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Transgenic bioenergy crops have shown the potential to produce vegetative oil by accumulating energy-rich triacylglyceride molecules that can be converted into biofuels (biodiesel and biojet). These transgenic crops cater to improved biofuel yield by providing lipids along with cellulosic sugars. Efficient bioprocessing technologies are needed to utilize these transgenic plants to their maximum potential. To this end, this study investigates a low- and high-severity chemical-free hydrothermal pretreatment of transgenic oilcane 1566 bagasse with in situ lipids to maximize the recovery of lipids for biodiesel and fermentable sugars for ethanol with minimal inhibitor generation. Hydrothermal pretreatment at 170°C recovered ∼25% of total lipids in the pretreatment liquor, leaving the remainder in bagasse residue for hexane recovery post fermentation . The recovery of lipids in pretreatment liquor remained constant beyond 170°C. Along with lipids, ∼35% w/w and ∼50% w/w fermentable sugars were recovered post saccharification from bagasse pretreated at 170°C and 210°C for 20 min, respectively. Hydrothermal pretreatment at 170°C for 20 min provided the optimum conditions for maximum recovery of lipids and cellulosic sugars that resulted in enhanced biofuel yield per unit biomass. High severity pretreatment increased the generation of inhibitors beyond the tolerance of fermentation microorganisms. In addition, the application of time-domain proton NMR spectroscopy was extended to bioprocessing. NMR technology facilitated the analysis of total lipids, the composition of fatty acids, and the characterization of free and bound lipids in untreated and pretreated oilcane 1566 bagasse subsequent to each step of biomass to biofuel conversion.
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INTRODUCTION
Biofuels are a drop-in, environmentally nontoxic, biodegradable, and less contaminating alternative to conventional fuels with comparable energy efficiency, with strong potential for lowering CO2 emissions. Cellulosic biomass has immense potential as a renewable feedstock for global energy needs. Bioenergy from traditional biomass such as cereal grains, forestry, and other energy crops constitutes approximately 7% of total global energy consumption (REN21, 2020). Oils from plants are particularly valued since they can be easily converted to biodiesel and bio-jet, serving markets that are unlikely to be electrified. To this end, bioenergy crops such as sugarcane, energycane, sorghum, and miscanthus are being metabolically engineered to shift the carbon flux from sugar to lipid synthesis and accumulation in their vegetative tissues (Zale et al., 2016; Vanhercke et al., 2019; Parajuli et al., 2020).
The accumulation of energy-rich triacylglyceride (TAG) molecules enhances the energy density of these transgenic bioenergy crops as compared to their wild-type varieties. These metabolically engineered transgenic bioenergy crops can be used for the production of both fermentable sugars and lipids/oil. Moreover, the very high productivity of these crops would result in substantially more oil per unit area than conventionally used oilseed crops (Parajuli et al., 2020). For example, sugarcane produces an annual yield of dry biomass of at least 10–20 times more per hectare than soybean; thus, accumulation of ∼20% lipids in the vegetative tissues would produce 10–20 times more oil for biodiesel than soybean per unit area (Huang et al., 2016a; 2016b). However, the quality of biodiesel is influenced by the composition of the total lipids of transgenic crops. Genetic engineering to modify the metabolic pathways of transgenic bioenergy crops provides a tool to develop desired feedstock to improve biodiesel quality by having a higher content of short, unbranched, and saturated fatty acids (Knothe, 2008, 2009).
Mechanical pressing and solvent extraction are the two most commonly used procedures for commercial oil extraction from oilseeds for biodiesel production (Atabani et al., 2013; Bhuiya et al., 2016). Although it is anticipated that refinement of bioengineering would eventually raise total oil content in transgenic bioenergy crops to 20%, initial steps have only raised total TAG content to 8 and 4.3% dry weight in the leaf and stem, respectively, along with an increase in total fatty acid content to 13% dry weight in the leaf (Parajuli et al., 2020). Nevertheless, this provides material on which challenges to extraction technologies may be evaluated. Since the total lipid content in transgenic bioenergy crops is lower than that in oilseeds and a considerable percentage of lipids are present in a complex bound form (Zale et al., 2016; Parajuli et al., 2020; Maitra et al., 2021), the conventional methods for oil recovery from oilseeds are not sufficient for effective lipid recovery from transgenic cellulosic biomass. Chemical-free low-severity methods for the extraction are necessary to prevent the decomposition of lipids during pretreatment, followed by saccharification of the residual cellulosic biomass to produce fermentable sugars. Jia et al. (2020) reported an improvement in lipid recovery upon hydrothermal pretreatment of oil-bearing corn germ meal at 180°C for 15 min (Jia et al., 2020).
