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The structural recalcitrance of lignocellulose limits its enzymatic hydrolysis, which leads to inefficient enzyme usage and inhibition of saccharification, depending on the pretreatment method. Research on the structural properties of xylem tissues of hardwood and their effect on enzymatic saccharification is necessary to achieve cost-effective biofuel production via improved enzyme cocktail preparation. Oak wood (Quercus acutissima) was pretreated and delignified with a hydrogen peroxide-acetic acid (HPAC) solution. Cellulose was found to undergo significant swelling in the lumen of the wood fiber, and it was sorted into readily hydrolysable (72.9%), mid-hydrolysable (8.2%), and hardly hydrolysable (18.9%) cellulose forms. Oak wood has been shown to be strongly retarded among the various types of hardwoods. The recalcitrance of the xylem tissues, such as wood fibers, tracheids, vessel elements, and ray parenchyma cells, was determined through analysis of the hydrolysis rates. It was found to increase in the following order: ray parenchyma cells < tracheids < wood fibers or vessel elements < tracheids < wood fibers. The wood fibers were almost enzymatically fragmented into pieces ~90 μm in length at crack sites in 6 h. The wood fibers were digested faster in the S3 or S2 wall than in the primary wall. The result indicated that the primary wall may be a structural retardation factor in the hardwood as sorted to the hardly hydrolysable cellulose. In presence of 10% substrate supplemented with enzymes to reduce the structural recalcitrance (xylanase and lytic polysaccharide monoxygenase) and end-product inhibitions (beta-glucosidase), the hydrolysis rate was increased by 55.21%. Ethanol fermentation exhibited a higher efficiency when a single substrate (Q. acutissima) rather than a mixture of various hardwoods was used. Of all the xylem tissues of hardwood that were delignified by HPAC pretreatment, wood fiber was found to be a structural retardation factor owing to the recalcitrance its primary wall. Thus, enzyme preparation can enable the rapid and efficient hydrolysis for the commercialization of bioethanol from hardwood.

Keywords: structural recalcitrance, cellulose, hardwood, xylem tissues, enzymatic hydrolysis, rapid saccharification, pretreatment


INTRODUCTION

Based on the presence of complex polymeric structures, such as lignin, hemicellulose, and cellulose, the recalcitrance of lignocellulosic materials involves the following three main stages: lignin interference, cellulose structural retardation (amorphous and crystalline), and end-product inhibition of cellulase activity (Hall et al., 2010; Rahikainen et al., 2011; Murphy et al., 2013; Vermaas et al., 2015; Zhang et al., 2018). Highly oxygenated aromatic lignin polymers inhibit cellulose swelling during pretreatment, and the complex structure adsorbs cellulase and blocks the access of the cellulase onto the cellulose fibers of biomass during enzymatic hydrolysis. Cellulose, at the level of the microfibril structure, consists of amorphous and crystalline regions. The former regions are highly degradable, but the latter regions have a different hydrolysis rate depending on whether the pretreatment involves natural crystalline cellulose (cellulose I) that is convertible to cellulose II or III. Crystalline celluloses having different hydrogen-bonding networks between cellulose chains exhibit different rates of enzymatic hydrolysis. The hydrolysis rate decreases in the following order: cellulose III > cellulose II > cellulose I (Igarashi et al., 2007). Some pretreatments require post-treatment for generating more hydrolyzable cellulose structures and increasing the hydrolysis rate (Kumar et al., 2011). End-product inhibition of the cellulases from Acremonium thermophilum, Thermoascus aurantiacus, Chaetomium thermophilum, and Trichoderma reesei have been investigated (Teugjas and Valjamae, 2013).

The cellulolytic enzymes of T. reesei include two cellobiohydrolases (CBHs: Cel7A and Cel6A, which account for 68–80% of the secretome), several endoglucanases (EGs: Cel7B, Cel5A, Cel12A, Cel61A, Cel45A, Cel74A, Cel61B, and Cel5B; 10–15%), and few other enzymes [β-glucosidase, xylanases, and helping enzymes, e.g., arabinofuranosidases, esterases, lytic polysaccharide monoxygenases (LPMOs)] (Herpoel-Gimbert et al., 2008; Chundawat et al., 2011). CBHs release cellobiose from the ends of insoluble cellulose chains (from the reducing end by Cel7A, and from the non-reducing end by Cel6A) through their tunnel-shaped active sites via the “processive action,” which has been established using the surface erosion model for the degradation of cellulose (Valjamae et al., 1998). CBHs are strongly inhibited by end-products such as cellobiose, glucose, and xylooligomers (Gruno et al., 2004; Qing et al., 2010; Baumann et al., 2011). In particular, the inhibition of Cel7A by cellobiose (rather than the inhibition of Cel6A by glucose) is a representative retardation factor (Murphy et al., 2013). The mechanism of cellobiose inhibition was reported to occur in such a way that cellobiose combines with tryptophan residue located near the active site of Cel7A and prevents the entrance of cellulose chains into the tunnel-shaped active sites, which induces conformation changes in the enzymes and non-productive adsorption (Yue et al., 2004). These reports indicate why supplementation with β-glucosidase is necessary.

