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Table of contents: integrating lignin genetic modification and lignin-based deep eutectic solvents
enables a sustainable biorefinery. Engineered biomass released high fermentable sugars, and the
fractionated lignin could produce DES constituents through hydrothermal treatment.

Abstract

Integrating multidisciplinary research in plant genetic engineering and renewable deep eutectic
solvent can facilitate a sustainable and economic biorefinery. Herein, we leveraged a plant genetic
engineering approach to specifically incorporate C¢C; monomers into the lignin structure. By
expressing the bacterial ubiC gene in sorghum, p-hydroxybenzoic acid (PB)-rich lignin was
incorporated into the plant cell wall, while this monomer was completely absent in the lignin of
the wild-type (WT) biomass. A deep eutectic solvent (DES) was synthesized with choline chloride
(ChCl) and PB and applied to the pretreatment of the PB-rich mutant biomass for a sustainable
biorefinery. The release of fermentable sugars was significantly enhanced (~190% increase)
compared to untreated biomass by the DES pretreatment. In particular, the glucose released from
the pretreated mutant biomass was up to 12% higher than that from the pretreated WT biomass.
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Lignin was effectively removed from the biomass with the preservation of more than half of the
B-O-4 linkages without condensed aromatic structures. Hydrogenolysis of the fractionated lignin
was conducted to demonstrate the potential of phenolic compound production. In addition, a
simple hydrothermal treatment could selectively extract PB from the same engineered lignin,
showing a possible circular biorefinery. These results suggest that the combination of PB-based
DES with engineered PB-rich biomass is a promising strategy to achieve a sustainable closed-loop
biorefinery.

Key words: Biorefinery, Lignin, Green Solvent, Lignin Depolymerization, Sustainable Process.

Introduction

Lignocellulosic biomass, composed of cellulose, hemicellulose, and lignin, is the most abundant
renewable carbon source on earth.[!l In recent decades, carbohydrates in biomass have been
successfully converted into value-added products through biological and chemical methods, such
as ethanol, furfural, and levulinic acid.””) However, these biomass-derived products are still
economically challenging to compete with petroleum-based products. To overcome the cost barrier
in biomass conversion, lignin valorization has been proposed.’! Lignin is the largest non-
carbohydrate component (20 — 30 wt%) in lignocellulosic biomass. It is a complex polymer of
phenylpropane units linked by ether and carbon-carbon bonds.[*! It has been considered as a critical
recalcitrance factor in biomass conversion. It can physically block the enzyme access to cellulose
and bind with enzymes non-productively, leading to low sugar yields during enzymatic hydrolysis
of biomass.”) Various pretreatment methods have been developed for effective lignin removal;
however, the structural modification of lignin (e.g., condensation) sometimes disrupts its
valorization.[! Due to this technical challenge, the lignin fraction is still underutilized.”’) Despite
this hindrance, lignin has great potential as a renewable source for the production of aromatic
platform chemicals that are currently produced from petroleum.[”! Several strategies have been
reported to extract a high yield of lignin from the biomass while preserving its intact structural
properties using y-valerolactone, tetrahydrofuran, ionic liquids (ILs), and other solvent systems.[®!
In particular, ILs have also gained much attention due to their high solubility of biomass
components and low volatility.’® In addition to these advantages, a distinct feature of ILs is that
they are highly tunable, as changing the combinations of its anion and cation would render the
solvent designed properties.l”! Nevertheless, their commercial application is still hindered by the
complex synthesis procedure and high price.l'!

As a green designer solvent akin to ILs, deep eutectic solvents (DESs) have gained increasing
attention in recent years. DESs are mixtures composed of a hydrogen bond donor (HBD) and a
hydrogen bond acceptor (HBA). Simple physical mixing of the HBA and HBD at proper ratios
results in a significant depression of the melting point of the new mixture, leading to the formation
of a liquid at temperatures much lower than the melting points of its individual components.['!!
DESs share advantageous properties of ILs like low vapor pressure and high tunability, while they
can be synthesized with simpler methods and cheaper compounds.''?! In addition, DESs have
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exhibited high lignin extraction capacity and selectivity during biomass pretreatment.'*! Thus far,
DESs have been extensively investigated for biomass processing and have achieved promising
results.[!4]

The idea of using renewable solvents prepared from lignin-derived phenolic compounds to achieve
a sustainable bioeconomy is much acknowledged to Socha et al., who synthesized ILs with lignin
and hemicellulose-derived chemicals and applied them to biomass pretreatment.!'’] Kim et al.
adapted the principle idea to DES, since compared with biomass-derived ILs, biomass-derived
DESs are easier to synthesize, which further reduces the cost.l'® They screened ten DESs
synthesized with lignin-derived phenolic compounds for switchgrass pretreatment and achieved
the highest lignin removal with ChCl-p-coumaric acid DES (ChCI-PCA). Chen et al. extended the
pretreatment temperature and time and resulted in increased delignification with ChCI-PCA.!7!
They also found that the addition of water intensified the pretreatment performance, resulting in
approximately complete enzymatic digestion (99.4% enzymatic digestibility). Recently, Huang et
al. reported a DES using guaiacol as the HBD with AICI; as a catalyst.!'®! Our group proposed to
use p-hydroxybenzoic acid (PB), an atypical aromatic unit found in certain hardwood lignins (e.g.,
poplar, willow, and aspen), as a DES component to pretreat hardwood and successfully delignified
poplar wood without additional catalyst.['"]

The concept of a sustainable biorefinery was highlighted by integrating DES pretreatment and
genetically modifying the model plant Arabidopsis in our recent study.*”) Here, a genetic
modification was applied to an actual crop, sorghum bagasse, in order to reduce the recalcitrance
of biomass. For further development of the integrated biorefinery strategy with this PB-rich
bagasse as feedstock, ChCI-PB DES was employed as the processing solvent. Naturally occurring
wild-type (WT) sorghum does not have PB in its lignin structure, while in-planta expression of
the ubiC gene from E. Coli encoding a chorismate pyruvate-lyase enables conversion of
endogenous chorismate into PB.?!) We show in this work that some of the PB overproduced in
sorghum engineered with ubiC is incorporated to the lignin structure. To the best of the authors’
knowledge, this is the first time such genetic modification is combined with biomass pretreatment
to achieve a closed-loop biorefinery. To investigate the impact of this genetic modification on
biorefinery, factors including chemical composition, cellulose accessibility, enzymatic
digestibility, and lignin structural properties before and after pretreatment were characterized.
Additionally, lignin was recovered after pretreatment, and PB was extracted from the lignin.
Results of this study could provide insights toward designing proper renewable DESs for biomass
pretreatment and lignin valorization and promote sustainable closed-loop biorefineries.