The time-domain NMR technique provides a faster alternative to the existing lipid characterization and profiling techniques (Berman et al., 2013; Robinson and Cistola, 2014; Nascimento et al., 2017; Nikolskaya and Hiltunen, 2018). Rapid analytical methods for the initial screening of samples are critical in optimizing the extraction technology. Previously, we showed the application of TD-NMR as an effective high-throughput phenotyping method to quantify and characterize in situ lipids in transgenic lignocellulosic bagasse (Maitra et al., 2021). TD-NMR facilitates direct analysis of cellulosic biomass for lipid analysis without sample preparation or lipid extraction. Thus, TD-1H NMR provides a convenient and rapid alternative to the tedious wet chemistry technique of fatty acid analysis. The application of TD-NMR for qualitative and quantitative characterization of in situ vegetative lipids in cellulosic biomass after each bioprocessing step such as pretreatment, saccharification, simultaneous saccharification, and fermentation (SSF) has not been reported.
The present work investigates low- and high-severity hydrothermal pretreatment for maximizing lipid and sugar recovery with negligible inhibitor generation from the transgenic lipid-producing sugarcane (oilcane 1566) bagasse and extends the application of TD-NMR spectroscopy for the estimation of the total lipid and fatty acid composition in the cellulosic biomass before and after each of the following steps: pretreatment, enzyme hydrolysis, and SSF.
MATERIALS AND METHODS
Transgenic Bioenergy Crop
The transgenic oilcane event 1566 was grown in a greenhouse at the University of Illinois at Urbana-Champaign under controlled environmental conditions. This was a 16-h day in which sunlight was supplemented to ensure a minimum photon flux of 600 μmol m−2 s−1 light from high-pressure sodium lamps. The temperature was controlled between 28° and 31°C. Whole shoots of wild-type and transgenic plants were harvested at the stage that they would be harvested in the field for processing, that is, before flowering. The leaves were separated from the stem, and juice was extracted using a juicer (Juicematic SC-3 commercial sugarcane juicer). Each stem was passed through the juicer three times to extract maximum juice. The bagasse was dried to constant weight at 50°C. The dried bagasse was cut into smaller pieces of 1–2 inches with pruning shears, followed by shredding in a hammer mill (W-8-H, Schutte-Buffalo Hammermill, Buffalo, NY), with a sieve size of 2 mm. Bagasse was stored at −20°C until it could be used for further processing.
Hydrothermal Pretreatment
The hydrothermal pretreatment at 170 and 210°C for 10 and 20 min was performed in a sand bath (IFB-51 Industrial Fluidized Bath, Techne Inc., Burlington, NJ) attached to an air compressor for even heat distribution. Pretreatment was performed with a 20% w/w biomass solid loading. The transgenic oilcane 1566 bagasse samples were loaded into capped pipe reactors (316 stainless steel reactors: 10.478 cm length × 1.905 cm outer diameter × 0.165 cm wall thickness tubing, SS-T12-S-065–20, Swagelok, Chicago Fluid System Technologies, Chicago, IL; 316 stainless steel caps: SS-1210-C, Swagelok, Chicago Fluid System Technologies, Chicago, IL). A thermocouple [Penetration/Immersion Thermocouple Probe Mini Conn (−418–1652°F), Mc Master-Carr, Robbinsville, NJ] inserted into the reference pipe reactor filled with deionized water was used to monitor the in situ temperature. The thermocouple was connected to a data logger (HH306/306A, Datalogger Thermometer, Omega, Stamford, CT). The pretreatment reactions were quenched immediately after 10 and 20 min of pretreatment by submerging the reactors into cold water. The resulting, pretreatment liquor was analyzed for solubilized sugars and inhibitors using HPLC. The pretreated bagasse residue was kept at 4°C for lipid analysis and saccharification.
Saccharification
Enzymatic saccharification was performed on both untreated and pretreated transgenic oilcane 1566 bagasse using standard protocol NREL/TP-5100-63351 (Resch et al., 2015). Enzyme hydrolysis was carried out with 10% (w/w) biomass solid loading for 72 h at 50°C in an incubator shaker at 180 rpm. The working concentrations of the enzyme hydrolysis reaction mixture contained citrate buffer (0.05 M) and sodium azide (0.005%) to inhibit the growth of microorganisms and 16.9 mg protein/g of dry biomass of cellulase and hemicellulose mixture [59.64 FPU/g dry biomass enzyme loading (NS 22257, Novozymes North America, Inc., Franklinton, NC, United States)].
Simultaneous Saccharification and Fermentation (SSF)
Simultaneous saccharification and fermentation were performed on untreated and two differently pretreated transgenic 1566 bagasse [170°C for 20 min and 210°C for 20 min]. The working concentrations of the SSF reaction mixture contained citrate buffer (0.05 M), 16.9 mg protein/g of dry biomass of cellulase and hemicellulase mixture (NS 22257, Novozymes North America, Inc., Franklinton, NC, United States )], and C6/C5 fermenting recombinant Saccharomyces cerevisiae (kindly provided by DSM). The yeast was grown on a YPX medium (1% yeast extract, 2% peptone, and 2% xylose) for 48 h at 32°C. Yeast cells were centrifuged and inoculated in the SSF medium to obtain a starting cell O.D600 of 0.5. SSF was carried out for 96 h in a shaking incubator (180 rpm) at 32°C with 10% solid loading and sampled after every 24 h. The samples were filtered using 0.2-μm syringe filters and analyzed for sugars and ethanol using HPLC. The bagasse residue obtained post SSF was evaluated for lipid content and composition using TD-NMR.