The enzymatic hydrolysis of lignocellulosic biomass has been researched with regard to the enzyme attack on the microfibril or a single strand of the β-1,4-glucose chain. However, there have been few studies on enzymatic hydrolysis at the level of the microscopic structure. Clarke et al. (2011) examined the relationship between fiber dislocations and fiber cutting in the enzymatic hydrolysis of softwood, and suggested that fiber cutting may accelerate the enzymatic hydrolysis through pretreatments that generate dislocation sites. Arantes et al. (2014) revealed various patterns in hardwood or softwood fibers, such as changes in fiber cutting and fiber width during enzymatic hydrolysis. Thygesen et al. (2011) found that dislocations are not amorphous but crystalline in filter paper fiber (softwood tracheids), and that endo-glucanase (Family GH45 from Uumicola insolens) is bound strongly to the dislocation sites as well as to the loosened parts of softwood and wheat fiber. These studies indicated that the digestibility of cellulose is not determined solely by the crystallinity index in terms of the structural retardation of cellulose (Igarashi et al., 2011; Thygesen et al., 2011; Arantes et al., 2014).

Anatomically, hardwood consists of wood fibers (libriform fibers and fiber tracheids), tracheids (vascular and vasicentric tracheids), parenchyma cells (ray and longitudinal parenchyma), and vessel elements in the sap and heart wood. In some hardwoods, such as birch (Betula verrucosa), beech (Fagus sylvestris), and ash (Fraxinus exicelsior), the xylem tissues are composed of 64.8, 37.4, and 62.3% wood fiber, respectively; 24.7, 31.0, and 12.1% vessels, respectively; 8.5, 27.0, and 14.9% ray cells, respectively; and 2.0, 4.6, and 10.6% longitudinal parenchyma cells, respectively (Monica et al., 2009). The vessel and ray volumes in the yellow poplar tree was found to be ~42.75 and 11.80%, respectively (Taylor, 1968). Oak wood (Quercus acutissima) is composed of 14.3% vessel elements, 62.4% wood fibers, 7.2% longitudinal parenchyma cells, and 16.1% medullary ray cells, as reported in the textbook “Wood Anatomy and Classification” (Text in Korean). The hydrolysis rates of the tissues have not been evaluated thus far. Analysis of the hydrolysis patterns of the xylem tissues provides a greater understanding of efficient saccharification in biofuel production.

Pretreatment produces a wide range of properties of the cellulose at the level of the microfibril, as well as the microscopic structure, depending on the reaction conditions and results in different hydrolysis rates (Cara et al., 2006; Zhang et al., 2018). Hydrogen peroxide-acetic acid (HPAC) treatment is a simple method to achieve lignin removal and allows cellulose to achieve highly efficient saccharification of softwood and hardwood (Wi et al., 2015). In this study, the reason for the highly efficient hydrolysis in HPAC-pretreatment of oak was analyzed with regard to the cellulose structural modification and the retardation factors during enzymatic hydrolysis, compare with other methods such as popping, acidified sodium chlorite (ASC) treatment, and phosphoric acid (PA) treatment. To better understand the hydrolysis patterns of hardwoods, anatomical tissues isolated from oak were digested and the degradation patterns were assessed.



MATERIALS AND METHODS


Enzyme Preparation

Cellulase from Hypocrea jecorina (T. reesei) was produced in Czapek dox media (0.2% KH2PO4, 0.42% (NH4)2SO4, 0.03% MgSO4, 0.03% CaCl2, 0.1% peptone, 1% glucose, 0.2% trace element solution (0.1% MnSO4, 0.2% CoCl2, 0.14% ZnSO4, 0.5% FeSO4), 1% glucose, 0.02% urea, and 2% Tween 80. The 100 L bioreactor (KobioTech, South Korea) was operated at 400 × g and 28°C for 8 days. The cellulase expression was induced by the addition of 1 % (w/v) avicel. The airflow rate and pH adjustment were autoregulated to 1 vvm and pH 4.8, respectively. The harvested cellulase was measured to be 1.5 FPU when 10 μL of the cellulase was applied to 50 mg mL−1 Whatman No.1 filter paper strip (1.0 × 6.0 cm) according to the measurement of cellulase activity on filter paper.

