (total) was calculated as:


   ethanol   yield     (  total  )  =      [  ethanol  ]   p       [  glucose  ]   i  +    [  glucan  ]   i  +    [  mannitol  ]   i       








where [ethanol]p represents the ethanol produced during the fermentation in g/L, and [substrate]i represent the initial total concentrations of the different substrates.



Then, the ethanol yield (partial) was calculated as:


   ethanol   yield     (  partial  )  =      [  ethanol  ]   p       [  glucose  ]   c  +    [  glucan  ]   c  +    [  mannitol  ]   c       








where [ethanol]p represents the ethanol produced during the fermentation in g/L, and [substrate]c represents the concentrations of the different substrates effectively consumed during the fermentation.



In addition, the calculated yields could be compared to the theoretical maximum yields of 0.511, which corresponds to the maximum obtainable yield of ethanol from glucose. The assumption was made that the glucans were solemnly composed of glucose units, and that the small molecular weight difference between mannitol (182.172 g/mol) and glucose (180.156 g/mol) could be omitted. The yields were then divided by 0.511 and shown as percentage (%) of the theoretical maximum yield.



For the calculation of the yields of butanol or A/IBE, the above formula for the [ethanol]p was used, where ethanol was replaced by butanol or A/IBE as indicated in the text.




2.7. Determination of Extracellular and Intracellular Enzymatic Activity in the Thermoanaerobacterium Strain AK17 Culture


To elucidate the apparent consumption of glucans/glucooligosaccharides in the L. digitata hydrolysate by strain AK17, the glucan hydrolyzing activity, both intracellular and extracellular, was investigated. Strain AK17 was grown on cellobiose in 10 mL volume in 25 mL flasks following conditions previously described. After cultivation, cells were harvested by centrifugation (5000 g/10 min) and the supernatant was collected. The supernatant was concentrated 10-fold using Amicon centrifugal filters with a 10 kDa cut off to retain the enzymes and would constitute the extracellular enzyme fraction. The pelleted cells were resuspended in 1 mL 0.1 M phosphate buffer pH 7 and lyzed by sonication (Branson Sonifier 250, 40% duty cycle, output control 4, 5 min). After centrifugation (5000 g/20 min), the supernatant was kept and would constitute the intracellular enzyme fraction. The glucosidase activity of the two fractions was then tested against oligo-laminarin and oligo-cellulose (pentose, triose, and biose). The experiment was carried out in 200 µL volume, with 1 mg/mL oligosaccharides and 10 µL extract (either concentrated culture supernatant or intracellular fraction) and incubated for 12 h at 60 °C. Samples were analyzed using Thin Layer Chromatography (TLC). Four microliters of each reaction mixture were applied to a TLC silica plate. The reaction product was developed with 1-butanol:acetic acid:water = 2:1:1 (v:v:v) and detected by heating at 130 °C for 10 min after spraying 10% (w/v) sulfuric acid–90% (w/v) ethanol.





3. Results


3.1. L. digitata Hydrolysate Utilization by S. cerevisiae and Thermoanaerobacterium Strain AK17 for Production of Ethanol


The carbohydrate content of the L. digitata hydrolysate was analyzed as described in the Material and Methods, and was composed of 9.5 g/L glucose, 5 g/L mannitol, 10 g/L glucans, and 1.2 g/L lactic acid. The lactic acid most probably originated from early contamination of the seaweeds, which occurred during the enzymatic processing, as described by Hou et al., 2017 [26], and which stopped the enzymatic digestion earlier than planned.



Fermentation of L. digitata hydrolysate by S. cerevisiae was used as a benchmark, in this study, for fermentative glucose utilization and ethanol production. The results show that S. cerevisiae in principle utilized all the soluble monomeric glucose (9.3 g/L) in the hydrolysate, indicating no inhibition by hydrolysate components. Neither mannitol (4.6 g/L) nor oligo-/polymeric glucans (11.4 g/L) were consumed (Table 1), resulting in the conversion of 38% of the total carbohydrate source in the hydrolysate by S. cerevisiae (Table 2). Based on the use of free monomeric glucose in the cultivation medium the ethanol yield (partial) was 0.37 g ethanol/gram free glucose which corresponds to 72% of the maximum obtainable yield. However, if the whole carbon source is considered (free glucose + mannitol + glucan), then the ethanol yield (total) represents only 0.14 g ethanol/gram of available substrate, which corresponds to 27% of the maximum obtainable yield.