Sugars and Inhibitor Analysis
The pretreatment liquors and hydrolyzates were centrifuged to separate the solid particles. The supernatants were filtered through 0.2-μm PTFE filters for HPLC analysis. The concentrations of sugars and inhibitors were estimated using an HPLC system (Waters alliance e2695 Separation module, Waters Corporation, MA, United States ) equipped with a refractive index detector and a Bio-Rad Aminex HPX- 87H column (Bio-Rad, Hercules, CA, United States ).
Time-Domain 1H-NMR Spectroscopy
Time-domain NMR spectroscopy was used for quantification of total lipids and major fatty acids, that is, palmitic (C16:0), oleic (C18:1), and linoleic (c18:2) acid and characterization of bound and free lipids in the untreated and pretreated transgenic oilcane 1566 bagasse.
Quantification of Total Lipid Using Benchtop Time-Domain- 1H-NMR Spectroscopy
The total in situ lipids in untreated and pretreated transgenic oilcane 1566 bagasse were quantified and analyzed for bound and free fractions and major fatty acids (palmitic acid, oleic acid, and linoleic acid) using TD-NMR spectroscopy (Maitra et al., 2021). A low-field benchtop time-domain proton NMR spectroscope (Minispec mq20, Bruker, Massachusetts, United States) was used. The NMR system was equipped with an 18-mm thermostat 1H-probe operating at 0.47 T/20 MHz and 40°C. For lipid analysis, the bagasse samples were dried (≤2% moisture content) to alleviate the interference of proton signals from water molecules. The time-domain 1H NMR was calibrated with lipids extracted from transgenic bioenergy crops for analyzing in situ lipids in transgenic lignocellulosic biomass as reported in previous work (Maitra et al., 2021).
Characterization of Bound and Free Oil Fraction Using TD-NMR
T1T2 relaxation/intensity curves were analyzed for characterization of total lipids into bound and free lipid fractions as reported in the previous work (Maitra et al., 2021). The Carr–Purcell–Meiboom–Gill (CPMG) application was used for acquiring the full exponential decay curves for transverse (T2) relaxation times. The longitudinal (T1) relaxation time was obtained by the inversion recovery method. A CPMG pulse sequence was applied for the measurement of spin–spin relaxation. The total number of acquired echoes was 800. 90°–180° pulse separation (tau) was 2. The T1 inversion recovery relaxation time had a first and final pulse separation of 2 and 800 ms, respectively. A sampling window of 0.1 ms was used. The recycle sampling delay for the T1 inversion recovery experiment was 2 s. A total of 10 data points were used to fit the curve for each sample. Both T1 and T2 relaxation spectra were fitted to a bi-exponential equation of second order as reported previously (Maitra et al., 2021). The CONTIN algorithm software obtained from Bruker provided the continuous distribution of T1 and T2 values.
Analyzing Fatty Acid Composition Using TD-NMR
TD-1H NMR was calibrated to quantify palmitic acid (16:0), oleic acid (18:1), and linoleic acid (18:2) in transgenic bagasse samples. The minispec Plus, containing Bruker’s OPUS software, was used for chemometric processing and storage of TD-NMR data. Chemometric processing included discerning differences between samples, identifying outliers, and obtaining regression models to correlate NMR values with the existing reference data in the software. Separate calibration curves were prepared for each fatty acid. Individual pure fatty acids (≥99% purity) were purchased from Sigma-Aldrich. The fatty acids were stored at −20°C. Palmitic acid (16:0), oleic acid (18:1), and linoleic acid (18:2) used in the study did not show susceptibility to oxidation at the experimental temperature of 40°C on repeated usage.
For non-invasive analysis of fatty acid composition in bagasse samples, pure free fatty acid standards were mixed with the “biomass matrix” as a background for calibration. Since bagasse itself is a complex matrix consisting primarily of lignin, cellulose, and hemicellulose, mixed with a variety of pigments, polyquinones and their oxidation products, membrane-proteins, and phospholipids, it is critical to abate the background signal of proton nuclei because of lipid molecules. The lipid biomolecules were removed from the bagasse by hexane, isopropanol, and ethanol extraction in a Soxhlet extractor. The bagasse obtained after extraction served as a “biomass matrix” for calibration purposes. The lipid-extracted bagasse was mixed with different amounts of pure fatty acid to calibrate the TD-NMR. Palmitic acid (16:0) was heated in a water bath at 65°C to ensure that it was in the oil form and above the crystalline-liquid phase transition before mixing it into the “biomass matrix” for calibration. A combination of FID (free induction decay) and CPMG applications was used to analyze the time decay signal of each fatty acid based on the nanofluidity of hydrocarbon chain packing (Robinson and Cistola, 2014). The decay spectra were evaluated by taking 16 scans with no dummy scans and a receiver gain of 40. Each fatty acid (palmitic acid, oleic acid, and linoleic acid) is expressed as the percentage of the total lipid present per gram of dry biomass.