Xylanase (Xyl) of T. longibrachiatum (Cat. X2629) was purchased from Sigma- Aldrich. GH61-Auxiliary activity family 9 (AA9) copper-dependent lytic polysaccharide monooxygenases (LPMOs) of Gloeophyllum trabeum was cloned (GeneBank accession number: AEJ35168) and the recombinant enzymes were produced in Pichia pastoris with pPICZαA expression vector (Invitrogen, Carlsbad, CA, USA). The enzyme was purified with Ni-NTA column (Qiagen Hilden, Germany). Quantification of the enzyme was carried out using Bradford assay. Beta-glucosidase (Bgl) of Aspergillus niger was purchased from Megazyme Inc. (Lot 141001, Ireland).



Pretreatment

Popping pretreatment on oak wood was conducted via a previously reported method (Wi et al., 2011). The pretreatment was performed in a 3 L laboratory-scale steel cylindrical reactor equipped with a gas burner, hatch, and rotor. A chipped and ground wood sample (particle size: 0.7 ± 0.2 cm) was briefly soaked in water and added to the cylindrical reactor (filling up to one-third volume of the reactor). When the temperature and pressure inside the reactor were 220°C and 2.1 MPa, respectively, the hatch was immediately opened to expose the sample to the atmospheric pressure. The collected sample was stored at room temperature and used to analyze the structural effect of cellulose on the enzymatic hydrolysis rate.

Phosphoric acid (PA) was applied to popping-pretreated oak as a post-treatment. PA was prepared at a concentration of 80% and was mixed with 1% (g/v) popping pretreated oak. The mixture was incubated on ice for 1 h. Centrifugation and washing were repeatedly conducted to completely remove the acid solution from the residues.

Acidified sodium chlorite (ASC) pretreatment was performed using a modified method (Nan et al., 2018). A solution of sodium chlorite (0.02 g mL−1) and glacial acetic acid (20 μL mL−1) was added to chopped oak wood, and the mixture was incubated in a water bath at 70°C for ~30 min until the color turned white. Centrifugation and washing with distilled water were repeatedly performed several times to remove the chemicals. The delignified sample was freeze-dried.

HPAC pretreatment was conducted using a 1:1 solution of hydrogen peroxide: acetic acid. The prepared solution was added to the wood chips which (100 g of hardwood per 1 L of HPAC solution), which had an average dimension of ~0.2 cm (width) ×0.3 cm (height) × 4 cm (length). The mixture was incubated in a water bath at 80°C for 2 h. After they were washed several times to completely remove the solution, the fibers were freeze-dried.



Enzymatic Rehydrolysis

The initial rates of enzymatic hydrolysis for the samples that were prepared via popping, PA, ASC, and HPAC treatment were analyzed. The samples (1% g v−1) were hydrolyzed in 1 mL citrate buffer (20 mM, pH 5.0) containing 3.5 FPU cellulase g−1 biomass at 50°C for 1 h. After centrifugation, the supernatant (1 mL) was used to measure the sugar concentration, and the pellet was briefly washed twice with a 20 mM citrate buffer (pH 5.0) to remove soluble sugars. The pellet was repeatedly hydrolyzed and washed under the aforementioned conditions until the 6th stage, and then additional hydrolysis was performed for 2 d to nearly completely remove the carbohydrates from the pellet. The concentration of the reducing sugars was measured using a DNS solution (1% dinitrosalicylic acid, 0.05% sodium sulfite, 2% Rochelle salt, 0.2% phenol, 2% NaOH), via a method reported by Lee et al. (2014). The initial rate was calculated using the following equation:
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where [S]n represents the concentration of soluble sugars in the supernatant at each stage, and [S]t represents the total sugar concentration, which is the sum of the sugar concentrations of the different stages and the additional reaction.



Light Microscopy

Cross-section with a rotary microtome was carried out to obtain oak sections with 60 μm thickness. The sections were delignified in the ASC or HPAC solution at 80°C for 2 h, and stained with 1% phloroglucinol-HCl for lignin detection. For the in-situ experiment, the cross-sections were placed on slide glass, and hydrolyzed in 20 mM citrate buffer (pH 5.0) with 15 FPU (100 μL mL−1) at 50°C. The reactions were monitored at the same positions with a microscope (Olympus BX41) until the result of digestion was distinguishable.



Enzyme Adsorption

Avicel was incubated with ASC or HPAC solution at 80°C for 2 h. After the removal of chemicals, the pretreated 5% Avicel was incubated with 1 mL citrate buffer (20 mM, pH 5.0) containing 15 FPU g−1 biomass at 50°C for 1 h. The initial concentration of enzyme [E]i and the enzyme concentration of the supernatant [E]s in 1 mL citrate buffer were measured using the Bradford method (Bio-Rad protein assay solution, Cat. No. 500-0006, BIO-RAD, U.S) with an enzyme-linked immunosorbent assay (MULITSCAN EX, Thermo SCIENTIFIC) at 595 nm. The concentration of the adsorbed enzymes [E]ad was calculated using the following equation: [E]ad = [E]i-[E]s.