The fermentative capability of Thermoanaerobacterium strain AK17 on the hydrolysate was tested at two conditions (using 50 and 100% hydrolysate, respectively) to investigate possible inhibitory effects on the fermentation. Strain AK17 was able to grow at both conditions, in 24 h in the 50% hydrolysate with no lag-phase, and in 48 h in the 100% hydrolysate but with ~24 h lag-phase before the exponential phase started (Figure 1). In cultivations using diluted hydrolysate (50%), all the monomeric glucose, 20% of the glucan, and 50% of the mannitol were consumed, resulting in the conversion of 56% of the total carbon sources (50% hydrolysate, Table 2). On the undiluted hydrolysate (100% hydrolysate, Table 1), strain AK17 used 82% of the glucose, 20% of the glucan, and 47% of the mannitol. At this condition, a slightly reduced amount of the carbohydrates was converted (49% of the carbon sources in the hydrolysate), due to the lower conversion of the available glucose. Interestingly, strain AK17 utilized ~20% of the glucans. Regarding fermentation products, strain AK17 produced ethanol as the main fermentation product, but, in addition to this, both lactic and acetic acids were also produced. The ethanol yield (partial) at both conditions was around 0.30 g ethanol/g consumed substrate, which is around 59% of the maximum theoretical yield (considering ethanol as a single product). Remarkably, a higher ethanol concentration (3.82 g/L) was reached using strain AK17, compared to S. cerevisiae (3.47 g/L) despite producing organic acids as well. In addition, the ethanol yields (total) were also slightly higher than S. cerevisae (27%) on 50% and 100% hydrolysate, reaching 32% and 30% of the maximum obtainable yield (again considering ethanol as a single product in the calculation), respectively.




3.2. Oligosaccharide Degradation and Uptake by Thermoanaerobacterium Strain AK17


The utilization of glucan indicates extracellular degradation and/or import and utilization of 1,3-β-oligosaccharides. To verify that strain, AK17 produces the enzymes to convert glucan and/or glucan oligosaccharides into glucose, and the presence of relevant activities was investigated, both intracellularly and extracellularly. Thermoanaerobacterium strain AK17 was subsequently grown on cellobiose to induce the expression of genes encoding β-glucanases (extracellularly) and/or β-glucosidases (extracellularly or intracellularly). After extraction and separation of the intracellular and extracellular fractions, the respective fraction was analyzed for the presence of glucanase/glucosidase activity using laminari-oligosaccharides and cello-oligosaccharides as substrates. The results are presented in Figure 2. The intracellular enzyme fraction of strain AK17 had clear β-glucosidase activity and was able to degrade pentaose, triose, and biose from laminarin and cellulose (and a small amount of the gentobiose) to glucose. Intracellular glucosidase activity was hence verified. The extracellular enzyme fraction could clearly hydrolyze pentaose and triose from laminarin to mainly biose, but with weak activity on cellooligosaccharides. These results show that strain AK17 expresses glucanase(s) active on oligosaccharides with β-1,3 linkages and glucosidase(s) active on β-1,3 and β-1,4 linkages (with minor activity on the gentobiose β-1,6 linkage). The data also show that the main extracellular product is biose, indicating an uptake system for bioses in strain AK17.




3.3. L. digitata Hydrolysate Utilization by Clostridial Strains for Production of A/IBE


The hydrolysate was also tested for ABE and IBE production by Clostridium species. The strains selected for this study are characterized by a wide substrate range. Fermentation studies were carried out on a small scale using media containing pure sugars (glucose and mannitol) as control, and hydrolysate alone (H) or supplemented with salts and nutrients as in CM2 medium (HSN) as described in the material and methods section. The results of the fermentations on the hydrolysate-based media are shown in Table 3 and Figure 3. In addition, all the fermentation data have been compiled in Supplementary Table S1.



For C. beijerinckii strain DSM 6423, the ratio of butanol compared to the other products of the fermentation was significantly higher in cultures grown on hydrolysate compared to the ratios determined in a culture grown on pure sugars (Figure 3). The percentage of butanol in ABE or IBE in the clostridial cultures varied between 91% in C. beijerinckii NCIMB 8052 cultures and 77% found in C. acetobutylicum cultures, in both cases grown on hydrolysate (H). The percentage of butanol found in the hydrolysate-based media (H, HSN) is approximately 10% higher compared to cultures grown on pure sugars (Control). In the case of the culture described by Hou et al., butanol in the ABE total products in the hydrolysate culture corresponded to 89% in weight, while on the culture grown on sugars, the butanol represented 72% of the total ABE. For all three strains studied, the ratios of butanol in ABE or IBE observed in cultures grown on mannitol and glucose mixes were higher than the butanol ratios determined in control cultures grown on glucose as only sugar (Table S1).



