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The economic and environmental sustainability of lignocellulosic biomass biorefineries is predicated on generating biofuels and bioproducts from cell-wall polysaccharide and lignin polymers. Historical efforts in plant genetic engineering have focused on the development of strategies that facilitate biomass deconstruction, with more recently efforts including the synthesis of high-value chemicals in planta. One such genetic modification is the expression of the bacterial quinate and shikimate utilization B (qsuB) gene that increases the accumulation of protocatechuic acid in lignocellulosic biomass. Herein, we evaluated the effectiveness of an alkaline pretreatment process to extract phenolics directly from wild-type and QsuB-transgenic lines of Arabidopsis, poplar, and sorghum, and then upgrade them to the polyester precursor 2-pyrone-4,6-dicarboxylic acid (PDC) with an engineered strain of Novosphingobium aromaticivorans. Protocatechuic acid extracted from all QsuB transgenic lines was found to be mostly in the glycosylated form. Glycosylated protocatechuic acid and other plant-derived phenolics were effectively metabolized by N. aromaticivorans, and PDC production was greatest using extracts from an Arabidopsis QsuB transgenic line (∼5% w/w), followed by QsuB sorghum (∼1.1% w/w), and QsuB poplar (∼0.4% w/w) lines. The comparison of PDC production from wild-type and QsuB transgenic lines of Arabidopsis, poplar, and sorghum demonstrates the utility of a mild alkaline pretreatment to liberate phenolics from plant biomass that are either naturally present or that accumulate as a consequence of genetic engineering strategies. All QsuB transgenic lines outperformed their wild-type counterparts with respect to observed PDC yields. In addition, microbial funneling to PDC was effective even when most of the protocatechuic acid extracted was in glycosylated form, clearly demonstrating that this bacterium can metabolize these aromatic conjugates. These findings illustrate the benefits of combining plant and microbial engineering for bioproduct formation from phenolics in lignocellulosic biorefineries.
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1 INTRODUCTION
The world’s dependence on fossil fuels, a non-renewable resource with negative global environmental impacts, has reinforced the importance of sustainability when converting renewable feedstocks into fuels and bioproducts. Lignocellulosic biomass has garnered significant attention as a potential feedstock to provide precursors for generating chemicals currently made from non-renewable resources (Corma et al., 2007; Isikgor and Becer, 2015). Lignocellulosic biomass is primarily composed of plant cell wall polysaccharide (cellulose and hemicelluloses) and phenolic (lignin) polymers (Xu et al., 2013). Multiple strategies for conversion of polysaccharide polymers into biofuels have been developed (Alvira et al., 2010; Kim et al., 2016), and there is increasing recognition that, although challenging due to recalcitrance and complexity of the lignin polymer (Labeeuw et al., 2015), the economic and environmental sustainability of lignocellulosic biomass biorefineries will depend on producing chemicals from the phenolic fraction of the biomass (Linger et al., 2014; Narron et al., 2016; Gall et al., 2017).
A research frontier to increase the efficiency of biofuel and bioproduct production from lignocellulosic biomass is the genetic modification of energy crops to facilitate deconstruction and recovery of the polysaccharide and lignin polymers (Chen and Dixon, 2007; Simmons et al., 2010; Mahon and Mansfield, 2019; de Vries et al., 2021a). Plant genetic engineering has been directed towards the modification of several key cell wall constituents, including pectins (Lionetti et al., 2010), hemicelluloses (Park et al., 2004), cellulose (Coleman et al., 2009; Fan et al., 2020), and lignin (Eudes et al., 2012; Mansfield et al., 2012; Bonawitz and Chapple, 2013; Ralph et al., 2019). More specifically, in an attempt to engineer plants with more easily deconstructed lignin that could produce higher monoaromatic yields, genetic modifications have aimed at reducing the formation of C–C interunit bonds during lignin biosynthesis by elevating syringyl levels (Stewart et al., 2009), incorporating ester-linkages into the lignin backbone (Grabber et al., 2008; Ralph, 2010; Wilkerson et al., 2014), or introducing alternative monomers into lignification (Eudes et al., 2015; Smith et al., 2015; de Vries et al., 2021b; Mahon et al., 2021). Transgenic plants with added chemically-labile ester linkages have shown improved digestibility under milder conditions (Zhou et al., 2017; Bhalla et al., 2018), higher accumulation of soluble aromatics after mild alkaline pretreatment (Sibout et al., 2016) and, in some cases, formation of glycosylated phenolics that are easily extracted with aqueous methanol solvents (Siebert et al., 1996; Eudes et al., 2012; Wu et al., 2017; Unda et al., 2022).