Enzymatic Hydrolysis of Various Hardwoods

Hardwoods (Castanopsis sieboldii Hatus, Camellia japonica, Liriodendron tulipifera L., Quercus acuta thunb, Mallotus japonicas, Quercus acutissima, and Populus deltoides) 15–20 cm in diameter were chopped to prepare wood chips with dimensions of 0.2 cm (width) × 0.3 cm (height) × 4 cm (length), and were delignified with HPAC solution at 80°C for 2 h. The samples (1%) were incubated in 20 mM citrate buffer (pH 5.0) containing 7.5 FPU cellulase g−1 biomass at 50°C for 3 h, and the concentrations of the supernatants were measured using a DNS assay. The hydrolysis rates were calculated using the equation, [S]h h−1, where [S]h represents the concentration of reducing sugars at the reaction time during the enzymatic saccharification.



Filtration of Anatomical Xylem Tissues and Hydrolysis

Wood fibers, tracheids, and ray parenchyma cells from HPAC-pretreated oak were separated via filtration with 60 and 100 mesh filters (S1020, Sigma–Aldrich). The fractions passing through the 60 and 100 mesh filters (called FPT 60 and FPT 100, respectively) were isolated. The wood fibers and tracheids that remained on the 60 mesh (fibers fraction) were harvested. The fractions were observed using a light microscope (Eclipse TE2000-U, Nikon; Olympus BX41). The samples were freeze-dried for storage at room temperature.

Enzymatic hydrolysis was performed in 20 mM citrate buffer (pH 5.0) containing 0.5% FPT 60, FPT 100, and fibers with 15 FPU cellulase (100 μL mL−1) at 50°C for 1 h. The hydrolysis rate of the fractions was calculated using the equation [S]h [image: image] h−1, where [S]h represents the concentration of the reducing sugars at the reaction time during enzymatic hydrolysis, and [S]t represents the concentration of total reducing sugars after 24 h, which were almost completely hydrolyzed.



Fractionation of Wood Fibers and Examination Under an Electron Microscope

The wood fiber (0.01 g mL−1) was hydrolyzed with 15 FPU (100 μL mL−1) at 50°C without shaking. The fractionation was monitored with Olympus BX41 at each time point, and the fiber length was analyzed with Focus Lite ver2.90 software. The fractionated wood fibers at the appropriate reaction time were sectioned and examined using a transmission electron microscope (JEM-1400, JEOL) at an acceleration voltage of 80 kV.



Saccharification and Fermentation

A high concentration of HPAC-pretreated oak (10%) was hydrolyzed in 20 mM citrate buffer (pH 5.0) containing 15 or 30 FPU g−1 biomass with or without supplemental enzymes (xylanase, LPMO, and betaglucosidase) at 50°C for 72 h. One unit of xylanase of T. longibrachiatum was defined as the amount of enzyme required to produce 5 mg mL−1 reducing sugar from 1% beechwood xylan at 50°C in 10 min. Beta-glucosidase (25 μg mL−1) completely degraded 20 mM cellobiose at 50°C in 10 min. Five units of xylanase (0.3 mg LPMO per g−1 biomass) and 50 μg of beta-glucosidase were loaded onto the substrate. The results were tested for significant differences on synergistic effect of between cellulase and helping enzymes, between with SigmaPlot 12.5 (Systat Software, Inc.).

Yeast powder (0.01 g of Saccharomyces cerevisiae) was inoculated in 100 mL of YPD solution (1% yeast extract, 2% peptone, and 2% glucose), and cultured at 30°C for 12 h. The cells were harvested, and one quarter of the cells were added to 10 mL of the supernatant (containing 0.1% yeast extract and 0.2% peptone) from a 1, 5, or 10% HPAC-pretreated oak (Q. acutissima) or HPAC-pretreated hardwood mixture (C. sieboldii Hatus, C. japonica, L. tulipifera L., Q. acuta thunb, M. japonicas, Q. acutissima, P. deltoids). The saccharification process was conducted with 30 FPU cellulase g−1 biomass and the supplemental enzymes at 50°C for 3 days. Ethanol fermentation was performed in a shaking incubator at 200 rpm and 30°C for 24 h. The ethanol was quantified using high–performance liquid chromatography with a Rezex ROA column (4.6 × 300 mm2; Phenomex, Torrance, CA, USA). Elution was performed with deionized water at a flow rate of 0.6 mL min−1 at 80°C.