Results and Discussion

Structural property of lignin in Eng-2 mutant sorghum bagasse. To determine the effect of the
genetic modification on lignin, CEL was isolated from WT and Eng-2 mutant sorghum bagasse
and characterized by 2D HSQC NMR analysis. The NMR spectra of the two isolated CELs are
shown in Figure 1. The spectra were divided into aromatic regions (6c/0n 90-150/5.5-8.5 ppm) and
aliphatic regions (6c/0u 50-90/2.5-6.0 ppm). As shown in the aromatic regions of WT CEL, cross-
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signals corresponding to typical lignin subunits including syringyl (S), guaiacyl (G), p-
hydroxyphenyl (H), p-coumaric acid (PCA), and ferulates (FA) were observed at oc/0u 103.9/6.7
ppm (S2,6), 6c/6u 110.8/6.9 ppm (G2), dc/0u 127.7/7.2 ppm (Hz), 6c/0n 130.2/7.4 ppm (PCA2),
and 8¢/8u 110.8/7.3 ppm (FA>), respectively.[??! Tricin (T) was also present in the NMR spectra,
as indicated by peaks at d¢/0n 93.9/6.6 ppm (Tg), dc/dn 98.5/6.2 ppm (Ts), and d¢/0n 103.6/7.2 ppm
(T2'6’). The absence of cross-peak corresponding to p-hydroxybenzoic acid (PB) at oc/ou
131.4/7.67 ppm (PB2) confirms that natural WT sorghum does not have this structure in its lignin,
while the PB cross-peak was clearly detected in Eng-2 mutant CEL,*) which by the
semiquantitative analysis, accounted for 30% of the total lignin subunits (S + G + H). Other than
the appearance of PB, the amount of lignin subunits and the S/G ratio of the WT and Eng-2 mutant
CEL were similar (Supporting Information, Table S1).
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Figure 1. 2D HSQC NMR spectra of cellulolytic enzyme lignin (CEL) isolated from WT and Eng-
2 mutant sorghum bagasse. A: aromatic regions of CEL from Eng-2 mutant; B: aromatic regions
of CEL from WT; C: aliphatic regions of CEL from Eng-2 mutant; D: aliphatic regions of WT; E:
Structures of detected lignin subunits and interunit linkages.
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165 In the aliphatic regions, cross-peaks correlating to methoxy groups (OMe), B-aryl ether (B-O-4)
166 and phenylcoumaran (B-5) linkages were identified for both WT and Eng-2 CELs. It can be
167  observed that the -O-4 linkage is the most abundant interunit linkage in both lignins. The contents
168  of interunit linkages of the two CELs were similar. Besides, the molecular weights of the two
169 CELs were also similar to each other (Mw of WT CEL and Eng-2 CEL were 10,367 g/mol and
170 10,498 g/mol, respectively) (Supporting information, Figure S1, Table S2). Based on the results
171  of 2D HSQC NMR and molecular weights, it can be inferred that expression of the ubiC gene from
172 E. Coli in the sorghum leads to the incorporation of PB in the lignin structure, while other lignin
173  subunits and interunit linkages were not significantly altered.

174

175  DES pretreatment. Several previous studies have shown that adding extra components, such as
176  water, to the DES improves the DES pretreatment performance.['”- 21 It appears that water
177  decreases the viscosity of DES, which facilitates better solubilization capacity.l*) However, there
178  is an upper limit to the extent of water addition, where above this limit the mixture became a water
179  solution rather than a DES.[*®! To enhance the pretreatment performance of the PB-based DES, a
180  water-containing DES was formed and tested for the pretreatment. The PB-based DES (neat DES,
181 NDES) was composed of ChCl and PB at a molar ratio of 3:2, while the water-containing DES
182  (aqueous DES, AQDES) consisted of ChCl, PB and water at a molar ratio of 3:2:5.2°1 All the
183  pretreatments were conducted at 120 °C for 3 h. After pretreatment, the efficiency of NDES and
184  AQDES were determined in terms of delignification and xylan removal. Figure 2 shows the
185  chemical composition of glucan, xylan and lignin of untreated and pretreated biomass, and the
186  solid recovery yields after pretreatment. A detailed mass balance calculation of the three major
187  components for all four pretreatment processes (based on 1 kg initial biomass) is presented in the
188  Supporting Information, Figure S2. Chemical compositions of WT and Eng-2 biomass were
189  similar, with WT having slightly higher glucan (34.2% in WT, 32.1% in Eng-2) and lignin (14.7%
190 in WT, 13.6% in Eng-2) contents, and Eng-2 mutant having marginally higher xylan content (12.1%
191 in WT, 13.2% in Eng-2). These results suggest that expressing the bacterial ubiC gene in-planta
192  did not result in notable changes in the biomass composition. Previous studies have shown that
193  incorporating C¢C1 monomers like hydroxybenzaldehydes into lignin structures would not alter
194  lignin and carbohydrate content in the cell wall,””) which is in good agreement with our
195  observations. The composition of pretreated biomass shows that the delignification yield of WT
196  biomass was 31.6% and 50.4% when pretreated by NDES and AQDES, respectively, and those of
197  the Eng-2 mutant were similar (30.8% and 51.7% from NDES and AQDES, respectively). In
198  comparison, the xylan removal from the Eng-2 mutant was higher than that from WT, regardless
199  of the DES used.

