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Abstract 11 

Background 12 

Flavonoids are valuable plant secondary metabolites with broad applications in the food, 13 

nutraceutical, cosmetic, and pharmaceutical industries. While microbial biosynthesis offers a 14 

renewable alternative for chemical synthesis and plant extraction, most production platforms 15 

rely on long synthesis pathways from sugars, requiring extensive pathway engineering and 16 

often focusing on individual products. Lignin-derived aromatics (LDAs) offer attractive 17 

precursors for flavonoid biosynthesis, but their utilization requires a host capable of aromatic 18 

substrate tolerance and metabolism.  19 

 20 
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Results 21 

We engineered Acinetobacter baylyi ADP1 as a platform for the conversion of LDAs into 22 

multiple flavonoid products. We identified a novel heterologous enzyme combination CHS–23 

CHI (CHS from Stenoloma chusanum-CHI from Medicago sativa) that supported efficient 24 

flavanone biosynthesis, namely 3.7 mg/L homoeriodictyol and 24.2 mg/L eriodictyol in flask 25 

cultivations. In fed-batch bioreactors, the engineered strain produced three flavonoids 26 

(homoeriodictyol, eriodictyol, and naringenin) from different aromatic substrates (ferulate, 27 

caffeate, p-coumarate), enabling product switching through feedstock selection without 28 

additional genetic engineering. Finally, flavonoid production was demonstrated directly from 29 

alkaline pretreated liquors (APLs) derived from wheat straw and organosolv lignin, 30 

demonstrating the relevance and compatibility of the platform with complex lignin-derived 31 

feedstocks. 32 

 33 

Conclusions 34 

This work establishes A. baylyi ADP1 as a versatile platform for the production of multiple 35 

flavonoids from LDAs. By leveraging native aromatic catabolism, the platform bypasses the 36 

need for extensive precursor biosynthesis and enables substrate-driven product diversification. 37 

The demonstrated compatibility with lignin-derived liquors highlights the potential of A. baylyi 38 

ADP1 as a platform for sustainable flavonoid production and lignin valorization in future 39 

applications.  40 

 41 
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Background 42 

Flavonoids are a diverse family of plant-derived polyphenolic compounds. They play important 43 

roles in plant physiology, including protection against ultraviolet (UV) radiation, oxidative 44 

stress, and pathogen attack, while also contributing to pigmentation, signaling, and plant-45 

microbe interactions [1,2]. Structurally, flavonoids share a common C6–C3–C6 carbon skeleton 46 

and comprise a wide range of subclasses, including flavanones, flavones, flavonols, chalcones, 47 

and anthocyanins [3]. Beyond their biological functions in plants, flavonoids have attracted 48 

considerable attention as high-value natural products because of their broad range of 49 

pharmacological activities and applications in the pharmaceutical, nutraceutical, cosmetic, and 50 

food industries [1,2]. Among these compounds, the flavanone naringenin (NAR) is particularly 51 

notable as both a bioactive molecule and a key intermediate for the biosynthesis of numerous 52 

downstream flavonoids [2,4]. NAR exhibits antioxidant, anti-inflammatory, antimicrobial, and 53 

antiviral activities, including reported in vitro activity against SARS-CoV-2 [5,6]. Structurally 54 

related flavanones, such as homoeriodictyol (HOM) and eriodictyol (ERI) are also of growing 55 

interest due to their distinct bioactivities and physicochemical properties. In particular, O-56 

methylated derivatives such as HOM may offer advantages including improved metabolic 57 

stability, enhanced oral bioavailability, and altered biological activity relative to their 58 

unmethylated counterparts [7,8]. Despite their potential, flavonoid production remains largely 59 

dependent on plant extraction or chemical synthesis, both of which are constrained by low 60 

yields, complex purification, environmental burden, and limited scalability [9–11].  61 

Microbial cell factories have emerged as a promising alternative for flavonoid production, 62 

offering advantages in sustainability, scalability, and process controllability. Through the 63 

heterologous expression of plant-derived biosynthetic enzymes, including chalcone synthase 64 