RESULTS AND DISCUSSION


Pretreatment and Comparison of Cellulose Modification

Pretreatments involving steam explosion, popping, organosolv, ASC, dilute acid, and HPAC have been developed to enhance the enzymatic hydrolysis of lignocellulosic materials for economical biofuel production. Depending on the pretreatment severity and biomass species, enzymatic hydrolysis has led to various results (from 40% to > 90%) owing to differences in the strength of the lignin interferences and the cellulose structural recalcitrance (Zhu and Pan, 2010). Delignification of biomass by HPAC is a method used to remove the lignin interferences and change natural cellulose into an enzyme-friendly cellulose structure, which was investigated in this study. Popping pretreatment is useful for assessing lignin interferences such as adsorption of cellulase, blockage of cellulase access to cellulose fibers, and hindrance of cellulose modification during amorphogenesis. Delignification of lignocellulose, accompanied by a comparison of the hydrolysis patterns between HPAC and ASC during saccharification, can be used to evaluate the effect of the cellulose structure on enzymatic hydrolysis without lignin interferences. PA treatment can be utilized to examine the inhibitory effect of the cellulose structure in the presence of lignin. The cellulose properties were analyzed using Fourier transform infrared spectroscopy after PA or sodium hydroxide treatment, and an increase in the peak absorbance between 3,261 and 3,334 cm−1 indicated the conversion of cellulose type I to type II; the modified type II cellulose was readily hydrolyzed (Oh et al., 2005; Lee et al., 2014).

Oak wood was pretreated using various methods, such as popping and PA, ASC, and HPAC treatments (Figure 1) and the total reducing sugars from the 1% pretreated-oak were measured such as 4.79 ± 0.15, 5.44 ± 0.69, 5.02 ± 0.33, and 5.46 ± 0.46 mg mL−1, respectively. The oak samples were repeatedly hydrolyzed for 1 h at 50°C and washed to remove end-product inhibition. The initial rate (%) of hydrolysis at each stage in the popping-pretreated oak was 5.92 ± 0.63 on average. However, PA treatment for the popping-pretreated oak changed the initial rate (%) to 65.6 ± 1.15 (and 64.2 ± 1.52 for the sample that was partially hydrolyzed). The results indicate that PA treatment converts natural cellulose into a readily hydrolysable type of cellulose that has an amorphous structure (Zhang et al., 2006). The average conversion ratio was 64.9%. However, the limitation of the PA treatment was that the solution was blocked from penetrating into the core of microfibrils, and the cellulose (~23.1%) remained as natural cellulose, the hydrolysis rate of which were 5.78% (0.35 ± 0.12 mg mL−1 reducing sugars) on average in between 3rd and 6th stage. The cellulose was sorted into hardly hydrolysable. The hydrolysis rates of ASC and HPAC pretreated oak were not as remarkable as the results of PA treatment at the early stage of the hydrolysis, but the hydrolysis rate throughout the stages of rehydrolysis of ASC and HPAC pretreated-oak indicates different cellulose properties from the regenerated cellulose with PA (Figure 1A). In the absence of end-product inhibition caused by xylooligomers and cellobiose, the hydrolysis rate was increased by 63.4% (Figure 1B). However, the remained (1.14 ± 0.12 or 1.05 ± 0.02 mg mL−1 reducing sugars) at the last stage (6th) of 1% ASC or HPAC pretreated oak in Figure 1C were hardly hydrolysable. These results indicated that end-product inhibition has a considerable influence as a retardation factor during the early stage of enzymatic hydrolysis, while the structural recalcitrance of cellulose has a greater negative effect during the late stages.


[image: Figure 1]
FIGURE 1. Determination of the ratio of recalcitrant cellulose in oak wood. (A) To estimate the cellulose structural retardation during the enzymatic hydrolysis, re-hydrolysis was performed with 1% (g v−1) PA, ASC, and HPAC pretreated oak. Each stage was conducted with 3.5 FPU at 50°C for 1 h. A new stage was started with the remaining solid fraction after the hydrolysis with fresh enzyme. The hydrolysis patterns during re-hydrolysis were shown to be little different between HPAC- and ASC-pretreated oak (p = 0.823), but the significant hydrolysis rate were appeared at the first stage of phosphoric acid treated oak (p = < 0.001). The most retardation during the hydrolysis occurred in popping-pretreated oak (p < 0.050). (B) To investigate the end-product inhibition at the early stage, the sum of reducing sugars up to the 4th stage (popping, HPAC, ASC, and PA) in (A) was compared with the concentration of reducing sugars produced by the reaction over 4 h (HPAC-4 h). The red dotted arrow indicates reduction via end-product inhibition. (C) Determination of the cellulose structural retardation factor. Popping-pretreated oak was hydrolyzed for 1 h (green bar). PA was treated for amorphogenesis (red arrow). The bars represent the cellulose types based on the data of (A). The cellulose was sorted into three types: readily hydrolysable (orange bar), mid-hydrolysable (blue), and hardly hydrolysable (dark gray).