Organic Solvent Lipid Extraction
Lipids/oils were extracted from the untreated and pretreated bagasse using the organic solvent method as reported by Huang et al. (2017). The organic solvent–extracted samples were analyzed for lipid classes and metabolites using GC/MS and LC/MS/MS. GC/MS and LC/MS/MS were performed at the Metabolomics Lab, Roy J. Carver Biotechnology Center, University of Illinois at Urbana-Champaign, IL, United States. A benchtop Agilent GC/MS (7890A GC with 5975C MS) with commercial Wiley and NIST libraries and a mass range of m/z 2 ∼ m/z 800 designed for small metabolite analysis equipped with EI and CI sources were used for targeted metabolite profiling analysis. For LC/MS/MS analysis, a benchtop Sciex LC/MS-5500 QTrap Mass Spectrometer (hybrid triple Quadrupole-linear accelerator trap mass spectrometer) with Turbo V™ Source including ESI and APCI connected to an Agilent 1200 HPLC was used. The scan modes include full scan and selected ion scan for both Q1 and Q3, Product Ion Scan, Precursor Ion Scan, Neutral Loss Scan, Multiple Reaction Monitoring (MRM), Enhanced MS Scan, Enhanced Product Ion Scan, Enhanced Resolution Scan, and MS3 scan with a mass range of m/z 5 ∼ m/z 1,250.
RESULTS
Lipid Analysis Using TD-NMR Spectroscopy
The recovery of lipids from transgenic bagasse needs bioprocessing that prevents them from decomposition. To maximize lipid recovery, the transgenic oilcane 1566 bagasse was pretreated with a chemical-free hydrothermal pretreatment at low and high severity. The severity of the pretreatment ([image: image]) was calculated using the equation (Overend et al., 1987),
[image: image]
where, t, T, and [image: image] represent the pretreatment time (minutes), pretreatment temperature (°C), and reference temperature, that is, 100°C, respectively. The severity factor of hydrothermal pretreatment at 170°C for 10 and 20 min is 3.06 and 3.36 but 4.23 and 4.54 for pretreatment at 210°C for 10 and 20 min, respectively. The untreated and pretreated bagasse residues were analyzed for total lipids using time-domain 1H-NMR spectroscopy. The untreated transgenic oilcane 1566 bagasse contained 3.05% total lipid per g of dry biomass. Upon hydrothermal pretreatment at 170°C and 210°C for 10 and 20 min, approximately 25% of total lipids were released in the pretreatment liquor (Figure 1A). The remaining 75% lipids remained in the bagasse irrespective of the severity of the pretreatment, which was recovered in subsequent steps.
[image: Figure 1]FIGURE 1 | Estimation of total in situ lipids in (A) the untreated and pretreated transgenic oilcane 1566 bagasse residues and (B) untreated and pretreated bagasse residues after saccharification using TD-NMR. Data present the mean of triplicates with a standard deviation of 0.05%.
Oil-associated proton relaxation time distributions of untreated and pretreated transgenic oilcane 1566 bagasse were analyzed. The samples exhibited two distinct oil-associated subpopulations of proton nuclei. Shorter and longer relaxation times of proton nuclei correspond to a lesser and higher degree of freedom, which represents the bound and free form of oils/lipids in the cellulosic biomass. In addition, the NMR intensity and magnitude of relaxation times qualitatively correspond to the relative amount of bound and free lipids in the bagasse residue (Maitra et al., 2021). The magnitudes of T1 relaxation times of untreated and hydrothermally pretreated bagasse are presented in Table 1. A decrease in the magnitude of the T1 relaxation times of pretreated bagasse as compared to untreated bagasse confirmed the release of lipids from the bagasse to the pretreatment liquor. The magnitude of T2 relaxation times also showed lower oil-associated proton fluidity of bound oil in pretreated biomass residue as compared to the untreated bagasse, while no oil-associated proton fluidity was observed for free oil (Supplementary Table S1). The result was mirrored in the total lipid measurement using NMR spectroscopy (Figure 1A). The total lipid content of the bagasse residue was reduced from ∼3 to 2.3% per g of dry bagasse. The lipid analysis of transgenic oil-containing bagasse using NMR is in agreement with that in our previous study with model biomass (bagasse with externally added crude corn oil) that successfully established the application of TD-NMR spectroscopy for precise measurement and characterization of the residual lipids in the biomass fibers after hydrothermal pretreatment (Maitra et al., 2021).