200 AQDES showed higher delignification than NDES, which is in accordance with previous
201  observations.!!'- 28! Chen et al. reported that the addition of water to ChCl-p-coumaric acid DES
202  increased the removal of lignin and hemicellulose, while increasing the water content did not
203  further improve the removal.['”) Kumar et al. found that ChCl-lactic acid with 5% (w/v) water had
204  higher lignin extraction than neat ChCl-lactic acid DES, while no difference in cellulose or xylan
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solubility was observed.!?®! Since DESs are formed by hydrogen bonding between HBA and HBD,
and water possesses a strong hydrogen bonding capacity, it can be inferred that the addition of
water results in competing hydrogen bonding between the DES constituents.*! As a result, the
hydrogen bonding between the two constituents is weakened, and the viscosity is decreased, as the
high viscosity of DES is mostly attributed to the extensive hydrogen bonding between the
components.[***] Lower viscosity facilitates better mass transfer, which explains the better
pretreatment performance of AQDES compared with NDES. However, the exact intermolecular
interactions between water and DES constituents are still unclear, and in-depth studies are required.
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Figure 2. Chemical compositions of WT and Eng-2 mutant sorghum bagasse before and after
pretreatment with NDES and AQDES.

Cellulose accessibility and enzymatic hydrolysis. Cellulose accessibility, defined as the amount
of cellulose surface area that is accessible to enzymes, is a valid parameter to predict the
effectiveness of biomass pretreatment.l*”) Since the high molecular weight fraction of the direct
orange (DO) dye has a similar diameter to typical cellulase (~5.1 nm), the amount of DO dye
adsorbed by the substrate can serve as an indicator of the accessible surface area of cellulose to
cellulase.*! In this study, a modified Simon’s staining method was applied to the WT and Eng-2
sorghum bagasse to access the cellulose accessibility. A Langmuir adsorption isotherm of DO dye
was obtained (Figure 3A), and the results expressed as maximum mg DO dye adsorbed per g of
biomass are shown in Figure 3B. The maximum amount of DO dye adsorbed by untreated sorghum
bagasse were 21.2 and 30.0 mg/g biomass for WT and Eng-2 mutant, respectively. These values
increased to 65.1 mg/g biomass (WT) and 75.1 mg/g biomass (Eng-2 mutant) after NDES
pretreatment and further increased to 71.4 mg/g biomass (WT) and 76.0 mg/g biomass (Eng-2
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mutant) after AQDES pretreatment. It can be speculated that regardless of the pretreatment, the
Eng-2 mutant had higher cellulose accessibility than WT, suggesting that the Eng-2 mutant is more
susceptible to enzymatic degradation, despite having a similar chemical composition with the WT
biomass. Both NDES and AQDES pretreatments significantly increased the cellulose accessibility
compared to the untreated biomass. Though NDES pretreatment resulted in ~20% lower
delignification than AQDES pretreatment, the resulting cellulose accessibility of NDES
pretreatment was only 6.3 mg/g biomass and 0.9 mg/g biomass lower than those of AQDES
pretreatment on WT and Eng-2 mutant, respectively. This observation indicates that both DES
pretreatments disrupted the lignin structure and reduced its inhibitive effect on the enzyme to
similar levels, while AQDES exhibited higher delignification due to its greater lignin solubility.[*?
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Figure 3. Cellulose accessibility measured by modified Simon’s Stain method. A: direct dye (DO)
adsorption isotherm curves. B: maximum amount of DO dye adsorbed (mg/g biomass) by
untreated, NDES pretreated and AQDES pretreated WT and Eng-2 sorghum bagasse.

To evaluate the effect of genetic modification and different DES pretreatment on the conversion
of sorghum bagasse to fermentable sugars, both untreated and pretreated WT and Eng-2 mutant
biomass were subjected to enzymatic hydrolysis. Figure 4 presents the yields of sugars released
from WT and Eng-2 mutant before and after NDES and AQDES pretreatment. Total sugar yields
ranged from 126.6 to 367.8 mg/g biomass for glucose and from 24.9 to 106.1 mg/g biomass for
xylose. As shown in the figure, Eng-2 mutant always had higher glucose release than WT (7.1%
higher for untreated, 4.8% higher for NDES pretreated, 12.3% higher for AQDES pretreated).
Yields of glucose released after NDES and AQDES pretreatment were approximately three times
higher than those from the untreated biomass, while the difference between NDES pretreatment
and AQDES pretreatment was less than 30 mg/g biomass. These observations are well in line with
the cellulose accessibility. No significant difference was observed between the xylose release from
WT and Eng-2 mutant. Pretreatment with both DESs resulted in more than threefold enhancement
of xylose yield, and AQDES pretreatment showed ~8 mg/g biomass higher xylose yield compared
with NDES pretreatment. Moreover, other studies showed that incorporating a higher amount of
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p-coumarate esters into lignin led to a lignin structure with a higher frequency of free phenolic
groups that was easier to solubilize under alkaline conditions.**] Our work clearly demonstrates
that the Eng-2 mutant with PB-rich lignin is less recalcitrant to enzymatic hydrolysis. However,
more comprehensive research is needed to understand the impact of PB accumulation in the cell
wall, such as determining the type of monolignols being acylated and whether PB alters lignin
properties or lignin-polysaccharide crosslinks.
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Figure 4. Sugar release yield from WT and Eng-2 mutant sorghum bagasse before and after
pretreatment with NDES and AQDES.