HPAC treatment, compared with ASC, induced significant cellulose swelling in all anatomical structures of hardwood, particularly in wood fibers and vessel elements (Figure 2A). The conversion of the crystalline structure from cellulose Iα to cellulose III1 induced greater adsorption of Cel7A in the cellulose hydrophobic region, and enhanced the hydrolysis of crystalline cellulose (Igarashi et al., 2011). An assessment of the CBM adsorption was performed to quantify the modifications of cellulose at the microfibril level (Gourlay et al., 2012). It is possible to measure the rate of cellulose structural modification at the microfiber level according to the cellulase adsorption. The cellulase was absorbed to a greater degree on HPAC-treated Avicel than that on the ASC-treated Avicel, indicating that the HPAC-treated Avicel transformed into more cellulase-friendly cellulose, such as cellulose II or III (Figure 2B). The structural modification resulted in significantly faster hydrolysis on wood fibers, vessel elements, and ray parenchyma cells in HPAC-treated oak compared with ACE-treated oak (Figure 3).


[image: Figure 2]
FIGURE 2. Structural modification of cellulose. The modifications to ASC- and HPAC-pretreated oak and Avicel were determined using a light microscope and enzyme adsorption. (A) Significant cellulose swelling in the wood fibers (red arrow) and vessel elements (yellow arrow) was observed in the HPAC-pretreated oak compared with the ASC-pretreated oak. Lignin was not detected in b and c. a, control; b, ASC-pretreated; c, HPAC-pretreated. (B) Comparison of the cellulase adsorption. The control was Avicel that was not pretreated. ASC-A, ASC-treated Avicel; HPAC-A, HPAC-treated Avicel.



[image: Figure 3]
FIGURE 3. Comparison of hydrolysis rate between HPAC and ASC pretreatment. The control and delignified samples were incubated with 15 FPU cellulase g−1 biomass (50 μL mL−1 cellulase) at 50°C. HPAC-treated oak was completely hydrolyzed for 18 h. Uniseriate ray parenchyma cells (indicated by red arrows) were hydrolyzed faster than wood fibers at 6 h (c). v, vessel elements; f, fibers including wood fibers and tracheids; r, broad ray.




Hydrolysis Rate of Hardwoods

Various hardwoods (C. sieboldii Hatus, C. japonica, L. tulipifera L., Q. acuta thunb, M. japonicas, Q. acutissima, and P. deltoids) were delignified using the HPAC method and hydrolyzed with 15 FPU cellulase mL−1 to evaluate their hydrolysis rates at the early stage of saccharification. Q. acuta thunb and Q. acutissima exhibited lower hydrolysis activity than the other samples (Figure 4).


[image: Figure 4]
FIGURE 4. Comparison of the initial rates of various hardwoods in enzymatic hydrolysis. The hardwoods were pretreated with the HPAC solution at 80°C for 2 h and hydrolyzed with 7.5 FPU cellulase g−1 biomass at 50°C for 3 h. The hydrolysis rate of Q. acutissima showed the significant difference to the rate of C. sieboldii hatus, C. japonica, and L. tulipifera L., M. japonicus (p = 0.008) as well as P. deltoids (p = < 0.001) compared to the Q. acuta thunb (p < 0.800).




Anatomical Analysis of HPAC-Treated Oak

Anatomically, hardwood consists of many tissues such as wood fibers, tracheids, ray parenchyma cells, and vessel elements in the sap and heart wood. We can assume that the tissues are composed of different amounts of lignin and xylan, in addition to various cellulose structures with different roles in the woody plant, which result in differences in the hydrolysis efficiency. However, this assumption has not been validate.

The ray parenchyma cells in Figure 3 were observed to be digested faster than the wood fibers in enzymatic hydrolysis. The tissues, including wood fibers, tracheids, ray parenchyma cells, and vessels of oak wood were separated via filtration and hydrolyzed to evaluate the hydrolysis rates of each tissue (Figure 5). The fraction passing through a 100 (FPT 100) or 60 (FPT) mesh filter mainly included ray parenchyma cells. Some debris of wood fibers and tracheids was observed in FPT 60. Intact wood fibers and tracheids were obtained from the remainder on the filter. Vessel elements were also observed in the fraction of wood fiber. The ray parenchyma cells were readily hydrolysable and exhibited a higher hydrolysis rate at the early stage than the wood fibers. The tracheid were digested faster than the wood fibers (Supplementary Figure 1). The vessel elements of early and late wood were hydrolyzed more rapidly than the wood fibers and tracheids (Supplementary Figure 2). According to the results, the hydrolysis rates of the oak tissues decreased in the following order: ray parenchyma cells > tracheids > wood fibers, or vessel elements > tracheids > wood fibers.