The viability of using transgenic plants in lignocellulosic biorefineries will depend on the ability to use mild and cost-effective biomass deconstruction techniques, and the effective utilization of all major cell wall polymers for the production of biofuels and bioproducts. As lignin composition and content have been the primary targets to genetically improve biomass deconstruction and offer major sources of readily available phenolics in the plant cell wall, we were interested in evaluating and comparing the effectiveness of using mild alkaline pretreatment (Kim et al., 2016) on different biomass sources as a method to extract phenolic compounds for microbial conversion to a valuable bioproduct, while leaving the major polysaccharides and residual lignin available for further valorization. For this study, we selected transgenic plants modified to express a bacterial quinate and shikimate utilization B (qsuB) gene (Teramoto et al., 2009), which encodes a 3-dehydroshikimate dehydratase (QsuB) that catalyzes the conversion of 3-dehydroshikimate into protocatechuate (3,4-dihydroxybenzoate). Expression of this gene in Arabidopsis (Eudes et al., 2015) or tobacco plants (Wu et al., 2017) results in the accumulation of conjugated forms of protocatechuate (Lin and Eudes, 2020), from which free protocatechuic acid (PCA) can be recovered by acid hydrolysis (Wu et al., 2017). QsuB transgenics have also been reported in energy crops such as poplar (Unda et al., 2022), sorghum (Lin and Eudes, 2020; Tian et al., 2022), and switchgrass (Hao et al., 2021). For microbial conversion of aromatics, we employed an engineered strain of the α-proteobacterium Novosphingobium aromaticivorans DSM 12444 (Perez et al., 2019; Perez et al., 2022) which has the capacity to funnel a variety of aromatic monomers into 2-pyrone-4,6-dicarboxylic acid (PDC), a potential polyester and adhesive precursor (Hishida et al., 2009; Shikinaka et al., 2018). We selected PDC as a target product for microbial funneling because it is an intermediate at the intersection of converging pathways for degrading different types of phenolics that can be found in deconstructed lignin (Perez et al., 2019; Perez et al., 2022).
2 RESULTS
To evaluate whether the expression of qsuB in plants influenced the microbial funneling of aromatics to PDC by N. aromaticivorans strain PDC (Perez et al., 2019), we extracted phenolics from wild-type (WT) and transgenic biomass samples of Arabidopsis, poplar, and sorghum using a mild alkaline pretreatment process (see Section 4). This procedure cleaves ester bonds and liberates soluble metabolites to generate an alkaline pretreatment liquor (APL) rich in phenolics that is, after pH adjustment, suitable for use as an organic growth substrate in microbial funneling experiments.
To generate APL from WT and transgenic samples, biomass was first milled to create a fine powder that was then processed under alkaline conditions to release easily recoverable aromatics with minimal impact on the lignin polymer backbone. The concentration of free phenolics in the resulting APL was measured by liquid chromatography-mass spectrometry (LC-MS/MS) (Supplementary Table S1). In addition, to quantify the total concentration of phenolics, including those that may be present as glycosylated conjugates (Lin and Eudes, 2020; Unda et al., 2022), aliquots of APL were subjected to a mild acid hydrolysis and the resulting concentrations of free phenolics were then quantified (Supplementary Table S2).
2.1 Quantification of phenolics in APL from WT and QsuB arabidopsis
The APL produced from WT Arabidopsis (Figure 1A) contained traces of p-hydroxybenzoic acid, p-hydroxybenzaldehyde, and p-coumaric acid. After acid hydrolysis of the APL, vanillic acid was also detected at low concentrations (0.05 mM). These results are consistent with prior observations that Arabidopsis does not inherently have large amounts of phenolics that acylate the cell wall polymers, nor significant amounts of soluble phenolics that can be extracted following alkaline pretreatment (Smith et al., 2015).
[image: Figure 1]FIGURE 1 | Concentration of phenolics present in APL (blue bars) and APL subjected to acid hydrolysis (orange bars) for (A) wild-type Arabidopsis, (B) Arabidopsis QsuB line 1, (C) Arabidopsis QsuB line 2. Abbreviations: protocatechuic acid (PCA), p-hydroxybenzoic acid (pHBA), p-hydroxybenzaldehyde (pHBald), vanillic acid (VA), p-coumaric acid (pCA), ferulic acid (FA). Figures 1B,C have a y-axis break to show a range of concentrations.