C. acetobutylicum ATCC 824 reached an ABE yield of ~0.22 g/g on all conditions, for both total and partial yields, as it consumed almost all the carbon sources available (Table 3). On the other hand, on conditions with added nutrients, C. beijerinckii strain NCIMB 8052 reached a 50% higher ABE partial yield (0.34 g/g), and a slightly lower total yield (0.30 g/g), as it did not use all the available carbon source. In comparison, C. beijerinckii strain DSM6422 was reported to reach an ABE partial yield of 0.53 g/g [24], but a total yield of 0.33 g/g, closer to what was observed with the strain NCIMB 8052. Regarding IBE fermentation by C. beijerinckii strain DSM 6423 on conditions where nutrients were added to the hydrolysate, the partial IBE yield reached 0.29 g/g, with a total IBE yield of 0.23 g/g, as this strain used even less of the carbon source available (Table 3).





4. Discussion


4.1. Strain AK17 and Ethanol Production


The L. digitata hydrolysate obtained after enzymatic hydrolysis of the biomass using cellulases is a complex feedstock that contains soluble free monomeric sugars (glucose and mannitol) and a mixture of soluble glucose-containing oligosaccharides and laminarin. Uronic acids were not quantified using the methodology by Hou et al., 2017 [26], and alginate content was not determined. When feeding the hydrolysate as a substrate to a standard industrial strain such as S. cerevisae, only the free glucose was consumed, which represents 38% of all the carbon sources available. The ethanol yield was also lower (72%) than the one usually seen in Saccharomyces, which could be explained by the harsh conditions of the hydrolysate (presence of ash, salt, antioxidants, or other inhibiting substances). Comparable yields have been obtained in other studies. For instance, bioethanol yields of 71–76% were achieved by S. cerevisiae PE-2 using Sargassum spp as biomass [35,36]. Similarly, bioethanol yields of 74–84% were achieved by S. cerevisiae KCTC 7906 using Gelidium amansii [37]. In addition, these studies are focused on yeast, which only utilizes the glucose. This highlights the need to use more versatile organisms for the conversion of complex biomass-derived hydrolysates, where a variety of (oligomeric or polymeric) sugars are usually present in mixtures with other components, such as organic acids. Several species of anaerobic bacteria from the genus Clostridium or Thermoanaerobacterium show interesting properties for the utilization of mixed sugar streams for the production of bioalcohols, such as ethanol or butanol [27,38,39,40]. The thermophilic strain Thermoanaerobacterium AK17 was able to use up to 56% of the carbon sources in the L. digitata hydrolysate when this hydrolysate was twofold diluted, which represents a 47% intake increase compared to the yeast, using all the glucose and part of the mannitol and glucans. The limited utilization of mannitol (~50%) compared to glucose, could be explained by the higher reduced form of mannitol, which can lead to a redox imbalance, compared to the more oxidized glucose. Such redox imbalance is common but can be overcome by genetic engineering, for instance, by deleting a transcriptional repressor such as Rex, which has been shown to increase the performance in T. aotearoense SCUT27 [41]. Other Thermoanaerobacterium strains have been reported to utilize mannitol, but not from macroalgal extracts [42], which shows that strain AK17 could be a good candidate for this purpose from the genus Thermoanaerobacterium.



On the pure hydrolysate, strain AK17 did not use all the glucose (82%). The strain has previously been shown to be sensitive to glucose load higher than 5 g/L [38], which could explain the reduced conversion of free glucose. Strain AK17 was also capable of metabolizing the carbon source of a higher degree of polymerization, using part (~20%) of the glucans under both conditions. The unchanged glucan utilization at a higher concentration of hydrolysate indicates hydrolysis of polysaccharides, and an uptake of oligosaccharides that is independent of the mechanism controlling glucose uptake. This is further strengthened by the data, which showed that strain AK17 was able to express extracellular glucanases that can specifically degrade laminari-oligosaccharides to laminaribiose, which means that it could partially use the remaining laminari-oligosaccharides present in the hydrolysate, followed by uptake of the produced biose. Extracellular β-glucanases active on cello-oligosaccharides appeared to not be present (or displaying very low activity on this linkage) in the extracellular fraction. However, strain AK17 was able to grow on cellobiose (data not shown), which indicates presence of the required transporter, which is likely responsible for the uptake of both cellobiose and laminaribiose, and may also import, e.g., laminari-oligosaccharides, up to a degree of polymerization of five (DP5). Intracellularly, such oligosaccharides are then hydrolyzed to glucose and flux into the glycolysis. This is the first time a Thermoanaerobacterium strain has been shown to be using β-1,3 glucans as a carbohydrate source.