PB recycling and valorization of the recovered DES lignin. We have demonstrated that
incorporating PB into the sorghum lignin structure reduced biomass recalcitrance and proved that
the DES synthesized with PB is effective in pretreating the mutant biomass. To achieve a potential
closed-loop biorefinery with combined transgenic biomass and the lignin-based DES, lignin was
recovered from AQDES pretreated Eng-2 mutant (AQDES lignin) and processed to produce PB.
We first examined the lignin structure and composition of subunits by 2D HSQC NMR. As shown
in Figure S3 and Table S3 in the Supporting Information, after AQDES pretreatment, many of the
contours in the aliphatic regions correlating to carbohydrates are weakened or disappeared
compared with the spectra of CEL, leaving a lignin fraction with relatively high purity. Major
lignin structures were well-preserved; even all cross-peaks corresponding to tricin were clearly
observed in the NMR spectra of fractionated lignin.** More than half of the p-O-4 linkages, which
was the linkage most susceptible to breakage,**! were preserved after the pretreatment (53% of the
abundance in native lignin (CEL)). In addition, no condensed S or G units were observed in the
fractionated lignin.[**! The above observations can be attributed to the mild pretreatment conditions
enabled by the aqueous ChCI-PB DES, as compared to other DES pretreatments that require
harsher conditions.!!* 16-17) The PB content was significantly enriched in the fractionated lignin
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after the AQDES pretreatment, suggesting that PB from the DES also precipitated during lignin
recovery. To investigate the PB precipitation, we recovered lignin from the AQDES pretreated
WT sorghum bagasse and investigated its structure with 2D HSQC NMR as well. As shown in
Figure S4 and Table S3, PB was detected in the AQDES WT lignin, confirming that PB in the
DES was partially precipitated during the lignin recovery process. GPC analysis shows that the
molecular weight of AQDES lignin was markedly lower than the CEL isolated from Eng-2 mutant
(Supporting Information, Figure S1, Table S2), with the weight-average molecular weight (M,,)
dropping from ~10,500 g/mol of the CEL to less than 3,000 g/mol of the AQDES lignin.
Polydispersity index (PDI) also decreased from 3.4 (Eng-2 CEL) to 1.6 (AQDES lignin). These
results indicate that the lignin was already depolymerized during the pretreatment and had a more
uniformed size distribution, which is supported by the partial cleavage of B-O-4 linkages observed
by 2D HSQC NMR. Taken these results together, lignin with no condensation, preservation of half
of the B-O-4 linkage, relatively uniform molecular weight, and more importantly, high PB content
was produced from AQDES pretreatment of Eng-2 mutant, which is appealing for phenolic
monomer production through depolymerization.

To assess the depolymerization potential, AQDES lignin was subjected to hydrogenolysis
treatment. After the hydrogenolysis, lignin monomers were identified and quantified by gas
chromatography, as shown in Figure 5A. Total phenolic monomer yield reached 42.2 wt%, with
phenol, 4-ethylphenol, 4-ethylguaiacol and isopropyl-4-hydroxybenzoic acid being the major
products (Figure 5A). The average molecular weight of liquid products from lignin hydrogenolysis
was 423 g/mol. The molecular weight distribution shows several distinct peaks at 153, 286, and
495 g/mol (Figure S5, Supporting Information). Considering the molar mass of the initial material,
lignin depolymerization resulted in a significant decrease in molecular weight of the products,
possibly by the cleavage of lignin linkages (e.g., C-O cleavage). It is noted that p-coumaric acid
and ferulic acid observed from the original feedstock were not detected after lignin
depolymerization. It is likely that those compounds were reduced to alkylphenols, including 4-
propylphenol and 2-methoxyl-4-propylphenol, under the hydrogenolysis conditions.*” It is also
possible that some monomers were from the residual ChCI-PB DES in the lignin. The high
monomer yield clearly demonstrates that the AQDES lignin is a promising substrate for upgrading.
However, it is impractical to use such a mixture of monomers to supply DES synthesis due to
difficulties in separation, and the requirement of hydrogen gas and expensive catalysts. To further
verify a closed-loop biorefinery by supplying PB from the product for DES synthesis, another
depolymerization test was carried out by using simple hydrothermal treatment without additional
catalyst. Trajano et al. reported that by adjusting the reaction conditions, PB could be obtained as
the major product from hydrothermal treatment of CEL isolated from poplar.*®! We adapted their
condition for PB extraction (180 °C, 60 min) from AQDES lignin and analyzed the products by
gas chromatography. Interestingly, as shown in Figure 5B, PB was the dominant compound in the
resulting mixture, accounting for 5.6 wt% of the initial substrate. Compounds other than PB have
a low amount and were possibly from residual carbohydrates. In the section above, we found that
part of PB in the AQDES lignin was from the DES. Based on the 2D HSQC NMR spectra of lignin
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residue after hydrothermal treatment (Figure S6 and Table S4, Supporting Information), it is clear
that the proposed hydrothermal treatment effectively removed PB from the lignin, evidenced by
the drastic decrease of PB abundance. Although further optimization is required to maximize PB
yield, it is soundly demonstrated that a simple hydrothermal treatment is effective for PB
production from lignin isolated after ChCIl-PB DES pretreatment of mutant sorghum bagasse.
Additionally, our previous study showed that the ChCI-PB DES could be recovered from the liquid
after pretreatment and reused for the next pretreatment.!!”) Taken together, these results show a
potential of a sustainable biorefinery achievable by the closed-loop production of lignin-based
DES.
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Figure 5. A: Gas chromatogram of products from hydrogenolysis of lignin recovered from Eng-2
mutant pretreated by AQDES and their yields; B: Gas chromatogram of products from
hydrothermal depolymerization of lignin recovered from Eng-2 mutant pretreated by AQDES.
Note. The yield was calculated based on initial substrate weight.