Two different Arabidopsis QsuB transgenic lines were examined by the same method. The QsuB line 1 (Figure 1B) has been shown to accumulate conjugated PCA (Eudes et al., 2015). The APL generated from this line showed a similar phenolic profile as the WT Arabidopsis, with traces of various phenolics (Supplementary Table S2). However, elevated concentrations of PCA (1.49 mM) were measured after acid hydrolysis of the APL from QsuB line 1, in agreement with a previous report that this line contains large amounts of monosaccharide-conjugated PCA (Eudes et al., 2015). Also, low concentrations of p-hydroxybenzoic acid (0.03 mM) and vanillic acid (0.06 mM) were detected after acid hydrolysis (Supplementary Table S2). A second QsuB line was designed to express a feedback-insensitive 3-deoxy-d-arabino-heptulosonate-7-phosphate synthase (AroG*) in addition to QsuB in order to enhance carbon flux toward in planta PCA production through the shikimate pathway (see Materials and Methods). This line (Figure 1C, QsuB line 2) showed low amounts of free PCA (0.11 mM) and traces of other phenolics in the APL (Supplementary Table S2), but after acid hydrolysis of the APL a significantly higher concentration of PCA (12.46 mM) was detected, indicating an improvement in PCA accumulation in this transgenic line enabled by the co-expression of qsuB with aroG*. In the Arabidopsis QsuB line 2, vanillic acid (0.22 mM) and p-hydroxybenzoic acid (0.04 mM) were also detected after acid hydrolysis of the APL, in agreement with the presence of several monosaccharide-conjugated aromatics (Supplementary Figure S1).
Notably, vanillic acid was only detected after acid treatment of the APL from WT and QsuB transgenic lines (Supplementary Table S2), suggesting that there was a small amount of vanillic acid phenolic glycoside liberated by alkaline pretreatment. Moreover, the amount of vanillic acid released after acid treatment was markedly higher for the QsuB line 2 than for QsuB line 1. This suggests that the gene stacking strategy employed in QsuB line 2, compared to QsuB line 1, improved the metabolic flux towards PCA production, resulting in not only an increased level of conjugated PCA in the plant biomass, but also the accumulation of conjugated vanillic acid.
2.2 Quantification of phenolics in APL from WT and QsuB poplar
We also analyzed the phenolics present in APL samples from WT (Figure 2A) and QsuB poplars (Figures 2B,C). In the APL from WT poplar, we detected p-hydroxybenzoic acid (0.46 mM), low concentrations of ferulic acid (0.05 mM), and traces of p-coumaric acid (Supplementary Table S2). After acid hydrolysis, neither ferulic acid nor p-coumaric acid was detected and the concentration of p-hydroxybenzoic acid did not substantially change, indicating that conjugated forms of these acids are not present in the APL of WT poplar wood (Supplementary Table S2). These results are consistent with the known presence of p-hydroxybenzoate esters bound to lignin in Populus hardwoods (Smith, 1955; Ralph, 2010). We also prepared similar samples from two QsuB transgenic lines, which are QsuB-poplar lines 1 and 15 in Unda et al. (2022). Only traces of PCA were detected in the APL derived from either line. However, following acid hydrolysis, PCA was detected in both QsuB poplar lines (0.83 mM and 0.58 mM, respectively), implying that most of the PCA accumulation in the poplar QsuB lines was in the form of glycosylated or otherwise conjugated PCA that was extractable under alkaline conditions (Unda et al., 2022).
[image: Figure 2]FIGURE 2 | Concentration of phenolics present in APL (blue bars) and APL subjected to acid hydrolysis (orange bars) for (A) wild-type poplar, (B) poplar QsuB line 1, (C) poplar QsuB line 15. Abbreviations: protocatechuic acid (PCA), p-hydroxybenzoic acid (pHBA), p-hydroxybenzaldehyde (pHBald), vanillic acid (VA), p-coumaric acid (pCA), ferulic acid (FA).
We also found that the APL from both poplar QsuB lines had 89% less p-hydroxybenzoic acid (0.05 mM) than the corresponding WT poplar (0.46 mM), in agreement with the observations of Unda et al. (2022). The biosynthesis of p-hydroxybenzoic acid in poplar requires precursors that are derived from the shikimate pathway (i.e., phenylalanine, cinnamic acid, and p-coumaric acid) (Terashima et al., 1975). The activity of QsuB is predicted to convert 3-dehydroshikimate into protocatechuate in this pathway, presumably reducing the carbon flow towards the production of p-hydroxybenzoic acid precursors. However, the precise metabolic reason for this tradeoff is unknown.