Regarding the fermentation products, strain AK17 produces both acetic and lactic acid in addition to ethanol, which decreases the overall ethanol yield of the fermentation, as around 40% of the carbon sources are fluxed into these organic acids. Nonetheless, the ethanol yields (partial) reached ~60% of the theoretical maximum yield, which is close to what has been previously reported [38]. However, for industrial purposes, the strain AK17 would need to be engineered to increase ethanol production and decrease the production of residues (unused substrates) and side products (acetic acid, lactic acid).




4.2. Butanol Production by Mesophilic Clostridia


Strains of C. acetobutylicum and C. beijerinckii grown in control media with mixed glucose and mannitol at similar levels as those in the L. digitata hydrolysate showed the utilization of both sugars and production of butanol as the main product. The utilization of mannitol as a substrate for solventogenic clostridial strains is not well studied, but there are several studies that show the ability of clostridial strains to utilize mannitol as the sole carbon source for the production of butanol [43]. Mannitol as co-substrate with glucose or acetate has also been reported to enhance the production of butyrate to high yields [44,45] and the production of acetone, butanol, and ethanol has been reported as well [30,46] in control media. The C. beijerinckii strains showed increased mannitol utilization when grown on lower glucose starting concentrations (Table S1), which suggests that glucose plays a role in the regulation of the mannitol utilization pathway; however, this needs to be further studied.



The Clostridial strains tested utilized the soluble glucans in the hydrolysate. This is in agreement with the findings of Hou et al. (2017) [26] using a different solventogenic strain on the same hydrolysate, and with a previous study from Hueseman and co-workers using a hydrolysate from Saccharina latissima, a brown seaweed, where partial glucan consumption was observed [47]. Growth of C. beijerinckii on purified laminarin as the sole carbon source and production of butanol has also been confirmed in another experiment (data not shown). The ability of Clostridial strains to use laminarin or laminarin-derived oligosaccharides directly for growth and butanol production opens possibilities for the processing of brown seaweeds without the need of enzymes for the hydrolysis of this polymer into monomeric sugars.



On hydrolysate media, the substrate consumption in cultures of C. acetobutylicum was higher than that observed in C. beijerinckii cultures. However, the ABE yields reached in C. acetobutylicum cultures was lower than the yields observed in the cultures by the C beijerinckii strains, due to the formation of butyrate as a by-product. In addition, the nutrient requirement of the strains appears to be different, and the C. beijerinckii strains grew better on hydrolysate supplemented with nutrients as in the control medium, compared to when cultivated on hydrolysate alone.



The three Clostridial strains used in this study utilized glucan present in the hydrolysate, as was observed earlier for strain C. beijerinckii 6422 [26]. It is well known that a number of solventogenic strains have the capacity to degrade some of the polymers present in plant biomasses, such as starch, or xylan [48,49,50]. In addition, the utilization of lichenan, a complex glucan present in lichens, and of laminarin by C. acetobutylicum has been reported previously [47,49], which makes the use of these strains for conversion of brown seaweed biomasses very interesting and, as stated above, removes the need of enzymes for hydrolysis of this polymer.



In the hydrolysate, a low concentration of lactic acid is present (approx. 1.2 g/L). Interestingly, all Clostridial strains tested were able to consume the lactic acid, in accordance with the observation by Hou et al. for strain DSM6422 [26]. This is an interesting result in relation to the possibilities for using ensiled seaweed as feedstock, since, during ensiling, some of the sugars in the biomass are fermented into lactic acid with the resultant drop in pH that protects the seaweed biomass from decay. If this lactic acid can be converted into ABE or IBE, then the sugars are not completely lost for bioconversion. It has been previously reported that lactic acid utilization by solventogenic Clostridia results in butanol production, contributing to reaching higher ratios of butanol compared to when grown on sugars [51].