TABLE 1 | Analyzing T1 relaxation/intensity curves to investigate the fraction of bound and free lipids in the untreated and pretreated bagasse residues after various hydrothermal pretreatment conditions, saccharification, and SSF.
[image: Table 1]The bagasse residues obtained post saccharification were also analyzed for total lipid content and a change in the magnitude of T1 relaxation times using TD-1H NMR to investigate the further release of lipids. After saccharification, the total lipid content of bagasse residues increased by 26 and 54% for bagasse pretreated at 170°C (∼2.3 to ∼2.9% w/w) and 210°C (∼2.4 to ∼3.9% w/w), respectively (Figure 1B). The magnitude of T1 relaxation times of bagasse residues after saccharification for free oil was found to be lower than their corresponding untreated and pretreated bagasse residues (Table 1). The magnitude of T2 relaxation times for bound oil remained low, and no oil-associated proton fluidity was observed for free oil in biomass residues after saccharification (Supplementary Table S1). The magnitude of relaxation times corresponds to the amount of oil-associated proton nuclei, which is directly correlated to the concentration of oil/lipid in the residue (Maitra et al., 2021). Therefore, this observation indicates a further recovery of 45–60% of lipids in the hydrolyzate after saccharification. However, the magnitude of T1 relaxation time for bound oil showed no significant change in the signals. This suggests that the process of enzyme hydrolysis releases sugars by disrupting the cellulosic and hemicellulosic framework of the bagasse structure, which aids in the further recovery of the free form of lipids. However, the membrane-bound lipids are not recovered.
Analysis of NMR Relaxation/Intensity Curves
The study correlates T1 relaxation/intensity curves with the recovery of lipid from bagasse residues (Figure 2). A reduction in the NMR intensity of the T1 relaxation/intensity curves of the bagasse pretreated at 170°C for 10 and 20 min as compared to the untreated bagasse suggests reduced oil-associated proton fluidity of the bagasse and, hence, is directly correlated with the release of lipids from cellulosic biomass upon pretreatment (Maitra et al., 2021). The observation is in agreement with the quantitative analysis of the lipid content of the biomass residues (Figure 1A). T2 relaxation/intensity curves mirrored the results of the T1 relaxation/intensity curves but displayed lower NMR intensity for each biomass residue (Supplementary Figure S1). On the contrary, bagasse pretreated under severe conditions, that is, 210°C for 10 and 20 min exhibited higher NMR intensity. Therefore, the samples were analyzed using GC/MS to investigate the reason for the higher NMR intensity. The GC/MS analysis of the samples showed higher amounts of phenolics and various other metabolites than the untreated bagasse (Figure 3A). The proton nucleus metabolites could possibly contribute to the total proton signals, resulting in higher NMR intensity.
[image: Figure 2]FIGURE 2 | T1 relaxation/intensity curve analysis of in situ lipids in the untreated and pretreated bagasse residue of the transgenic oilcane 1566 bagasse.
[image: Figure 3]FIGURE 3 | (A) GC/MS analysis of total metabolites and (B) LC/MS/MS analysis of various lipid classes of untreated and hydrothermally pretreated transgenic oilcane 1566 bagasse using the organic solvent method. TG, DG, and MG denote triglycerides, diglycerides, and monoglycerides, respectively.
Analyzing Changes in Lipid Composition on Pretreatment
A qualitative GC/MS analysis was performed on the hexane-/IPA-extracted samples from untreated and pretreated transgenic oilcane 1566 bagasse (170°C for 10 min and 210°C for 10 and 20 min). The untreated bagasse sample contained >50% lipids; ∼ 40% plant metabolites such as maleic acid, fumaric acid, salicylic acid, itaconic acid, hydroxyquinone, and their derivatives; and 0.51% of phytohormones like derivatives of phenylacetic acid, indole-acetic acid, and indole-carboxylic acid. Hydrothermal pretreatment significantly increased the generation of phenolic compounds (Figure 3A).
LC/MS/MS analysis was performed to investigate the changes in the composition of lipid classes due to low and high severity hydrothermal pretreatment as compared to the untreated bagasse (Figure 3B). The untreated bagasse sample showed a higher relative percentage of membrane lipids, that is`, phospholipids and sphingolipids and only 0.02% w/w of free fatty acids. Both low and high severity pretreatment procedures aided in decreasing the membrane lipid content. The levels of mono glycerol (MG) and free fatty acids increased on pretreatment, which can be attributed to the thermal decomposition of membrane lipids during hydrothermal pretreatment (Maher and Bressler, 2007). The relative percentage of triglycerides (TGs), diglycerides (DGs), and sterol remained similar after pretreatment.