We also observed differences in the concentrations of vanillic acid between WT and the QsuB 1 and 15 transgenic poplar lines (Figure 2). Free vanillic acid was only detected in the APL of the QsuB 1 and 15 transgenic poplar lines (0.08 mM and 0.05 mM, respectively). Furthermore, vanillic acid concentrations increased after acid hydrolysis of the APL from the QsuB 1 and 15 transgenic poplar lines (Figures 2B,C), suggesting the accumulation of conjugated vanillic acid, presumably in a glycosylated form, as a result of 3-O-methylation of PCA, as proposed by Unda et al. (2022).
2.3 Quantification of phenolics in APL from WT and QsuB sorghum
We also compared the phenolics present in APL of WT and one line of QsuB transgenic sorghum (Tian et al., 2022) (Figure 3). In sorghum, hydroxycinnamates such as p-coumaric and ferulic acids normally acylate lignin as well as arabinosyl subunits of arabinoxylans in the plant cell wall (Harris and Hartley, 1976; Hatfield et al., 1999; Karlen et al., 2016). As predicted, these phenolics were extracted with alkaline pretreatment and found in high concentrations (p-coumaric acid at 1.22 mM in WT and 1.69 mM in the QsuB line; ferulic acid at 0.61 mM in WT and 0.75 mM in the QsuB line) in the APLs of WT and the transgenic sorghum line. p-Hydroxybenzaldehyde was also detected, in low concentrations, in both APLs (Figure 3) and a low concentration of PCA was found (0.10 mM) only in the APL of the QsuB transgenic line (Figure 3B). The soluble PCA concentration increased (0.96 mM) when the APL from the transgenic sorghum was subjected to acid hydrolysis, again suggesting that, as observed with QsuB-expressing Arabidopsis and poplar, most of the PCA that accumulated in the QsuB transgenic sorghum was in the form of conjugated PCA (Figure 3B).
[image: Figure 3]FIGURE 3 | Concentration of phenolics present in APL (blue bars) and APL subjected to acid hydrolysis (orange bars) for (A) wild-type sorghum, and (B) QsuB sorghum. Abbreviations: protocatechuic acid (PCA), p-hydroxybenzoic acid (pHBA), p-hydroxybenzaldehyde (pHBald), vanillic acid (VA), p-coumaric acid (pCA), ferulic acid (FA).
In addition, vanillic acid was detected in acid-hydrolyzed APL from the QsuB transgenic line (0.14 mM), supporting the hypothesis that expression of the qsuB gene in sorghum may also result in accumulation of glycosylated vanillic acid, as observed in the Arabidopsis QsuB line 2 and the QsuB transgenic poplar lines, and supported by the identification of glycosylated forms of vanillic acid in poplar (Unda et al., 2022). Traces of p-hydroxybenzoic acid were detected in the APL from WT and QsuB sorghum, and low concentrations of this compound were measured after acid hydrolysis of the APL (Supplementary Table S2).
In summary, the differences in ester groups in the lignin of Arabidopsis, poplar, and sorghum result in characteristically different contents of phenolics in the APLs obtained from these plants. In general, the phenolic concentrations in WT and QsuB lines, with and without an acid hydrolysis step, show that 1) most of the PCA available in QsuB transgenic plants is found as conjugated PCA, which is likely glycosylated PCA as has been hypothesized for Arabidopsis, poplar, and tobacco plants (Lin and Eudes, 2020; Unda et al., 2022); and 2) glycosylated forms of vanillic acid appear to also be extracted from QsuB transgenics by alkaline pretreatment.
2.4 Microbial funneling of APL phenolics to PDC by N. aromaticivorans
Having established that aromatics in the APL are present as free and conjugated phenolics, we evaluated the possibility of microbially converting these aromatics to higher-value products. For this, we tested the production of PDC from APL using the engineered N. aromaticivorans PDC strain that funnels a variety of plant-derived phenolics to PDC (Perez et al., 2019; Linz et al., 2021; Perez et al., 2022).
For these experiments, we employed aliquots of APL from each biomass type, pH-adjusted to 7.0 with hydrochloric acid, and supplemented with glucose and ammonium sulfate to provide another organic carbon and nitrogen source to support growth of the N. aromaticivorans PDC strain (Perez et al., 2019). Each of these cultures was incubated for 48 h, and the concentrations of PDC and phenolics in the culture medium at the end of the incubation were quantified.