The fermentation of mannitol and glucose mixtures resulted as well in higher butanol ratios compared to the ratios obtained on cultures grown on glucose as only sugar. Mannitol fermentation by some Clostridium strains have been reported to result in higher butanol production [43,52] compared to growth on glucose. In these studies, the higher butanol levels could be explained by the use of the butanol production pathway as a sink for reducing equivalents generated by the mannitol metabolism. Higher butanol ratios on mannitol/glucose mixtures compared to glucose-only cultures have been also reported on hydrolysates of the brown seaweed S. latissima hydrolysates fermented by C. acetobutylicum [30,47]. In addition to the different butanol ratios in the solvent mix, in all mannitol-containing cultures, higher production of butyric acid was observed. This higher formation of butyric acid has been associated with the need of disposing of the NADH generated during the conversion step of mannitol-1-phosphate to fructose 6-phosphate by mannitol 1-phosphate dehydrogenase, and the use of acetate as co-substrate. This NADH could be utilized in the conversion of acetate to butyrate via aceto-acetyl-CoA as a hydrogen acceptor [52,53]. When fermenting glucose/mannitol mixtures, a higher butyrate/acetate ratio can be expected compared to glucose-only conditions, as we observe in this study. As an example, the butyrate concentrations reached in glucose/mannitol control cultures by C. beijerinckii NCIMB 8052 were of approx. 1.2 g/L, higher than the 0.7 g/L of butyrate produced in the control cultures on glucose by this strain (Table S1). The product levels and ratios of butanol and organic acids expected to be produced on hydrolysates of biomasses in general, including hydrolysates of seaweeds, depend not only on the sugar content, but also on the interactions of the bacteria with the components of the hydrolysate. In this study, the L. digitata hydrolysate used as a substrate is relatively well fermentable without purification steps by the clostridial strains tested. This is not always the case, and a similar hydrolysate from the brown seaweed S. latissima required extensive purification steps, including desalting and removal of hydrophobic compounds, to allow efficient fermentation by C. acetobutylicum [30].





5. Conclusions


Compared to S. cerevisiae, Thermoanaerobacterium AK17 was able to utilize a wider range or a greater part of the soluble carbohydrates after enzymatic hydrolysis of L. digitata biomass. A substantial part of the carbohydrate substrate was catabolically converted to acetic acid and lactic acid by strain AK17, but still, the ethanol yields on total sugars were comparable to the yields from S. cerevisiae fermentation. The Clostridium strains are other examples of microorganisms that efficiently use the carbohydrate substrate of the seaweed material and produce several products of interest. This utilization of the seaweed feedstock shows that strain AK17, as well as the Clostridia, is a promising microorganism for the biorefining of this marine resource. Further improvement in the yield of individual products from these microorganisms may also be reached by metabolic engineering, directing the carbon flux from the catabolic conversion of organic acids and alcohol mixtures, towards single products. Although seaweed cultivation techniques still need to be optimized to be more cost-effective and more sustainable, we have shown here that the biotechnological processes are developing and could contribute to the valorization of this promising biomass feedstock for biorefinery.
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Figure 1. Fermentation of L. digitata hydrolysate by Thermoanaerobacterium strain AK17 either diluted (left) or pure (right). Substrates and fermentation products were measured at a different time during the fermentation. Data represent the average of three replicate experiments. 
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Figure 2. Glucosidase activity of intracellular (In) and extracellular (Ex) fraction of AK17 on different oligo-laminarin and oligo-cellulose. From left to right, different substrates were tested: laminaripentose (L-pentose), cellopentose (C-pentose), laminaritriose (L-triose), cellotriose (C-triose), laminaribiose (L-biose), cellobiose (C-biose), and gentobiose (G-biose). 
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Figure 3. Fermentation products of L. digitata hydrolysate by C. acetobutylicum ATCC 824 and C. beijerinckii strains NCIMB 8052 and DSM 6423 at different conditions: raw hydrolysate (H), hydrolysate with addition of salts and nutrients (HSN), compared to fermentation on pure sugars (control). Substrate concentration was 24–26 g/L. Data from 6 days of cultivation. Data represent the average of two replicate experiments. 
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Table 1. Substrate concentration, utilization, and produced product by S. cerevisiae and Thermoanaerobacterium AK17 in cultivations using different amounts of L. digitata hydrolysate as raw material. Data represent the average of three replicate experiments. ND, not detectable, below the detection limit.
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Fermentation Products (g/L)




	
Strains and Conditions

	
Glucose (g/L)

	
Mannitol (g/L)

	
Glucan (g/L)