(CHS) and chalcone isomerase (CHI), engineered microorganisms can be programmed to 65 
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produce flavonoids with precise structural control and reproducible yields [12,13]. To date, 66 

most microbial flavonoid production platforms have been developed in a limited number of 67 

model hosts, particularly Escherichia coli [11,14,15] and Saccharomyces cerevisiae [9,16,17]. In 68 

these systems, flavonoid biosynthesis is typically established through de novo reconstruction 69 

of phenylpropanoid pathways that convert sugar-based carbon sources such as glucose into 70 

aromatic precursors, followed by activation to their corresponding CoA thioesters and 71 

subsequent condensation into flavonoid scaffolds [9,18]. While these approaches have 72 

enabled the production of flavonoids, they require the aromatic precursor structure to be 73 

synthesized de novo from central metabolites, often involving lengthy heterologous pathways 74 

and extensive metabolic rewiring that can increase metabolic burden and competition for 75 

cellular resources [19]. The challenge becomes even greater when expanding biosynthesis 76 

beyond common flavonoids such as NAR toward structurally diverse derivatives. Such pathway 77 

expansion frequently requires additional tailoring reactions, including hydroxylation and 78 

methylation, which rely on enzymes such as cytochrome P450 monooxygenases [20] and S-79 

adenosylmethionine (SAM)-dependent methyltransferases [21]. Consequently, most microbial 80 

platforms have focused on the production of individual flavonoids through linear pathway 81 

optimization, whereas the efficient biosynthesis of multiple flavonoids within a single host 82 

remains underexplored. Therefore, developing strategies that simplify precursor supply while 83 

enabling access to diverse flavonoid structures remains an important challenge in microbial 84 

flavonoid engineering. 85 

In this context, lignin has emerged as a strategically important yet still underutilized biomass 86 

fraction [22–24]. As a major structural polymer in plant cell walls, lignin is the second most 87 

abundant natural polymer on Earth after cellulose and represents one of the largest renewable 88 

reservoirs of aromatic carbon in nature [23,25,26]. Large quantities of lignin are generated 89 
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annually as low-value side streams from the pulp and paper industry and agricultural 90 

processing [27–29], yet the overwhelming majority is still combusted for heat and energy 91 

rather than upgraded into higher-value products [22]. Unlike cellulose and hemicellulose, 92 

which primarily yield sugars, lignin is composed of aromatic phenylpropanoid monomers: p-93 

coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol that give rise to the p-hydroxyphenyl 94 

(H), guaiacyl (G), and syringyl (S) units, respectively [23,30]. Consequently, lignin valorization 95 

into high-value chemicals and natural products is increasingly recognized as a key component 96 

of a circular bioeconomy, improving the economic viability and resource efficiency of 97 

lignocellulosic biorefineries [31].  98 

Depolymerization of lignin generates a diverse mixture of aromatic compounds, including 99 

hydroxycinnamic acids such as p-coumarate and ferulate [32–35], which are structurally related 100 

to key intermediates in flavonoid biosynthesis [36]. In contrast to glucose-based de novo 101 

biosynthesis, these compounds provide preformed aromatic scaffolds that can be directly 102 

redirected toward flavonoid production, reducing the need to reconstruct the corresponding 103 

aromatic precursors from central metabolism. However, most established production hosts are 104 

poorly suited for direct flavonoid production from lignin-derived feedstocks. For example, E. 105 

coli and S. cerevisiae typically require additional heterologous pathway engineering, including 106 

expression of 4-coumarate-CoA ligase (4CL), to activate hydroxycinnamic acids into the 107 

corresponding CoA thioesters for flavonoid biosynthesis [8,9,37,38]. Even then, they lack the 108 

native aromatic catabolic pathways required to assimilate the diverse aromatic constituents 109 

present in lignin hydrolysates. As a result, a substantial fraction of the carbon present in lignin 110 

hydrolysates remains inaccessible. Furthermore, lignin hydrolysates often contain elevated 111 