Analysis of Fatty Acid Composition of Transgenic Bagasse Using TD-NMR
The fatty acid profiles of untreated and pretreated bagasse residues are shown in Figure 4A. A decrease in the percentage of palmitic acid (C16:0) and oleic acid (C18:1) in the pretreated bagasse residue as compared to untreated bagasse indicates that both low- and high-severity pretreatment release fatty acids in the pretreatment liquor upon pretreatment. Pretreatment at 170°C for 10 and 20 min recovered ∼42% palmitic acid (C16:0) (a decrease from 14 to ∼8% C16:0 per g dry biomass), ∼55% oleic acid (C18:1) (a decrease from 38 to ∼17% C18:1 per g dry biomass), and ∼30% linoleic acid (C18:2) (∼9 to ∼6% C18:2 per g dry biomass) in the pretreatment liquor. On the other hand, high-severity pretreatment at 210°C for 10 and 20 min released ∼42% palmitic acid (C16:0) (a decrease from 14 to ∼8% C16:0 per g dry biomass), 39% of oleic acid (C18:1) (a decrease from 38 to ∼23% C18:1 per g dry biomass), and 20% of linoleic acid (C18:2) (a decrease from ∼9 to ∼7% C18:2 per g dry biomass) in the pretreatment liquor. The other fatty acids and lipid classes were concentrated in the bagasse residue on pretreatment. This observation is in agreement with that of the previously reported study (Jia et al., 2020). Pretreatment temperatures beyond 170°C exhibited no significant improvement in the recovery of fatty acids in pretreatment liquor.
[image: Figure 4]FIGURE 4 | Non-invasive analysis of the recovery of three important fatty acids such as palmitic (C16:0), oleic (C18:1), and linoleic (C18:2) acids in the bagasse residues before and after (A) hydrothermal pretreatment and (B) saccharification using TD-NMR.
On the other hand, enzyme hydrolysis aided the recovery of fatty acids other than C16:0, C18:1, and C18:2 by ∼16% (a decrease from 54 to ∼45% per g dry biomass) and ∼63% (a decrease from 54 to ∼20% C per g dry biomass) from 170°C and 210°C pretreated bagasse, respectively (Figure 4B). No further recovery of palmitic (C16:0) or linoleic acids (C18:2) was observed after saccharification. However, bagasse pretreated at 170°C and 210°C showed 1.3 and 2.1 times higher accumulation of oleic acid (C18:1) in the bagasse residue post saccharification, respectively.
Recovery of Fermentable Sugars From Transgenic Oilcane 1566 Bagasse
Besides lipids for biodiesel, fermentable sugars for bioethanol and various value-added bioproducts were recovered from the transgenic oilcane 1566 bagasse. The study categorizes the total sugar yield into solubilized and non-solubilized sugars. The sugars recovered in pretreatment liquor represented the solubilized sugar, while the yield of glucose and xylose obtained post saccharification is denoted as non-solubilized sugar as previously discussed (Maitra and Singh, 2021). Untreated oilcane 1566 bagasse yielded 0.200 ± 0.042 g sugar per g dry biomass on enzyme hydrolysis. Hydrothermal pretreatment at 170°C for 10 and 20 min yielded 0.227 ± 0.004 and 0.268 ± 0.004 g sugar per g dry biomass on saccharification, respectively. Pretreatment at 210°C for 10 and 20 min increased the sugar yield by 1.9 times (0.388 ± 0.003 g/g dry biomass) and 2.3 times (0.457 ± 0.010 g/g dry biomass) post saccharification as compared to the untreated biomass, respectively (Figure 5A). The total fermentable sugar (solubilized + non-solubilized sugars) increased from 20% w/w (untreated biomass) to 50% w/w (pretreated at 210°C), demonstrating >80% recovery of total sugar on pretreatment. However, with an increase in sugar recovery, the yield of inhibitors, specifically acetic acid, also increased significantly beyond the 170°C pretreatment temperature (Figure 5B). The observation is in agreement with that in our previous study that inhibitor generation increases exponentially beyond 170°C in hydrothermal pretreatment (Maitra and Singh, 2021).
[image: Figure 5]FIGURE 5 | (A) Total sugar recovered and (B) inhibitors generated during hydrothermal pretreatment of transgenic oilcane 1566 bagasse.