Figure 4 shows the extracellular PDC concentration after 48 h of incubation, in comparison to the concentration of phenolics at the start of the incubation period (all values normalized to the grams of plant biomass treated). To account for the presence of free and conjugated phenolics, the total concentration of aromatics was calculated by adding the highest concentration of each phenolic in samples before and after acid treatment (Figures 1–3). In addition, the initial phenolic concentrations were adjusted to consider the dilution of the APL material brought about by mixing the APL with the pre-grown microbial culture. This analysis showed that all N. aromaticivorans cultures produced PDC when supplemented with the different APL samples that contained aromatics. It also indicated that the final extracellular concentration of PDC was dependent on the concentration of total phenolics present in the APL (Table 1).
[image: Figure 4]FIGURE 4 | Comparison between the total normalized concentration of phenolics (free plus conjugated) and the concentration of 2-pyrone-4,6-dicarboxylic acid (PDC) produced after 48 h incubation with the N. aromaticivorans PDC strain.
TABLE 1 | Total phenolics at beginning of microbial incubations, normalized by dry weight of biomass treated, and PDC produced, both normalized by biomass treated and as yield from total phenolics.
[image: Table 1]Adding APL from WT Arabidopsis to the N. aromaticivorans PDC strain resulted in negligible PDC accumulation (Table 1), which was likely due to the low initial concentration of phenolics in this sample. When using APL from the QsuB transgenic Arabidopsis lines, the amount of PDC produced was commensurate with the initial concentration of aromatics, which is related to the presence of PCA conjugates in the APL from these plants (Figure 1). Furthermore, there was a difference in observed PDC yields for the two Arabidopsis transgenic lines (Table 1), with N. aromaticivorans PDC strain converting 65% of the total phenolics in the APL to PDC from Arabidopsis QsuB line 1, and 89% from Arabidopsis QsuB line 2. This difference is related to the presence of AroG* in QsuB line 2, although the precise reason for this difference in PDC yield remains unknown.
In N. aromaticivorans cultures provided with APL from WT poplar, the PDC accumulation from aromatics in this sample was close to stoichiometric (Table 1). From N. aromaticivorans cultures supplemented with APL from poplar QsuB transgenics, nearly stoichiometric amounts of PDC were produced from the QsuB line 15, whereas an ∼81% yield of PDC was observed in the analogous sample prepared from QsuB line 1. When sorghum APL was added to N. aromaticivorans cultures, again near-stoichiometric PDC production was observed from the aromatics derived from WT plants, and a 63% yield for the QsuB line tested (Table 1).
When an analysis of free and conjugated phenolics in the media at the end of the microbial growth experiments was performed, we only detected traces of PCA in the cultures fed APL from the Arabidopsis QsuB line 2. This suggests that the N. aromaticivorans PDC strain metabolized the aromatics in the APL during the incubation period and suggests that the bacteria were able to cleave conjugated phenolics, metabolize the resulting free phenolics, and convert most of them into PDC.
When comparing the APLs of WT with the APLs of the transgenic plants, the overall PDC production was higher in the QsuB lines for all three treated plant materials (Figure 4). In Arabidopsis, PDC production was 25 μmol/g biomass when using APL from Arabidopsis QsuB line 1 and ∼10-fold higher (280 μmol/g biomass) when the N. aromaticivorans PDC strain was provided with APL from the Arabidopsis QsuB line 2. When provided with APL from poplar, the PDC production by the N. aromaticivorans PDC strain increased 40% in both poplar QsuB lines compared to a sample from WT poplar. When using APL from sorghum, PDC production by the N. aromaticivorans PDC strain increased by 18% compared to that found when using material from WT plants.
3 DISCUSSION
In the context of a lignocellulosic biomass industry that produces biofuels and bioproducts, genetic modifications of lignin in energy crops can serve two purposes. First, reducing lignin content and making the lignin polymer more easily deconstructed facilitates the recovery of carbohydrates that can be used for biofuel production (Grabber et al., 2008; Wilkerson et al., 2014; Eudes et al., 2015). Second, modifying the lignin to add pendent groups that are easily cleaved can increase the type of valuable chemicals that could be recovered from plant biomass (Siebert et al., 1996; Wu et al., 2017; Mahon et al., 2021), provided that separating these products from other extracted materials is economically feasible.
The QsuB transgenic lines tested here were constructed with the purpose of imbuing plants with the ability to accumulate PCA, which is not a typical pendent group in lignin of wild-type plants (Eudes et al., 2015; Tian et al., 2022; Unda et al., 2022). These transgenic plants show growth phenotypes compared to controls (Eudes et al., 2015; Tian et al., 2022; Unda et al., 2022), and therefore, for future larger scale studies, it will be important to assess the agronomic performance of the engineered crops under natural environments.