concentrations of aromatic compounds and process-derived by-products [35,39], which can 112 

further impair growth and production performance. Together, these considerations highlight 113 
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the potential value of microbial hosts with native aromatic metabolic capabilities and tolerance 114 

toward lignin-derived compounds for exploiting lignin-derived feedstocks in flavonoid 115 

production. 116 

Acinetobacter baylyi ADP1 (hereafter ADP1) represents an attractive microbial chassis for lignin 117 

valorization due to its native capacity to uptake and metabolize a broad range of aromatic 118 

compounds through the β-ketoadipate pathway [40–42]. Unlike conventional flavonoid-119 

producing hosts such as E. coli and S. cerevisiae, ADP1 naturally metabolizes numerous lignin-120 

derived compounds, including hydroxycinnamates and benzoates, enabling the direct 121 

utilization of aromatic feedstocks. Furthermore, ADP1 exhibits exceptional genetic tractability 122 

owing to its natural competence and highly efficient homologous recombination machinery, 123 

facilitating rapid genome engineering and pathway construction [43–45]. In addition to its 124 

well-characterized aromatic metabolism, ADP1 has been shown to tolerate high 125 

concentrations of LDA compounds [46,47] and to support the biosynthesis of value-added 126 

products from renewable feedstocks [13,34,48,49]. These characteristics make ADP1 127 

particularly well suited for coupling LDA assimilation with heterologous biosynthetic pathways. 128 

Indeed, our previous work established ADP1 as a platform for NAR production from p-129 

coumarate, demonstrating the feasibility of flavonoid biosynthesis in this host [13]. Together, 130 

these characteristics position ADP1 as a promising chassis for flavonoid diversification, 131 

enabling the sustainable conversion of diverse LDA compounds into multiple high-value 132 

flavonoid products.  133 

In this study, we establish a lignin-to-flavonoid platform in ADP1 that enables production of 134 

multiple high-value flavonoids from diverse LDA compounds (ferulate, caffeate, and p-135 

coumarate) (Fig 1). Through CHS screening and evaluation under different cultivation 136 
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conditions, we demonstrate that a single engineered chassis can produce distinct flavonoid 137 

products depending on the supplied aromatic precursor, as well as multiple products 138 

simultaneously from mixed aromatic substrates. This substrate-directed strategy enables 139 

flavonoid diversification without extensive pathway reconfiguration, providing a flexible route 140 

to access structurally diverse compounds from renewable feedstocks. Importantly, we extend 141 

this strategy from defined aromatic substrates to complex lignin-derived streams, 142 

demonstrating flavonoid production directly from alkaline pretreated liquor (APL) derived 143 

from wheat straw and straw-derived organosolv lignin. Collectively, this work expands the 144 

substrate and product scope of flavonoid biosynthesis in ADP1 and highlights its potential as 145 

a platform for converting LDAs into multiple flavonoid products. 146 
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 147 

Figure 1. Comparison of flavonoid production from glucose and lignin-derived aromatics 148 

(LDAs). (A) De novo flavonoid production from glucose requires carbon flux through the 149 
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multistep shikimate pathway to generate the aromatic precursor p-coumarate, with additional 150 

pathway engineering required to access different flavonoid products. (B) In contrast, LDA-151 

based production bypasses de novo aromatic precursor biosynthesis by using LDAs as direct 152 

precursors, with different aromatic substrates directing the production of distinct flavonoids 153 

(NAR, ERI, and HOM) and mixed substrates enabling their simultaneous production within a 154 

single engineered system. 4CL, 4-coumarate-CoA ligase; TAL, tyrosine ammonia-lyase; CHS, 155 

chalcone synthase; CHI, chalcone isomerase; F3′H, flavonoid 3′-hydroxylase; 3′OMT, flavonoid 156 

3′-O-methyltransferase; NAR, naringenin; ERI, eriodictyol; HOM, homoeriodictyol. 157 