Lipid and Ethanol Yield After Simultaneous Saccharification and Fermentation (SSF)
Since ethanol has lipid-solubilizing property, simultaneous saccharification and fermentation (SSF) were performed with untreated and pretreated (170°C and 210°C for 20 min) bagasse to examine the recovery of lipids in the post-fermentation broth as observed in the corn dry–grind process (Moreau et al., 2010; Luangthongkam et al., 2015). The release of lipids from the cellulosic biomass after SSF is evident from the decrease in the magnitude of T1 relaxation time of pretreated bagasse samples (Table 1). A left shift in relaxation/intensity curves of the pretreated bagasse residue after SSF in Figure 6A indicates a reduction in the degree of freedom of lipid-associated proton molecules of the pretreated bagasse samples (Maitra et al., 2021). An increase in NMR intensity could be due to the contribution of proton molecules from citrate buffer, yeast, or enzymes used in SSF. The lipid released during fermentation can be present in different forms, such as oil-in-water emulsion, oil inside unbroken oil bodies, and oil droplets attached to cellulosic biomass (Luangthongkam et al., 2015). However, unlike the dry–grind process, due to the low lipid content in transgenic oilcane 1566 bagasse, most of the lipids remained either attached to or accumulated in the cellulosic biomass. Thus, an increase in the total lipid content of the pretreated bagasse residue after SSF was observed (Figure 6B). The fatty acid composition of the bagasse residue after SSF was similar to that of post-saccharification (Figure 6C).
[image: Figure 6]FIGURE 6 | (A) T1 relaxation/intensity curves analysis of in situ lipids, (B) amount of total in situ lipids, and (C) fatty acid profile of lipids in the untreated and pretreated bagasse residues after SSF. Sugar and ethanol profile of (D) untreated and hydrothermally pretreated oilcane 1566 bagasse, that is, (E) 170°C for 20 min, and (F) 210°C for 20 min during SSF.
The sugar and ethanol profiles of untreated and pretreated bagasse during SSF are presented in Figures 6D–F. Oilcane 1566 bagasse pretreated at 170°C for 20 min resulted in the best outcome for enhanced biofuel yield. It yielded a maximum ethanol concentration of 15.3 g/l which is 23.7 and 92.1% higher than ethanol obtained from untreated bagasse (11.6 g/l) and bagasse pretreated at 210°C for 20 min (1.2 g/l), respectively. Glucose and xylose were consumed simultaneously and completely within 48 h of fermentation (Figure 6E). A decrease in ethanol concentration after 55 h was observed that could be due to the consumption of ethanol by yeast as a carbon source after complete consumption of sugars (Figures 6D, E) (Raamsdonk et al., 2001). It has been observed in several fermentation studies with both Crabtree positive and negative yeasts that once all the sugars in the fermentation medium are consumed, yeasts start to consume sugar metabolism products as a carbon source and proliferate slowly (Polakis and Bartley, 1965; Skoog et al., 1992). Unfortunately, due to high concentration of inhibitors (Figure 5B), yeast could not grow well on bagasse pretreated at 210°C for 20 min. No significant change in sugar consumption or ethanol production was observed over 96 h of fermentation (Figure 6F). High-severity pretreatment generates inhibitory compounds that restrict the growth of yeast and reduce ethanol yield (Figures 5B, 6F). Removal of inhibitors could improve the fermentation efficiency of high-severity–pretreated bagasse.
DISCUSSION
Recovery and Stability of Lipids During Bioprocess Steps
Plant tissues have a variety of lipid classes present in both bound and free forms. Triacylglyceride (TAG) molecules in the transgenic oilcane 1566 accumulate in the form of droplets inside the vegetative tissues (Parajuli et al., 2020). Recovery of a fraction of these free lipids in the pretreatment liquor decreases the cost of subsequent solvent extraction. The present NMR study showed that hydrothermal pretreatment and saccharification release ∼25% of total lipids in pretreatment liquor and 45–60% of the remaining lipids in hydrolyzate, respectively. The remaining bound lipids in the cellulosic biomass can be extracted at the end of the bioprocess using organic solvent extraction (Huang et al., 2017).
Analysis of the stability of in situ lipids in the transgenic cellulosic biomass upon pretreatment is critical to optimizing the pretreatment parameters. To this end, time-domain proton NMR spectroscopy can detect minute alterations in the degree of freedom of oil-associated proton nuclei in the bagasse residues after various pretreatment procedures. Changes can be observed in the NMR intensity and the magnitude of relaxation time distribution (Robinson and Cistola, 2014; Nikolskaya and Hiltunen, 2020; Maitra et al., 2021). The T1 relaxation/intensity curves also provide information on the decomposition of lipids in the pretreated bagasse residue upon pretreatment. In the previous study, the authors demonstrated the effects of hydrothermal, dilute-acid, and alkali pretreatment on model biomass systems (bagasse with externally added crude corn oil). In the alkaline pretreated biomass, alkali caused saponification of the oil in the biomass which resulted in inconsistent relaxation/intensity curves, indicating the decomposition of oil due to the saponification reaction (Maitra et al., 2021). Unlike the NMR relaxation/intensity curves of alkali-pretreated biomass, both low- and high-severity hydrothermal pretreatment retain the stability of in situ lipids (Figure 2).