Conclusions
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Expression of the ubiC gene from E. Coli in sorghum successfully resulted in the incorporation of
PB into the lignin structure without significant changes in its other properties. Compared with non-
PB containing WT biomass, the mutant showed higher fermentable sugar release when pretreated
by DES synthesized with PB. The addition of a small amount of water to the DES significantly
improved the delignification, which facilitated not only fermentable sugar production but also
lignin valorization. After the pretreatment, more than half of the B-O-4 linkages in the native lignin
were preserved in the lignin recovered from aqueous DES pretreatment. Additionally, the lignin
had a narrow molecular size distribution and no condensation, which allowed for effective
valorization via hydrogenolysis (42.2 wt% of the initial substrate). Moreover, simple hydrothermal
treatment of the fractionated lignin resulted in a product with PB as the dominant aromatic
compound, which is promising for using the fractionated lignin to supply DES synthesis. Despite
the encouraging results, future works are still required to understand the different forms of PB in
the mutant biomass, interactions between water and DES, and to optimize the PB yield from
hydrothermal treatment. Taken together, pretreatment of strategically engineered biomass using
lignin-based DES is a promising approach towards a sustainable biorefinery.

Experimental Section

Biomass feedstock and chemicals. Sorghum (Sorghum bicolor L., variety Tx430) bagasse
samples from previously characterized wild-type (WT) and transgenic line pRUBI2:ubiC
(thereafter named Eng-2) in the T1 generation were supplied by the Joint BioEnergy Institute.[!!
The bagasse was from stems and leaves of fully mature senesced plants. The samples were dried
at 50 °C for five days, Wiley-milled using a 2-mm mesh, and further screened to 12 — 20 mesh for
this study. Chemicals including choline chloride (ChCl), p-hydroxybenzoic acid (PB), ethanol,
dioxane, pyridine, acetic anhydride, dimethyl sulfoxide-ds (DMSO-dp), and tetrahydrofuran were
purchased from Millipore Sigma (St. Louis, MO), VWR (Radnor, PA), and Fisher Scientific™
(Fair Lawn, NJ). The chemicals were used as received without further purification. Cellulase
enzyme cocktail (Accelerase® 1500) was provided by DuPont Industrial Biosciences (Palo Alto,
CA). The BCA protein content of the enzyme was 82 mg/mL, as reported previously.>!

DES synthesis. The ChCI-PB DES was prepared by mixing ChCl and PB at molar ratios of 3:2,
2:1, 1:1 and 2:3. The mixture was heated at 90 °C with continuous stirring. Among the tested molar
ratios, a clear and homogeneous solvent was formed only at 3:2, as shown in Figure S7 (Supporting
Information). Therefore, the molar ratio of 3:2 was used for the following tests. For aqueous DESs
formation, deionized (DI) water was added to the formed DES at a molar ratio of 3:2:5 (ChCl :
PB : water) at 90 °C with continuous stirring until the mixture became homogenous.

DES pretreatment. For the pretreatment of WT and engineered biomass, 10 wt% of biomass was
loaded to the DES at the test temperature and allowed to react at 120 °C for 3 h. The mixture was
continuously stirred at 300 rpm. Each experiment was conducted in duplicate. Once the
pretreatment was completed, the mixture of solid residue and DES was washed with a solution of



385 ethanol and water (1:1, v/v) until the filtrate was clear and colorless. After washing, the solid
386  residue was stored at 5 °C until further tests. The liquid fraction was collected and used to recover
387  lignin. In a typical run of lignin recovery, the volume of the liquid fraction was firstly reduced by
388  rotary evaporation at temperatures not higher than 40 °C, then stored at 5 °C overnight for lignin
389  precipitation. The precipitated lignin was recovered by centrifugation followed by freeze-drying.
390

391 Isolation of cellulolytic enzyme lignin (CEL). CEL was isolated from both WT and Eng-2 mutant
392  sorghum bagasse following the procedure described in a previous study.[*”! The biomass was firstly
393  ball-milled for 2.5 h, and then hydrolyzed using CTec2® cellulase in sodium acetate buffer solution
394 with pH 4.8 at 50 °C for 48 h. After the hydrolysis, the solid residue was recovered by
395  centrifugation and hydrolyzed again under the same conditions with a fresh buffer solution and
396 enzyme. Then the solid residue was washed with DI water and extracted twice with a mixture of
397 dioxane and water (96%, v/v) at room temperature for 48 h. Solid and liquid fractions were
398  separated by centrifugation, and the supernatants were combined. CEL was recovered by rotary
399  evaporation of the combined supernatant and freeze-drying.

400

401 Lignin molecular weights measurement. The weight-average molecular weight (M), number-
402  average molecular weight (M,), and the polydispersity index (PDI) of the CEL and lignin
403  recovered from the pretreated biomass were analyzed by gel permeation chromatography (GPC).
404  Prior to GPC analysis, lignin samples were acetylated using a mixture of acetic anhydride and
405  pyridine (1:1, v/v) at room temperature with continuous stirring for 48 h. Acetylated lignin samples
406  were recovered by rotary evaporation and dissolved in tetrahydrofuran (THF). Tests were
407  performed using a Waters 2489 GPC system equipped with a UV detector (270 nm) and three
408  Waters Styragel columns (HRO0.5, HR3, and HR4e). THF was used as the mobile phase with a flow
409 rate of 1.0 mL/min. Calibration was conducted using polystyrene standards with different
410 molecular weights.

411

412  Lignin structural analysis. Structural features of the CEL and lignin recovered from pretreated
413  biomass were characterized using two-dimensional heteronuclear single quantum coherence (2D
414  HSQC) nuclear magnetic resonance (NMR). DMSO-ds was used to dissolve the lignin samples.
415  The 2D HSQC spectra were acquired with a Bruker AVANCE III HD 800 MHz NMR equipped
416  with a TCI cryoprobe.