 158 

Methods 159 

Bacterial strains and culture conditions 160 

The bacterial strains used in this study are described in Supplementary Table S1. Escherichia 161 

coli XL1-Blue (Stratagene, USA) was used for the plasmid constructions and amplifications. The 162 

constructed strain ASA803 derived from A. baylyi ADP1 (DSM 24193, DSMZ, Germany) was 163 

used as the parental strain for strain construction [13]. E. coli and ADP1 strains were incubated 164 

at 30 °C. Strains were maintained on low salt Lysogeny broth (LB) or mineral salts medium 165 

(MSM). For grown-on plates, 1.5% agar (w/v) was added. The MSM consists of: (per Liter; 3.88 g 166 

K2HPO4, 1.63 g NaH2PO4, 2.0 g (NH4)2SO4, pH 7.0). The MSM was supplemented with a trace 167 

elements solution (per Liter; 10 mg/L ethylenediaminetetraacetic acid (EDTA), 0.1 g/L 168 

MgCl2.6H2O, 2 mg/L ZnSO47H2O, 1 mg/L CaCl2∙2H2O, 5 mg/L FeSO4∙7H2O, 0.2 mg/L, 169 

Na2MoO4∙2H2O, 0.2 mg/L CuSO4∙5H2O, 0.4 mg/L CoCl2∙6H2O, 1 mg/L MnCl2∙2H2O). For liquid 170 

cultivation, pre-cultures were grown in MGC (MSM with 50 mM gluconate, 0.2% (w/v) 171 

casamino acids), and the appropriate antibiotics. Unless otherwise stated, main cultures were 172 
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prepared in the same medium supplemented with aromatic substrates and inducers as 173 

indicated in each experiment. The stock solution of, ferulate, caffeate, and p-coumarate were 174 

prepared with a concentration of 100 mM (pH 8.3-8.5). When required, antibiotics were added 175 

to the medium at the following final concentrations: ampicillin (Amp) 100 µg/mL, kanamycin 176 

(Km) 50 µg/mL, and chloramphenicol (Cm) 25 μg/mL. Cyclohexanone stock solution (100 mM) 177 

was prepared in water. Ferulate was purchased from Sigma-Aldrich (USA), caffeate and p-178 

coumarate were purchased from TCI (Japan). HOM and ERI were purchased from Extrasynthese 179 

(France), whereas NAR analytical standard was purchased from Sigma Aldrich (USA). 180 

 181 

Structural analysis and mutagenesis of CHS  182 

Candidate residues for mutagenesis were identified through combined structural and 183 

sequence conservation analyses. The crystal structure of CHS Stenoloma chusanum (ScCHS1) 184 

(PDB id: 7YJB) and the AlphaFold-predicted structure of CHS Hypericum androsaemum 185 

(HaCHS) (UniProt id: Q9FUB7) were used as structural references. Multiple sequence alignment 186 

of CHS homologs was performed using Clustal Omega (EMBL-EBI web server; 187 

https://www.ebi.ac.uk/jdispatcher/msa/clustalo) [50], and residue conservation scores were 188 

calculated with the ConSurf web server [51]. Structural comparison between ScCHS1 and 189 

HaCHS, together with inspection of residues lining the substrate/product channel, was 190 

performed in PyMOL (Schrödinger, LLC). Based on these analyses, three residues were selected 191 

for site-directed mutagenesis, and the corresponding mutant constructs were generated by 192 

USER cloning [52]. The resulting plasmids were transformed into E. coli XL1-Blue by 193 

electroporation, screened by colony PCR, and confirmed by Sanger sequencing (Macrogen, 194 
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Netherlands). Sequence-verified plasmids were subsequently transformed into ADP1 by 195 

natural transformation and selected on LB agar containing chloramphenicol (Cm). 196 

 197 

Plasmid and strain construction  198 

The plasmids and primers used in this study are listed in Supplementary Tables S2 and S3, 199 

respectively. PCR amplifications were performed using Phusion™ Hot Start II High-Fidelity DNA 200 

Polymerase (Thermo Fisher Scientific, USA). Colony PCR was performed using OneTaq™ Quick-201 