As any biomass pretreatment employed to recover PCA from the plant biomass would likely also remove naturally occurring pendent groups such as p-hydroxybenzoic acid from poplar, or p-coumaric and ferulic acids from sorghum, we investigated the concept of microbial funneling to convert the resulting mixture of aromatics to a single product, in this case, the dicarboxylic acid PDC. This approach both avoids the need for separating PCA from other aromatics and takes advantage of the naturally occurring pendent groups that are also easily released by plant biomass. Thus, the observed PDC yields should be influenced by the effectiveness of accumulating PCA in the transgenic lines and by the presence of pendent groups in the plant’s lignin.
The measurement of phenolics in the APL (Supplementary Table S2) and the corresponding product yields when the engineered N. aromaticivorans PDC strain was used to produce PDC from the phenolics in the APL (Figure 4) provided several important observations. First, the majority of the PCA in the APL from all QsuB transgenic lines was in the form of aromatic conjugates. This is deduced from the measurement of higher PCA concentrations when the APL from transgenics was subjected to acid hydrolysis (Supplementary Table S2). This observation suggests that in the QsuB transgenic lines of three different plants, most of the PCA was not incorporated into the lignin as a pendent group; instead, it accumulated as glycosylated PCA, presumably in vacuoles where these conjugates are reported to be stored (Terashima et al., 1975; Hatfield et al., 1999; de Vries et al., 2021a). Second, because glycosylated PCA was effectively converted to PDC by N. aromaticivorans (Figure 4), it can be concluded that in the context of microbial funneling by this bacterium, glycosylated conjugates are an appropriate reservoir for accumulation of phenolics likely because it contains enzymes that cleave the conjugates to release free PCA. The identity of these catabolic enzymes is currently unknown, and it is also unknown whether other microorganisms that are being investigated for microbial funneling (Beckham et al., 2016) express a similar enzymatic function. Additional biochemical and genomic studies are needed to identify these proposed enzymes, analyze their substrate specificities, and determine whether they are widespread among different microorganisms that are being evaluated for producing chemicals from biomass aromatics. Third, unrealized in this research, but potentially important in the context of microbial funneling of phenolics, is the fact that the cleavage of glycosyl-conjugated phenolics releases a sugar molecule that can be used as a growth substrate for the microbial funneling microorganisms. The engineering of PDC-producing N. aromaticivorans strains relies on blocking the natural pathways for the degradation of phenolics so that all aromatic compounds are channeled to PDC (Perez et al., 2019; Perez et al., 2021). This implies that aromatic compounds are not growth substrates for the engineered strain, so other organic carbon sources need to be supplemented to the growth media. In this study, cultures were provided glucose as the growth substrate. If a large fraction of phenolics accumulates in the plant in the form of glycosylated conjugates, the need for the addition of glucose or another carbon source may be reduced or obviated completely. In addition, although not investigated here, other organic substances extracted into the APL, such as acetate, could potentially serve as additional growth substrates for N. aromaticivorans.
To compare PDC yields from the different biomass sources tested, we calculated the bioproduct mass yield based on the amount of plant material employed for the APL production, as this metric accounts for potential inefficiencies associated with the extraction of phenolics from the biomass. Thus, we determined the mass of PDC produced per gram of biomass (Figure 5). This analysis shows that the PDC yields increased when using APL from the QsuB transgenic lines on a weight-by-weight basis compared to using APL from WT plants. Furthermore, the highest PDC production yield by N. aromaticivorans was obtained from growth in the presence of APL samples from the Arabidopsis QsuB line 2, in which ∼5% of the biomass was converted to PDC. This higher yield can be attributed to the substantial accumulation of PCA as conjugates in Arabidopsis QsuB line 2 by the co-expression of aroG* and qsuB, and the nearly stoichiometric yield of PDC from the phenolics in APL (Table 1).
[image: Figure 5]FIGURE 5 | Comparison of 2-pyrone-4,6-dicarboxylic acid (PDC) yields among wild-type and QsuB lines of Arabidopsis, poplar, and sorghum, normalized per dry weight of biomass treated.