[image: Figure 5]
FIGURE 5. Initial rates of anatomical tissues isolated from oak (Q. acutissima). (A) Fractions passing through the 100 mesh filter (FPT 100). (B) Fractions passing through the 60 mesh filter (FPT 60). (C) Remainder on the 60 mesh filter (including wood fibers, tracheids, and vessel elements). f, wood fibers; tr, tracheid fibers; p, axial parenchyma cells; r, ray parenchyma cells. (D) Enzymatic hydrolysis was performed in a 20 mM citrate buffer (pH 5.0) containing 15 FPU cellulase (100 μL mL−1) at 50°C for 1 h, [S]1. [S]t represents the total concentration of soluble sugars released from the solid substrate.




Hydrolysis of Wood Fiber

Wood fiber was digested less than the other tissues in the HPAC-pretreated oak, making it a structural retardation factor during enzymatic hydrolysis. The hydrolysis mechanism of wood fiber has been studied at the supramolecular level, with a focus on dislocation sites that cause changes in microfibril orientation within the S1 layer of softwood tracheids (Clarke et al., 2011; Thygesen et al., 2011; Arantes et al., 2014). Cellulase, particularly endo-glucanase, binds to the dislocation sites on softwood tracheids and wheat straw fiber, resulting in fiber cutting. It was suggested that fiber cutting occurs in crystalline regions rather than amorphous regions, in contrast to what has been assumed thus far (Thygesen et al., 2011). Cracks on the fibers of the HPAC-pretreated oak, which were assumed to be dislocation sites, were observed before addition of cellulase (Figure 6A). The cracks remarkably appeared during the initial stage of the reaction (after 30 min with cellulase, Figure 6A-b). Fiber cutting was observed to account for 66.09% of the fractionated fibers <200 μm in length and 33.9% of the fractionated fibers between 200 and 500 μm in length at 3 h. At 6 h, the ratios of fractionated fibers <100 μm and length was 100–300 μm in length were 74.30 and 25.70%, respectively. The fiber cutting of the HPAC-pretreated oak occurred and finished during the initial stage of hydrolysis, similar to the pretreatment of pulp fibers using steam or organosolv methods (Clarke et al., 2011).


[image: Figure 6]
FIGURE 6. Fiber cutting and hydrolysis patterns of wood fibers of Q. acutissima. (A) Investigation of the fiber length during enzymatic hydrolysis. Cracks (dislocation sites) and fiber cutting were observed at the early stage of the enzymatic hydrolysis. Arrow heads denote the remarkable cracks. a, 0 h; b, 30 min; c, 3 h; d, 6 h; e, comparison of fiber lengths. (B) Analysis of the hydrolysis pattern of wood fiber. Degradation occurred more rapidly in the inner part of the wood fiber than in the outer part of the fiber. The arrow and l denote the outermost (primary wall) layer of the wood fiber and lumen, respectively. a, no enzyme treatment of HPAC-treated wood fiber; b, enzyme-treated. (C) Ratio of the lumen area to the sectional area of the fiber.


As shown in Figure 2, the wood fibers swelled with HPAC pretreatment. This caused the HPAC-treated oak to be hydrolyzed significantly faster than the samples treated using ASC methods. The lumen of the wood fiber was rapidly enlarged by the cellulose, while the outer layers of the fiber were shrunken by the cellulase (Figures 6B,C). The lignin removal and swelling strength of the secondary wall in the wood fibers may have been stronger toward the lumen, resulting in a loosened cellulose structure of the S2 or S3 layer in the secondary wall, which led to faster degradation of the inner part of the secondary wall in the wood fiber compared with the outer layer (primary wall or S1).