Load 2× Master Mix (New England Biolabs, USA). 202 

Plasmids pHOM1 and pHOM2 were constructed as follows. Genes encoding chalcone synthase 203 

(CHS) variants previously reported to accept feruloyl-CoA, ScCHS1 (PDB id: 7YJB) [53] and 204 

HvCHS2 (PDB id: 8B3C) [8], were selected for this study. The genes were synthesized and 205 

codon-optimized for ADP1 (GenScript Biotech, Netherlands), with flanking restriction sites and 206 

a ribosome binding site (BBa_B0034). Each CHS gene was cloned into pBAV1C-chn [13,54] 207 

using the BioBrick assembly standard via XbaI/SpeI and PstI restriction sites. The resulting 208 

plasmids were then digested with XbaI and PstI, and Medicago sativa chalcone isomerase 209 

(MsCHI) (KF765782.1), previously shown to enhance NAR production [13], was inserted 210 

downstream of CHS. The assembled plasmids were first transformed into E. coli XL1-Blue for 211 

verification, and confirmed constructs were subsequently transformed into ADP1 as described 212 

above. Gene sequences are provided in Supplementary Table S4. 213 

 214 

Shake flask cultivation 215 

Glycerol stocks were streaked onto LB agar plates supplemented with 25 mM glucose and 25 216 

µg/mL chloramphenicol (Cm). Single colonies were used to inoculate precultures in the defined 217 
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medium described above and incubated overnight at 30 °C with agitation at 300 rpm. 218 

Precultures were harvested by centrifugation at 6000 × g for 6 min, the supernatant was 219 

discarded, and the cell pellets were resuspended in mineral salts medium (MSM) lacking a 220 

carbon source to concentrate biomass. The resuspended cells were used to inoculate 100-mL 221 

baffled Erlenmeyer flasks containing 20 mL MGC medium, with composition identical to the 222 

preculture medium and supplemented with aromatics and inducers as indicated. 223 

Chloramphenicol was added from an aqueous stock solution (25 µg/mL) to avoid ethanol 224 

carryover as a carbon source. Cultures were inoculated at an initial OD600 of 0.8, unless 225 

otherwise specified. Aromatic substrates (ferulate and caffeate) were added at concentrations 226 

specified in each experiment, and heterologous pathway expression was induced with 0.5 µM 227 

cyclohexanone. All cultivations were performed in biological triplicates and incubated for 72 228 

h.  229 

 230 

Metabolite analysis 231 

Optical density at 600 nm (OD600) was measured using UV-Vis spectrophotometer (UV-1990i, 232 

Shimadzu, Japan). For flavanone quantification (HOM, NAR, and ERI), culture broth was 233 

extracted with an equal volume of ethyl acetate, vortexed for 30 s, and incubated on a rotary 234 

mixer at room temperature for 2 h as previously described [13,53,55]. After centrifugation for 235 

5 min, the organic phase was collected and evaporated overnight. The dried residue was 236 

resuspended in methanol and subjected to HPLC analysis. For quantification of aromatic 237 

compounds (ferulate, caffeate, and p-coumarate), culture samples were centrifuged at 20,000 238 

× g for 5 min. The clarified supernatants were filtered through syringe filters (CHROMAFIL® 239 

PET, PET-45/25, Macherey–Nagel, Germany) and analyzed by HPLC. Identification of 240 
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flavanones and aromatic substrates were performed using liquid chromatography coupled to 241 

photodiode-array detection (Shimadzu Nexera LC-40, Japan). Luna C18(2) (100Å 4.6 x 150 mm, 242 

5 µ) was used as the column and placed at 40 °C.  243 

For experiments requiring separation of a single flavonoid and its corresponding aromatic 244 

precursor, an isocratic method was used as previously described [13]. The mobile phase 245 

consisted of 60% (0.1% formic acid) and 40% (MeOH) a flow rate 1 mL/min. For experiments 246 

involving simultaneous analysis of multiple flavonoids and aromatic compounds, a gradient 247 

method was applied. The mobile phases consisted of eluent A (water:methanol:formic acid, 248 