Sorghum APL had the next highest PDC yields (after Arabidopsis QsuB line 2) per unit of biomass, with 0.9% from the WT and 1.1% from the QsuB transgenic (Figure 5). The small increase in PDC yield when using APL from the QsuB sorghum line indicates that most of the PDC produced by N. aromaticivorans likely comes from the high concentrations of p-coumaric and ferulic acids that are normally found in the APL derived from this plant (Figure 3), as the PDC production in WT sorghum could be explained by the phenolics measured in the APL (Figure 4). Poplar had the lowest PDC yields, on a weight-per-weight basis (Figure 5), of the plants tested when APL was provided to the N. aromaticivorans PDC strain. In poplar samples, 0.27% of the biomass was converted to PDC when APL from WT plants was added to the N. aromaticivorans PDC strain, compared to 0.39% when cells were provided with APL from the QsuB transgenic lines. It is known that p-hydroxybenzoic acid is the main phenolic in the APL from WT poplar, whereas PCA was the main phenolic in the APL from the QsuB transgenic lines. Most of the PDC production when cells are provided with APL from the QsuB transgenic poplar is therefore attributed to PCA, with a potentially higher PDC production offset by the reduced levels of p-hydroxybenzoic acid in the APL from this transgenic poplar line.
It is important to note that the method used to generate the APLs from all the plants tested was not intended to break down the lignin polymer, so the remaining aromatics present in the polymer backbone would remain available to generate additional streams of phenolic compounds for conversion to valuable products after lignin depolymerization. It is also possible that the alkaline pretreatment method could be optimized to extract more phenolics from the biomass. For instance, in the case of poplar, Unda et al. reported a total PCA accumulation in the QsuB line 15 of 5.07 mg per gram of biomass (Unda et al., 2022). If all the PCA is extracted, and assuming a stoichiometric yield of PDC from PCA, the potential PDC production by N. aromaticivorans from the PCA in this transgenic line would be 6.1 mg PDC/g biomass (0.61% w/w), which is ∼1.6 times greater than the PDC yield of 0.39% observed in this work.
In this regard, a recent study of PDC production from lignin that was depolymerized by hydrogenolysis reported PDC yields from WT poplar and sorghum of 0.8% w/w and 0.6% w/w, respectively (Perez et al., 2022). Moreover, in planta production of PDC in engineered Arabidopsis showed 3% w/w accumulation in the biomass (Lin et al., 2021), which is lower than the ∼5% yield that was obtained from the Arabidopsis QsuB line 2 (Figure 5). Thus, to increase the yields of PDC that could be obtained from biomass, it may be possible to develop other transgenics with stacked traits that take advantage of in planta PDC production plus increased phenolics accumulation, such as in the QsuB transgenics.
In conclusion, this study of WT and QsuB transgenic lines of Arabidopsis, poplar, and sorghum demonstrates the utility of a mild alkaline pretreatment to extract plant biomass phenolics that can be metabolized and funneled to PDC by an engineered N. aromaticivorans strain. All QsuB transgenic lines outperformed their WT counterparts with respect to observed PDC yields. In addition, microbial funneling was effective even when most of the PCA extracted into the APL was in glycosylated form, suggesting that this bacterium can metabolize these aromatic conjugates. The results of these studies also suggest other strategies to engineer plants and microbes for lignin valorization in lignocellulosic biorefineries.
4 MATERIALS AND METHODS
4.1 Biomass characterization
The Arabidopsis line C4H:qsuB-1 (Eudes et al., 2015) was used for this study (QsuB line 1). The Arabidopsis QsuB line 2 was obtained by introducing a DNA construct containing both the pAtC4H::qsuB cassette used for qsuB expression (as in QsuB line 1) and a sequence encoding a plastid-targeted feedback-insensitive 3-deoxy-d-arabino-heptulosonate-7-phosphate synthase from Escherichia coli [AroG*, with the asterisk denoting that it is the feedback-insensitive version of AroG, as described in Lin et al. (2021)] preceded by the promoter of the CesA8 (cellulose synthase 8) gene from poplar (PtCesA8, Wilkerson et al., 2014) for aroG* expression (pPtCesA8::aroG cassette) [Lin et al. (2021) unpublished]. Arabidopsis lines were cultivated in growth chambers until the fully mature senesced stage and stems were harvested for subsequent work as previously described (Eudes et al., 2015).
The QsuB sorghum line pSbUbi::qsuB #22 described in Tian et al. (2022) was used for this study. It contains a codon-optimized sequence encoding a plastid-targeted version of QsuB under the control of the promoter of a sorghum polyubiquitin gene for constitutive qsuB expression. Plants were grown at the UC Berkeley South greenhouse Oxford facility between June and November 2019 with a minimum temperature set at 22°C. Transgenic seeds in the second generation (T2) and wild-type segregant seeds were germinated directly on soil (Sunshine mix #4, Sun Gro, Agawam, MA) in one-gallon pots and plants were grown until seeds reached the black layer stage (i.e., full physiological maturity). One tablespoon of Osmocote Plus 15-9-12 was added to the soil biweekly until the flowering stage. Watering was terminated at the end of the growing period and pots containing plants were allowed to dry for another three weeks. Stems were harvested and further dried in an oven at 50°C for five days before ball-milling.