	
Ethanol

	
Acetic Acid

	
Lactic Acid






	
AK17

	
50%

hydrolysate

	
initial

	
4.92 ± 0.25

	
2.59 ± 0.12

	
5.50 ± 0.4

	
ND

	
ND

	
0.86 ± 0.1




	
after 24 h

	
ND

	
1.33 ± 0.09

	
4.45 ± 0.27

	
2.45 ± 0.14

	
0.89 ± 0.11

	
2.11 ± 0.15




	
100%

hydrolysate

	
initial

	
9.42 ± 0.26

	
5.18 ± 0.21

	
10.5 ± 0.55

	
ND

	
ND

	
1.50 ± 0.1




	
after 48 h

	
1.70 ± 0.18

	
2.51 ± 0.14

	
8.5 ± 0.49

	
3.85 ± 0.24

	
1.61 ± 0.17

	
3.44 ± 0.16




	
S. cerevisiae

	
100%

hydrolysate

	
initial

	
9.27 ± 0.13

	
4.58 ± 0.07

	
11.11 ± 0.73

	
ND

	
ND

	
1.31 ± 0.12




	
after 60 h

	
ND

	
4.7 ± 0.7

	
11.65 ± 0.65

	
3.47 ± 0.12

	
ND

	
1.17 ± 0.15
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Table 2. Substrate consumptions and ethanol yields of S. cerevisiae and Thermoanaerobacterium AK17 in cultivations using different amounts of L. digitata hydrolysate as raw material. Data represent the average of three replicate experiments.
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Strains and Conditions

	
Free Glucose Consumption (%)

	
Sugar Consumption in g/L

(% of Total Sugars)

	
Ethanol Yield

Total

(% of Theoretical)

	
Ethanol Yield Partial

(% of Theoretical)






	
AK17

	
50%

hydrolysate

	
100

	
7.58 ± 0.5 (56)

	
0.16 ± 0.01 (32)

	
0.29 ± 0.01 (57)




	
100%

hydrolysate

	
82 ± 2

	
12.2 ± 0.9 (49)

	
0.15 ± 0.01 (30)

	
0.31 ± 0.01 (61)




	
S. cerevisiae

	
100%

hydrolysate

	
100

	
9.3 ± 0.3 (38)

	
0.14 ± 0.01 (27)

	
0.37 ± 0.01 (72)
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Table 3. Fermentation yields on L. digitata hydrolysate by C. acetobutylicum ATCC 824 and C. beijerinckii strains NCIMB 8052 and DSM6423 on different conditions: raw hydrolysate (H), hydrolysate with addition of salts and nutrients (HSN), compared to fermentation on pure sugars mixtures containing mannitol (4 g/L) and glucose (22 g/L) (control). Substrate concentration was 24–26 g/L. Data from 6 days of cultivation. Data represent the average of two replicate experiments.
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Strains and Conditions

	
Sugar Consumption in g/L

(% of Total Sugars)

	
ABE Yield Total

	
ABE Yield Partial

	
IBE Yield Total

	
IBE Yield Partial






	
C. acetobutylicum

ATCC 824

	
H

	
26.0 ± 1.2 (87)

	
0.21 ± 0.01

	
0.22 ± 0.01

	

	




	
HSN

	
26.2 ± 1.5 (84)

	
0.21 ± 0.01

	
0.23 ± 0.01

	

	




	
Control

	
25.9 ± 0.9 (88)

	
0.22 ± 0.01

	
0.23 ± 0.01

	

	




	
C. beijerinckii

NCIMB 8052

	
H

	
12.3 ± 0.5 (45)

	
0.14 ± 0.01

	
0.32 ± 0.02

	

	




	
HSN

	
23.7 ± 1.1 (82)

	
0.29 ± 0.02

	
0.34 ± 0.02

	

	




	
Control

	
25.2 ± 1.3 (87)

	
0.29 ± 0.02

	
0.33 ± 0.02

	

	




	
C. beijerinckii

DSM6423

	
H

	
3.8 ± 0.4 (12)

	

	

	
<0.01

	
0.02 ± 0.01




	
HSN

	
22.8 ± 1.1 (77)

	

	

	
0.23 ± 0.01

	
0.29 ± 0.02




	
Control

	
23.6 ± 1.1 (82)

	

	

	
0.28 ± 0.02

	
0.33 ± 0.02




	
C. beijerinckii

DSM6422 *

	
H

	
16.2 ± 0.8 (64)

	
0.31 ± 0.02

	
0.48 ± 0.02

	

	








* data previously reported by Hou et al., 2017 [26].
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