Enhancement of Hydrolysis Rate and Production of Bioethanol From Hardwoods

High concentrations of the insoluble solid substrate are needed to achieve significantly higher fermentative production through efficient enzymatic saccharification and fermentation processes. However, saccharification at a high concentration of the solid substrate is faced with enzyme-related retardation factors, such as end-product inhibition and substrate-related physical recalcitrance of cellulose. In the enzymatic hydrolysis of 10% HPAC-pretreated oak, the former was expected to occur throughout the enzymatic hydrolysis of the lignocellulosic biomass, whereas the latter may have occurred significantly at late stages, according to the results shown in Figure 1C. Xylooligomers are strong inhibitors on Cel7A (Qing et al., 2010). The inhibitor is inferred to be dominant during the early stage, similar to cellobiose (Murphy et al., 2013). LPMO is known to be a powerful oxidative enzyme that breaks down the recalcitrance of cellulose via modifications of the microfibril cellulose chain network (Eibinger et al., 2014; Villares et al., 2017). LPMOs played a remarkable role in hydrolysis with cellulase on cellulose I rather than cellulose II and III (Hu et al., 2014). It is assumed that LPMOs are needed to achieve synergy with cellulase on HPAC-pretreated oak during the late stages. HPAC-pretreated oak (10%) was hydrolyzed with 15 or 30 FPU cellulase g−1 biomass, and 43.33 or 47.85 mg mL−1 reducing sugars were produced for 72 h (Figure 7). For enhancing the saccharification efficiency, supplementation with xylanases and beta-glucosidase was performed to minimize the end-product inhibition as well as supplementation with LPMOs to reduce the structural recalcitrance of cellulose, resulting in the production of 43.54 and 74.27 mg mL−1 reducing sugars, respectively. A significant increment was observed for the 30 FPU cellulase cocktail solution (55.21%) (p = < 0.001) but not for the 15 FPU enzyme solution (p = 0.36). This indicates that the induction of the synergistic effect on the high concentration of the hardwood required a significantly larger amount of cellulase (30 FPU cellulase in this study) to efficiently reduce the inhibition effects related to the enzymatic and substrate physical inhibitions. To achieve cost-effective saccharification of the hardwood, a further study may be needed to obtain a better understanding of the synergy between LPMOs and the cellulose structural recalcitrance at the late stage of hydrolysis caused by the recalcitrance of the primary wall. The fermentation for ethanol production was carried out using fermentable sugars produced from mixtures of 1, 5, and 10% HPAC-pretreated oak and hardwoods including C. sieboldii Hatus, C. japonica, L. Tulipifera L, Q. thunb, M. japonicas, Q. acutissima, and P. deltoides. More ethanol was produced from a single substrate than from the mixture at a high concentration.


[image: Figure 7]
FIGURE 7. Synergistic effect depending on the cellulase concentration and fermentation efficiency of hardwoods. (A) HPAC-pretreated oak (10%) was hydrolyzed with 15 or 30 FPU cellulase g−1 biomass. Supplementation with xylanases, beta-glucosidase, and LPMOs was performed to minimize the end-product inhibition and structural recalcitrance of cellulose. The 30 FPU cellulase-based cocktail solution caused 52.92 ± 0.78% increment of reducing sugars from the substrate (p = < 0.001), but 5.27 ± 2.32% increment in the 15 FPU cocktail solution (p = 0.36) compare to the each basal enzyme. (B) Bioethanol production from the oak (Q. acutissima) only and the hardwood mixture (C. sieboldii Hatus, C. japonica, L. Tulipifera L, Q. acuta thunb, M. japonicas, Q. acutissima, and P. deltoides).





CONCLUSION

Hardwoods can be utilized for biofuels and biochemical production. However, research on hardwoods has not been conducted intensively compared with that on softwoods. We investigated the cellulose properties that are changed by HPAC pretreatment and analyzed the initial rate of tissues such as wood fibers, tracheids, vessel elements, and ray parenchyma cells to compare their recalcitrance. The wood fiber, which was the most hardly digestible, was fragmented into small pieces and finished at an early stage. The wood fiber was degraded faster at the S3 and S2 walls of the lumen site than at the primary wall of the outer part. The results indicate that the primary wall of wood fiber is the main structural retardation factor during enzymatic hydrolysis of HPAC-pretreated oak. Supplementation with xylanases, LPMO, and beta-glucosidase enhanced the hydrolysis rate (55.21%) at a high concentration of hardwood. Bioethanol was produced at 26.81 mg mL−1 from 10% HPAC-pretreated oak for 24 h.
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Supplementary Figure 1. The wood and tracheid fibers, remained on the 60 mesh, were hydrolyzed with 15 FPU mL−1 in Tissue Culture Plate 96 well at 50°C. The fibers were monitored using a microscope (Eclipse TE2000-U, Nikon). a, 0 min; b, 40 min; c, 120 min; d, 180 min.

Supplementary Figure 2. The fraction of wood and tracheid fibers contains vessel elements such as large vessel member (A) and elongated vessel member (B). The vessel elements were monitored to compare with the degradation rate of wood fibers. The vessel elements were observed to be degraded faster than tracheid and wood fiber. The hydrolysis was carried out with 15 FPU mL−1 at 50°C. a, 0 min; b, 10 min; c, 20 min. f, wood fiber; tr, tracheid; v, vessel elements.



ABBREVIATIONS

HPAC, hydrogen peroxide-acetic acid; ASC, acidified sodium chlorite; PA, phosphoric acid; FPT 60 or 100, fractions passing through the 60 or 100 mesh.
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