The pTKan-pC4H::schl::qsuB expression construct described previously by Eudes et al. (2015) was transferred into Agrobacterium tumefaciens EHA105 for transformation of Populus alba × grandidentata (P39) hybrid. Transgenic trees were grown in two-gallon pots containing perennial soil (50% peat, 25% fine bark and 25% pumice; pH 6.0), in the University of British Columbia (Vancouver, B.C.) campus greenhouse where they were maintained on flood-tables with supplemental lighting (16-h days) and watered daily with fertilized water. Trees were harvested after 5 months of growth; stems were debarked and air-dried for several weeks.
4.2 Alkaline pretreatment process
The biomass was milled (Retsch MM400) in a 50 ml stainless steel jar with one 15 mm stainless steel ball-bearing, shaking at 30 Hz for 1 min–5 min to achieve a fine powder. Samples of milled biomass (∼2 g) were mixed with sodium hydroxide (1% NaOH, 20 ml) in sealed 125-ml Erlenmeyer flasks, then treated for 90 min at 90°C in an oil bath. Immediately after, the container was placed on ice for 10 min. Subsequently, the biomass and aqueous phase were separated by centrifugation (4,300 rcf for 15 min) and the supernatant was recovered. The biomass solids were rinsed three times by adding distilled deionized water (20 ml, 15 ml, and 15 ml), centrifuging, and then the supernatant was recovered. The supernatants recovered in the centrifugation and rinsing steps were combined and adjusted to pH 7.0 using 1 M hydrochloric acid. The solution was then subjected to a high-efficiency centrifugation (48,400 rcf, for 1 h at 4°C) to remove any additional insoluble material. The supernatant solution constituted the alkaline pretreatment liquor (APL) used in further experiments.
4.3 Acid hydrolysis of APL
APL (200 µl) was mixed with 10 µl of 0.2 M NaOH and 10 µl of 1.26 mg/ml o-anisic acid. The mixture was evaporated to ∼20 µl, then 300 µl of 1 M HCl was added. The solution was heated to 95°C for 3 h. Subsequently, 800 µl of ethyl acetate was added and thoroughly mixed at room temperature. The supernatant was recovered, separated, and evaporated. The pellet was dissolved in 200 µl of 80% aqueous methanol.
4.4 PDC production by N. aromaticivorans
A strain of Novosphingobium aromaticivorans DSM12444 engineered to accumulate PDC (N. aromaticivorans PDC strain) when provided with aromatic phenolics was employed (Perez et al., 2019). The strain has deletions in ligI (Saro_2819 or SARO_RS14300 in the most recent annotation), desC (Saro_2864 or SARO_RS14525), and desD (Saro_2865 or SARO_RS14530) that interrupt the central metabolic pathway for degradation of phenolics, allowing it to extracellularly accumulate the intermediate metabolite PDC. For PDC production using N. aromaticivorans strain PDC, the APL was supplemented with glucose and ammonium sulfate, to reach final concentrations of 1 g/L each, and filtered using 0.2 µm sterile PES membrane filters. Then, 10-ml aliquots of this solution were inoculated with 2-ml aliquots of an N. aromaticivorans strain PDC culture that had been grown overnight in standard mineral base media (Perez et al., 2022) supplemented with 3 g/L glucose and incubated in an environmental growth chamber at 30°C using a shaker at 200 rpm. The culture was incubated for 48 h; bacterial growth was monitored, and 1-ml samples were collected periodically and centrifuged at 3,300 rcf for 6 min, the supernatant was recovered and filtered, and samples were stored at −18°C until further analysis.
4.5 Analysis of extracellular metabolites
Quantitative analysis of phenolics was accomplished by using a Shimadzu triple-quadrupole liquid chromatography-mass spectrometer (LC-MS, Nexera XR HPLC-8045 MS/MS). The mobile phase was a binary gradient that consisted of a mixture of water containing 0.1% formic acid (solvent A) and methanol (solvent B). The stationary phase was a Kinetex F5 column (Phenomenex, 2.6 μm pore size, 2.1 mm ID, 150 mm length, P/N: 00F-4723-AN). All compounds were detected by multiple-reaction-monitoring (MRM) and quantified using the strongest MRM transition (Supplementary Table S1).
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