417

418 Compositional analysis of biomass. The chemical composition of untreated and pretreated WT
419  and Eng-2 mutant sorghum bagasse was conducted according to the NREL procedure.*!! About
420 300 mg of biomass was loaded to 3 mL of 72% (w/w) sulfuric acid and hydrolyzed at 30 °C in a
421  water bath for 1 h. Upon the completion of the first hydrolysis, the solution was diluted to 4%
422  sulfuric acid and further hydrolyzed at 121 °C in an autoclave for 1 h. After the two-step hydrolysis,
423  solid and liquid fractions were separated by vacuum filtration. The solid fraction was dried at 105 °C
424  overnight and deashed at 575 °C for 24 h to gravimetrically determine the acid-insoluble lignin



425  content. The liquid fraction was analyzed by high-performance anion-exchange chromatography
426  with pulsed amperometric detection (HPAEC-PAD) and UV-vis spectrophotometer for sugar and
427  acid-soluble lignin determination, respectively. A series of carbohydrate standards were used for
428  the calibration curves, and fucose was used as an internal standard.

429

430  Cellulose accessibility analysis. Cellulose accessibility of untreated and pretreated WT and Eng-
431 2 mutant sorghum bagasse was measured by a modified Simons’ Stain method, which has been
432  previously reported.'*?! An Amicon ultrafiltration apparatus (Amicon Inc., Beverly, MA) was used
433  toremove the low molecular weight fraction of the direct Orange (DO) dye by filtering 1% solution
434  of DO dye through a 100 K membrane under 200 kPa nitrogen gas. For the analysis, ~100 mg wet
435  biomass samples were loaded into six centrifuge tubes containing 1.0 mL of phosphate-buffered
436  saline solution. Then, each tube was loaded with different amounts of DO dye solution and
437  incubated at 70 °C with continuous stirring at 200 rpm for 6 h. After adsorption, the dye
438  concentration was measured via a Lambda 35 UV-vis spectrophotometer at 455 nm, which
439  represents the wavelength of maximum absorbance for DO dye. Finally, the maximum amount of
440  dye adsorbed by the biomass was calculated following the Langmuir adsorption equation.

441

442  Enzymatic hydrolysis. Enzymatic hydrolysis of untreated and pretreated WT and Eng-2 mutant
443  sorghum bagasse was carried out by loading 200 mg of wet biomass sample into 125 mL
444  Erlenmeyer flasks containing 50 mM citrate buffer solution (pH 4.8). Accellerase® cellulase was
445  used for hydrolysis as described in a previous study.l*”) Enzymatic hydrolysis was conducted at
446 50 °C with continuous stirring at 150 rpm for 72 h. Upon completion of the enzymatic hydrolysis,
447  an aliquot was taken to monitor the sugar release. After quenching the hydrolysis reaction by
448  incubating the aliquot in a boiling water bath, the aliquot was centrifuged at 10,000 rpm for 5 min.
449  The supernatant was recovered, diluted, and analyzed by HPAEC-PAD for the monomeric sugar
450  quantification.

451

452  Lignin depolymerization. The hydrothermal reaction of fractionated lignin was conducted to
453  recover PB. For the test, 200 mg of lignin sample was placed in a 50 mL Parr reactor (Parr
454  Instrument Company, IL, USA), and 25 mL of deionized water was then added. The reactor was
455  completely sealed and mounted on a heater. The reactor was purged and pressurized to 300 psi
456  with He. The mixture was heated to 180 °C and maintained for 1 h with continuous stirring at 300
457  rpm. After the reaction, the reactor was immediately removed from the heater and quenched in an
458  ice bath. The resulting solution was evaporated under reduced pressure. The final products were
459  silylated by adding 1.0 mL of dichloromethane and 1.0 mL of N,O-Bis(trimethylsilyl)acetamide
460 at 50 °C, which was injected into gas chromatography. Identification of the reaction products was
461  conducted using an Agilent 7820A GC equipped with a 5975 mass spectrometry detector. The
462  capillary column used was an Agilent HP-5MS (30 m x 0.25 mm % 0.25 um). Injection temperature
463  was set to 270 °C, and oven temperature was programmed to hold at 70 °C for 5 min, ramp to 300 °C
464  at 3 °C/min, and then hold for 5 min at the final temperature.
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For the hydrogenolysis reaction, 200 mg of lignin samples and 20 mg of Ru/C (5% Ru on activated
carbon) were placed in the same batch reactor. Then, 25 mL of isopropyl alcohol, a hydrogen-
donor solvent, was added to the reactor. After purging and pressuring to 300 psi with He, the
reactor was heated and maintained at 300 °C for 1 h. Once the reaction was completed, the resulting
solution was filtered and the solvent was completely evaporated. The final products were dissolved
in 1 mL of acetone and analyzed by GC-MS under the same analysis conditions described above.

Acknowledgments

This work was supported by the National Science Foundation grant CBET2027125 and the USDA
National Institute of Food and Agriculture, Mclntire Stennis project 1167926. Oak Ridge National
Laboratory is managed by UT-Battelle, LLC under Contract DE-AC05-000R22725 with the U.S.
Department of Energy (DOE). AJR and YP acknowledges the support from the Center for
Bioenergy Innovation (CBI), a U.S. DOE Bioenergy Research Center supported by the Office of
Biological and Environmental Research in the DOE Office of Science. The views and opinions of
the authors expressed herein do not necessarily state or reflect those of the United States
Government or any agency thereof. Neither the United States Government nor any agency thereof,
nor any of their employees, makes any warranty, expressed or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that its use would not infringe privately
owned rights. This work was also part of the DOE Joint BioEnergy Institute (http://www.jbei.org)
supported by the U. S. Department of Energy, Office of Science, Office of Biological and
Environmental Research, through contract DE-AC02-05CH11231 between Lawrence Berkeley
National Laboratory and the U.S. Department of Energy. KKH acknowledges the financial support
from the Korea Institute of Science and Technology (2E31273).

Notice: This manuscript has been authored by UT-Battelle, LLC, under contract DE-ACO05-
000R22725 with the US Department of Energy (DOE). The US government retains and the
publisher, by accepting the article for publication, acknowledges that the US government retains a
nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published form
of this manuscript, or allow others to do so, for US government purposes. DOE will provide public
access to these results of federally sponsored research in accordance with the DOE Public Access
Plan (http://energy.gov/downloads/doe-public-access-plan).