80:20:0.16, v/v/v) and eluent B (100% methanol). Separation was performed using the 249 

following gradient program: 100% eluent A for 20 min, to 75% eluent at 22 min, 75% eluent A 250 

from 22 to 40 min, to 100% eluent A at 42 min, 100% eluent A from 42 to 47 min. The flow 251 

rate was set to 1 mL/min, and the injection volume was 5 µL. Flavanones were detected at 288 252 

nm, with retention time of approximately 29.88 min (ERI), 36.97 min (NAR), and 37.9 min 253 

(HOM). Aromatic substrates were detected at their respective wavelengths: ferulate at 318 nm, 254 

caffeate at 318 nm, and p-coumarate at 304 nm. Compound concentrations were determined 255 

using calibration curves prepared from the corresponding chemical standards. 256 

 257 

LC-MS analysis 258 

LC-MS analysis was done on Agilent 1260 Infinity chromatograph connected with AccuTOF 259 

LCplus (JMC-T100LP, Japan) high resolution mass spectrometer with an electrospray ionization 260 

source (ESI). Agilent InfinityLab Poroshell EC-18 column (4.6 x 100 mm, 2 µ) was maintained at 261 

30˚C. 2 µL of analytes were injected. Isocratic elution was performed at a flow rate of 0.2 262 
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mL/min with a mixture of 0.1% formic acid/methanol 1/1 as the mobile phase. Detection was 263 

performed in negative mode (ESI-). 264 

 265 

Fed-batch bioreactor cultivation 266 

Fed-batch cultivations were performed in a 250-mL mini bioreactor (Applikon Biotechnology, 267 

The Netherlands) with an initial working volume of 50 mL. Cultivation conditions and process 268 

control parameters were applied as previously described [13]. The feed solution, consisting of 269 

50 mM gluconate, 0.2% casamino acids, and 1.3 mM each of ferulate, caffeate, and p-270 

coumarate in MSM, was supplied at a rate of 3.7 mL/h for 48 h. When necessary, foaming was 271 

controlled by the addition of small volumes of a 10% (v/v) Antifoam A (Sigma-Aldrich, USA). 272 

Samples (2 mL) were collected aseptically throughout the cultivation for analysis of cell growth, 273 

aromatic substrates, and flavanones. Bioreactor experiments were performed in duplicate. 274 

 275 

Preparation of alkaline pretreated liquor (APL) 276 

APLs were prepared from wheat straw and straw-derived organosolv lignin (a kind gift from 277 

Fortum, Finland). Wheat straw was subjected to alkaline pretreatment at 130 °C using 70 mg 278 

NaOH per g dry biomass [39], whereas straw-derived organosolv lignin was treated at 130 °C 279 

with 2% NaOH (w/w dry biomass) [56]. Prior to use, the resulting liquor was processed by 280 

centrifugation at 10,000 x g, 10 °C for 30 min to remove the bulk solids. The pH was then 281 

adjusted to 7.0 using 5 M H2SO4, followed by a second centrifugation step at 10,000 x g, 10 °C 282 

for 30 min. The resulting supernatant was subsequently filter-sterilized through 0.20-0.45 µm 283 

filter, followed by HPLC analysis to quantify the aromatic compounds. Filter-sterilized APL was 284 
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added to cultures at final concentration corresponding to 0.5 mM p-coumarate equivalents, in 285 

the presence of 50 mM gluconate and 0.2% casamino acids as supplementary carbon sources.  286 

 287 

Results 288 

HOM production from ferulate in ADP1 289 

Biosynthesis of HOM involves two reactions catalyzed by CHS and CHI. CHS catalyzes the 290 

condensation of one molecule of feruloyl-CoA with three molecules of malonyl-CoA to form 291 

homoeriodictyol chalcone, which is subsequently cyclized by CHI to yield HOM. In our previous 292 

study, ASA806 strain was established as platform for NAR production from p-coumarate [13]. 293 

The strain harbors heterologous CHS from Hypericum androsaemum (HaCHS) and CHI from 294 