The Composition of Lipids Recovered Decides the Quality of Biodiesel
In addition to the stability of lipids, the lipid classes and the fatty acid profile of the lipids in the transgenic bioenergy crops are crucial as they decide the properties of biodiesel such as oxidative stability, freezing point, heating value, lubricity, kinematic viscosity, and cloud point (Knothe and Gerpen, 2005; Knothe, 2008). The approach of hyperaccumulation of lipids in transgenic bioenergy crops also aims to improve the percentage of desirable fatty acids. Therefore, during the development and optimization of the pretreatment protocol for transgenic bioenergy crops, it is necessary to analyze the fatty acid composition of lipids after each step of bioprocessing. TD-NMR provides a rapid and convenient screening method during the initial developmental stages. The TD-NMR technique utilizes the specific T1T2 relaxometry spectra of saturated (SFA), unsaturated (UFA), and polyunsaturated (PUFA) fatty acids. Each fatty acid exhibits distinct spectra due to the nanofluidity of the hydrocarbon side chains and molecular properties (Robinson and Cistola, 2014; Nikolskaya and Hiltunen, 2018, 2019). The fatty acid composition of seed oils is routinely analyzed using NMR (Ebrahimi et al., 2017; Engelsen and van den Berg, 2017; Gottstein et al., 2019). The present study extends the application of the TD-NMR technique for determining the fatty acid profile of lipids in cellulosic biomass residues subsequent to each bioprocessing step.
TD-NMR analysis of the oil-associated proton fluidity (Figure 2) and fatty acid profile (Figure 4A) of untreated and pretreated bagasse residues confirmed the release of lipid molecules in the pretreatment liquor upon pretreatment. However, bagasse residues obtained post saccharification showed a relatively higher percentage of C16:0, C18:1, and C18:2 fatty acids (Figure 4B). This can be attributed to the deconstruction of the biomass residue to release sugars and the accumulation of membrane-bound lipids in the remaining bagasse residue. An increased fraction of C18:1 (oleic) was observed in the pretreated biomass post saccharification. C18 unsaturated fatty acids are one of the predominant fatty acids in plants. Since both pretreatment and saccharification solubilize the structural carbohydrates, an increase in the percentage of oleic acid (C18:1) in the pretreated bagasse residue after saccharification can be attributed to its higher occurrence as part of membrane-bound lipids (Reszczyńska and Hanaka, 2020). A higher percentage of C18 unsaturated fatty acids, specifically oleic acid in the lipids recovered from transgenic crops, aids the improvement in biodiesel quality by balancing the oxidative stability and cold flow of biodiesel without affecting the cetane number (Knothe, 2009). Interestingly, genetically modification expressed higher average values of oleic fatty acid in the transgenic oilcane bagasse which is best suited for biodiesel.
Enhanced Biofuel Yield From Transgenic Oilcane 1566 Bagasse
Both low- and high-severity chemical-free hydrothermal pretreatment of the transgenic oilcane 1566 bagasse efficiently recover lipids in pretreatment liquor and hydrolyzate, while remaining lipids get concentrated in the bagasse residue that could be recovered post fermentation for biodiesel production. High-severity hydrothermal pretreatment (210°C for 10 and 20 min) improved recovery of various lipid classes as compared to low severity pretreatment (170°C for 10 min) (Figure 3A). However, unfortunately, high-severity pretreatment produced >15%, >2.5%, >2% per g dry biomass of acetic acid, HMF, and furfurals, respectively (Figure 5B). The high concentration of inhibitory compounds restricted the growth and fermentation process of yeast during SSF, which limited the optimal production of bioethanol (Figure 6F), even though the recovery of lipids (Figure 3A) and fermentable sugars on saccharification was higher (Figure 5A). In hydrothermal pretreatment, the amount of inhibitory compounds generated is a function of biomass type, moisture content during pretreatment, and pretreatment time and temperature (Ximenes et al., 2011; Maitra and Singh, 2021). To this end, the low-severity pretreatment of bagasse recovered comparable lipids, ∼35% w/w fermentable sugars, and significantly fewer inhibitory compounds that resulted in enhanced biofuel yield (lipids for biodiesel and bioethanol). Hence, hydrothermal pretreatment of transgenic oilcane 1566 bagasse at 170°C for 20 min provides optimum pretreatment conditions to balance the maximum recovery of lipid and fermentable sugar and minimal generation of inhibitors.
CONCLUSION
The study evaluates and presents chemical-free hydrothermal pretreatment at 170°C for 20 min as an optimized condition that balances the maximum recovery of lipid and fermentable sugars and minimal generation of inhibitors from oilcane 1566 bagasse. The NMR relaxometry spectra revealed that hydrothermal pretreatment prevents the decomposition of in situ lipids of transgenic bioenergy crops during the recovery process. Moreover, the study successfully demonstrates the application of time-domain 1H-NMR spectroscopy in the field of bioprocessing for quantification of total lipids in cellulosic biomass, characterization of in-situ lipids into bound and free fractions, and determining the fatty acid composition of cellulosic biomass. The use of NMR spectroscopy has significantly sped up the analysis.
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