References
[1] M. M. Abu-Omar, K. Barta, G. T. Beckham, J. S. Luterbacher, J. Ralph, R. Rinaldi, Y.

Romaén-Leshkov, J. S. M. Samec, B. F. Sels, F. Wang, Energy Environ. Sci. 2021, 14,
262-292.


http://energy.gov/downloads/doe-public-access-plan

502 [2] a) T. Chiranjeevi, A. J. Mattam, K. K. Vishwakarma, A. Uma, V. C. R. Peddy, S.

503 Gandham, H. Ravindra Velankar, ACS Sustainable Chem. Eng. 2018, 6, 8762-8774; b) L.
504 Mao, L. Zhang, N. Gao, A. Li, Green Chem. 2013, 15; cD. M. Alonso, J. M. R. Gallo, M.
505 A. Mellmer, S. G. Wettstein, J. A. Dumesic, Catal. Sci. Technol. 2013, 3, 927-931.

506 [3] A.J. Ragauskas, G. T. Beckham, M. J. Biddy, R. Chandra, F. Chen, M. F. Davis, B. H.
507 Davison, R. A. Dixon, P. Gilna, M. Keller, P. Langan, A. K. Naskar, J. N. Saddler, T. J.
508 Tschaplinski, G. A. Tuskan, C. E. Wyman, Science 2014, 344, 1246843.

509 [4] F. G. Calvo-Flores, J. A. Dobado, ChemSusChem 2010, 3, 1227-1235.

510 [5] Y. Jia, C. Yang, B. Shen, Z. Ling, C. Huang, X. Li, C. Lai, Q. Yong, Bioresour. Technol.
511 2021, 319, 124225.

512 [6] a) S. Constant, H. L. J. Wienk, A. E. Frissen, P. d. Peinder, R. Boelens, D. S. van Es, R.

513 J. H. Grisel, B. M. Weckhuysen, W. J. J. Huijgen, R. J. A. Gosselink, P. C. A. Bruijnincx,
514 Green Chem. 2016, 18, 2651-2665; b) H. Wang, Y. Pu, A. Ragauskas, B. Yang,

515 Bioresour. Technol. 2019, 271, 449-461.

516 [7] a) W. Schutyser, T. Renders, S. Van den Bosch, S. F. Koelewijn, G. T. Beckham, B. F.
517 Sels, Chem. Soc. Rev. 2018, 47, 852-908; b) Z. Sun, B. Fridrich, A. de Santi, S.

518 Elangovan, K. Barta, Chem. Rev. 2018, 118, 614-678.

519 [8] a) J. S. Luterbacher, J. M. Rand, D. M. Alonso, J. Han, J. T. Youngquist, C. T.

520 Maravelias, B. F. Pfleger, J. A. Dumesic, Science 2014, 343; b) C. M. Cai, T. Zhang, R.
521 Kumar, C. E. Wyman, Green Chem. 2013, 15; ¢) N. Sathitsuksanoh, K. M. Holtman, D.
522 J. Yelle, T. Morgan, V. Stavila, J. Pelton, H. Blanch, B. A. Simmons, A. George, Green
523 Chem. 2014, 16, 1236-1247.

524  [9] C.G. Yoo, Y. Pu, A. J. Ragauskas, Curr. Opin. Green Sustain. Chem. 2017, 5, 5-11.
525 [10] A. Satlewal, R. Agrawal, S. Bhagia, J. Sangoro, A. J. Ragauskas, Biotechnol. Adv. 2018,
526 36, 2032-2050.

527 [11] G. Colombo Dugoni, A. Mezzetta, L. Guazzelli, C. Chiappe, M. Ferro, A. Mele, Green
528 Chem. 2020.

529 [12] Q. Zhang, K. De Oliveira Vigier, S. Royer, F. Jerome, Chem. Soc. Rev. 2012, 41, 7108-
530 7146.

531 [13] M. Francisco, A. van den Bruinhorst, M. C. Kroon, Green Chem. 2012, 14.

532 [14] a)Y.-h.Ci F. Yu, C.-x. Zhou, H.-e. Mo, Z.-y. Li, Y.-q. Ma, L.-h. Zang, Green Chem.

533 2020; b) X.-J. Shen, J.-L. Wen, Q.-Q. Mei, X. Chen, D. Sun, T.-Q. Yuan, R.-C. Sun,
534 Green Chem. 2019, 21, 275-283; ¢) Z. Guo, Q. Zhang, T. You, X. Zhang, F. Xu, Y. Wu,
535 Green Chem. 2019, 21,3099-3108; d) Y. Wang, K. H. Kim, K. Jeong, N.-K. Kim, C. G.
536 Yoo, Curr. Opin. Green Sustain. Chem. 2021, 27.

537 [15] A.M. Socha, R. Parthasarathi, J. Shi, S. Pattathil, D. Whyte, M. Bergeron, A. George, K.
538 Tran, V. Stavila, S. Venkatachalam, M. G. Hahn, B. A. Simmons, S. Singh, Proc. Natl.
539 Acad. Sci. U. S. A. 2014, 111, E3587-3595.

540 [16] K. H.Kim, T. Dutta, J. Sun, B. Simmons, S. Singh, Green Chem. 2018, 20, 809-815.
541 [17] L. Chen, Q. Yu, Q. Wang, W. Wang, W. Qi, X. Zhuang, Z. Wang, Z. Yuan, Cellulose
542 2019, 26, 1947-1959.

543 [18] C.Huang, Y. Zhan, J. Cheng, J. Wang, X. Meng, X. Zhou, G. Fang, A. J. Ragauskas,
544 Bioresour. Technol. 2021, 326, 124696.

545 [19] Y. Wang, X. Meng, K. Jeong, S. Li, G. Leem, K. H. Kim, Y. Pu, A. J. Ragauskas, C. G.
546 Yoo, ACS Sustainable Chem. Eng. 2020, 8, 12542-12553.