M. sativa (MsCHI), together with deletion of the hcaA gene to block native p-coumarate 295 

catabolism. Engineering strategies aimed at increasing malonyl-CoA availability were also 296 

evaluated previously but did not improve NAR production [13]. Therefore, rather than further 297 

modifying precursor supply, the present study focused on expanding the substrate and 298 

product scope of the established ASA806 platform.  299 

As HOM biosynthesis relies on the same CHS–CHI module, we next investigated whether the 300 

existing ASA806 platform could be extended toward HOM production from ferulate. To this 301 

end, we pursued two complementary strategies:  engineering CHS substrate specificity and 302 

screening heterologous CHS orthologs compatible with feruloyl-CoA utilization. Unlike p-303 

coumarate, ferulate contains a methoxy substitution that enables the biosynthesis of HOM 304 

through a distinct feruloyl-CoA-derived chalcone intermediate. However, previous study has 305 

shown that HaCHS exhibits poor utilization of feruloyl-CoA [57], thereby limiting HOM 306 

biosynthesis. Intrigued by this limitation, we investigated whether mutagenesis of CHS could 307 



 

16 

 

improve accommodation of the O-methylated substrate. We therefore pursued a structure-308 

guided engineering strategy to expand CHS substrate specificity toward feruloyl-CoA. To guide 309 

mutagenesis, an AlphaFold-predicted model of HaCHS (UniProt id: Q9FUB7) was used and 310 

compared with the crystal structure of ScCHS1 (PDB id: 7YJB) to identify candidate residues 311 

associated with starter-CoA recognition (Supplementary Fig. S1-S2). Two residues located 312 

proximal to the substrate-binding pocket were selected for mutagenesis based on sequence 313 

differences from a feruloyl-CoA-accepting CHS homologue. Substitution of these residues was 314 

hypothesized to increase the available space within the substrate-binding pocket and facilitate 315 

accommodation of the O-methyl group of feruloyl-CoA. A third residue was targeted to alter 316 

the electrostatic environment of the active site. As no high-throughput biosensor or screening 317 

assay was available for HOM production, the analysis was restricted to three rationally selected 318 

CHS variants: E192Q, V196I, F165Y. The resulting strains harboring CHSE192Q, CHSV196I, and 319 

CHSF165Y were designated ASA812, ASA813, and ASA814, respectively. 320 

However, similar to the wild-type enzyme, none of the engineered CHS variants produced 321 

detectable levels of HOM under the tested conditions (Supplementary Fig. S3). To determine 322 

whether the introduced mutations impaired overall CHS activity, the variants were additionally 323 

evaluated using p-coumarate as a substrate. Most mutants retained catalytic functionality and 324 

supported NAR production, with the exception of ASA812 (Supplementary Fig. S4), indicating 325 

that the lack of HOM production was not simply due to loss of CHS function. In separate 326 

experiments, the strains also did not grow on ferulate while externally supplied HOM did not 327 

exhibit detectable toxicity toward the host strain (Supplementary Fig. S5-S6), suggesting that 328 

the absence of HOM production was unlikely to result from precursor loss through native 329 

metabolism or product inhibition. Together, these results suggest that point mutagenesis of 330 
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the parental CHS scaffold was insufficient to enable efficient feruloyl-CoA utilization within the 331 

tested chassis and cultivation conditions. We therefore next shifted our strategy toward 332 

screening heterologous CHS orthologs previously reported to accept feruloyl-CoA-derived 333 

substrates. 334 

Although CHSs are widely distributed, most characterized enzymes preferentially utilize p-335 

coumaroyl-CoA, and activity toward feruloyl-CoA has been demonstrated for only a limited 336 

number of homologues. We therefore used a focused screening strategy, selecting CHS 337 

orthologs from ScCHS1 [53] and HvCHS2 [8], both previously associated with feruloyl-CoA 338 

utilization and HOM biosynthesis. The corresponding genes were codon-optimized for 339 

expression in ADP1 and paired with the MsCHI, which has previously been shown to improve 340 

flavonoid production in this host [13], generating constructs pHOM1 and pHOM2 (Fig. 2A). 341 