547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592

[20]

[21]

[22]

[23]

[24]

[25]
[26]
[27]

[28]
[29]
[30]
[31]

[32]

[33]
[34]
[35]
[36]
[37]
[38]

[39]

K. H. Kim, A. Eudes, K. Jeong, C. G. Yoo, C. S. Kim, A. J. Ragauskas, Proc. Natl. Acad.
Sci. U. S. A. 2019, 116, 13816-13824.

C.-Y. Lin, Y. Tian, K. Nelson-Vasilchik, R. Kakumanu, M. Y. Lee, J. Trinh, T. R.
Northen, E. E. K. Baidoo, A. P. Kausch, H. V. Scheller, A. Eudes. 2021, bioRxiv preprint
DOI: 10.1101/2021.07.13.452095v1

a)J. L. Wen, S. L. Sun, B. L. Xue, R. C. Sun, Materials 2013, 6, 359-391; b) S. D.
Mansfield, H. Kim, F. Lu, J. Ralph, Nat. Protoc. 2012, 7, 1579-1589.

C.G. Yoo, Y. Yang, Y. Pu, X. Meng, W. Muchero, K. L. Yee, O. A. Thompson, M.
Rodriguez, G. Bali, N. L. Engle, E. Lindquist, V. Singan, J. Schmutz, S. P. DiFazio, T. J.
Tschaplinski, G. A. Tuskan, J.-G. Chen, B. Davison, A. J. Ragauskas, Green Chem.
2017, 19, 5467-5478.

a) X. D. Hou, G. J. Feng, M. Ye, C. M. Huang, Y. Zhang, Bioresour. Technol. 2017, 238,
139-146; b) Y. Dai, G. J. Witkamp, R. Verpoorte, Y. H. Choi, Food Chem. 2015, 187,
14-19.

S. Hong, X.-J. Shen, Z. Xue, Z. Sun, T.-Q. Yuan, Green Chem. 2020, 22, 7219-7232.

O. S. Hammond, D. T. Bowron, K. J. Edler, Angew. Chem. Int. Ed. 2017, 56, 9782-9785.
a) A. Eudes, Y. Liang, P. Mitra, D. Loque, Curr. Opin. Biotechnol. 2014, 26, 189-198; b)
A. Eudes, A. George, P. Mukerjee, J. S. Kim, B. Pollet, P. I. Benke, F. Yang, P. Mitra, L.
Sun, O. P. Cetinkol, S. Chabout, G. Mouille, L. Soubigou-Taconnat, S. Balzergue, S.
Singh, B. M. Holmes, A. Mukhopadhyay, J. D. Keasling, B. A. Simmons, C. Lapierre, J.
Ralph, D. Loque, Plant Biotechnol. J. 2012, 10, 609-620.

A. K. Kumar, B. S. Parikh, M. Pravakar, Environ. Sci. Pollut. Res. Int. 2016, 23, 9265-
9275.

M. Francisco, A. van den Bruinhorst, M. C. Kroon, Angew. Chem. Int. Ed. 2013, 52,
3074-3085.

R. P. Chandra, J. N. Saddler, Ind. Biotechnol. 2012, 8, 230-237.

X. Meng, Y. Pu, C. G. Yoo, M. Li, G. Bali, D. Y. Park, E. Gjersing, M. F. Davis, W.
Muchero, G. A. Tuskan, T. J. Tschaplinski, A. J. Ragauskas, ChemSusChem 2017, 10,
139-150.

a) Y. Dai, J. van Spronsen, G. J. Witkamp, R. Verpoorte, Y. H. Choi, Anal. Chim. Acta
2013, 766, 61-68; b) C. L. Yiin, A. T. Quitain, S. Yusup, M. Sasaki, Y. Uemura, T. Kida,
Bioresour. Technol. 2016, 199, 258-264.

R. Sibout, P. Le Bris, F. Legee, L. Cezard, H. Renault, C. Lapierre, Plant Physiol. 2016,
170, 1358-1366.

W. Lan, F. Lu, M. Regner, Y. Zhu, J. Rencoret, S. A. Ralph, U. 1. Zakai, K. Morreel, W.
Boerjan, J. Ralph, Plant Physiol. 2015, 167, 1284-1295.

R. Parthasarathi, R. A. Romero, A. Redondo, S. Gnanakaran, J. Phys. Chem. Lett. 2011,
2,2660-2666.

S. Sun, Y. Huang, R. Sun, M. Tu, Green Chem. 2016, 18, 4276-4286.

a) E. M. Anderson, R. Katahira, M. Reed, M. G. Resch, E. M. Karp, G. T. Beckham, Y.
Romén-Leshkov, ACS Sustainable Chem. Eng. 2016, 4, 6940-6950; b) S. Wang, W. Gao,
L.-P. Xiao, J. Shi, R.-C. Sun, G. Song, Sustainable Energy Fuels 2019, 3, 401-408.

H. L. Trajano, N. L. Engle, M. Foston, A. J. Ragauskas, T. J. Tschaplinski, C. E. Wyman,
Biotechnol. Biofuels. 2013, 6, 110.

N. Kothari, S. Bhagia, M. Zaher, Y. Pu, A. Mittal, C. G. Yoo, M. E. Himmel, A. J.
Ragauskas, R. Kumar, C. E. Wyman, Green Chem. 2019, 21, 2810-2822.



593
594
595
596
597

598

[40]
[41]

[42]

X. Meng, A. Parikh, B. Seemala, R. Kumar, Y. Pu, P. Christopher, C. E. Wyman, C. M.
Cai, A. J. Ragauskas, ACS Sustainable Chem. Eng. 2018, 6, 8711-8718.

A. Sluiter, B. Hames, R. Ruiz, C. Scarlata, J. Sluiter, D. Templeton, D. Crocker,
Technical Report NREL 2008, NREL/TP-510-42618.

R. P. Chandra, V. Arantes, J. Saddler, Bioresour. Technol. 2015, 185, 302-307.