The plasmids were subsequently introduced into ADP1 by natural transformation, generating 342 

the strains ASA815 and ASA816, respectively. Under ferulate-supplemented conditions, both 343 

heterologous CHS modules enabled production of HOM (Fig. 2B). Final titers reached 1.8 mg/L 344 

and 1.0 mg/L after 24 h for ASA815 and ASA816, respectively. In addition, LC–MS analysis 345 

confirmed the identity of the product as HOM by comparison with an authentic standard, 346 

showing matching retention time and fragmentation pattern (Supplementary Fig. S7). 347 

Together, these results demonstrate that enzyme replacement, rather than point mutagenesis 348 

of the native scaffold, was required to expand the accessible flavonoid repertoire in ADP1. 349 

 350 

 351 
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 352 

Figure 2. Production of HOM in ADP1. (A) Organization of plasmids carrying CHS and CHI 353 

expression modules from different plant species, (B) Production profile of HOM by ASA815 354 

(hcaA ScCHS1 MsCHI) and ASA816 (hcaA HvCHS2 MsCHI). Cells were grown in MGC 355 

supplemented with 2.5 mM ferulate for 72 h at 30° C. Gene expressions were induced with 0.5 356 

µM cyclohexanone. Data are presented as mean ± standard deviation (s.d.) from three 357 

independent biological replicates (n = 3). CHS: chalcone synthase; CHI: chalcone isomerase; 358 

Sc: Stenoloma chusanum; Hv: Hordeum vulgare; Ms: Medicago sativa. 359 

 360 

Assessment of additional culture parameters for HOM biosynthesis  361 

Though the newly constructed strains were capable of producing HOM, the obtained titers 362 

remained low under the initial cultivation conditions. We therefore sought to improve HOM 363 

production by evaluating cultivation conditions known to strongly influence flavonoid 364 

biosynthesis [20,58,59]. Specifically, we assessed the effects of inoculum size (OD600), ferulate 365 

concentration, buffering conditions, inducer concentration, and cultivation temperature. Both 366 

strains were included in these analyses to determine whether their production responses 367 

differed under altered cultivation conditions. 368 



 

19 

 

We first evaluated the effect of inoculum density and ferulate concentration by testing two 369 

initial OD600 values (0.8 and 2.0) and two substrate concentrations (1 mM and 2.5 mM). As 370 

shown in Fig. 2A-2B, reducing ferulate concentration from 2.5 mM to 1 mM consistently 371 

improved HOM production in both strains, indicating that elevated precursor loading 372 

negatively affected pathway performance. This effect may be attributed to the toxic 373 

accumulation of feruloyl-CoA in the hcaA deletion strain [60]. In addition, lower inoculum 374 

density also favored HOM production, with initial cultivation at OD600 0.8 resulting in higher 375 

titers than OD600 2.0 for both constructs. At an initial OD600 of 0.8, cultivation with 1 mM ferulate 376 

resulted in higher HOM titer than 2.5 mM ferulate in both strains (Fig. 3A, 3B). Under these 377 

conditions, ASA815 produced 2.6 mg/L (1.5-fold higher), while ASA816 produced 2.7 mg/L 378 

(2.8-fold higher) after 24 h. Furthermore, MOPS supplementation and inducer concentrations 379 

had only minor effects on HOM production, indicating that the standard cultivation conditions 380 

were largely sufficient for pathway expression (Supplementary Fig. S8-S9). Based on these 381 

results, an initial OD600 0.8 and ferulate concentration of 1 mM were selected for subsequent 382 

experiments. 383 
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 384 

Figure 3. Effect of ferulate concentration and initial cell density (OD600) on HOM production in 385 

ADP1. Growth profile and HOM production in (A) ASA815 and (B) ASA816 for 72 h. Cells were 386 

cultured in MGC at different ferulate concentrations (1.0 and 2.5 mM) and two initial cell 387 

densities (OD600 = 0.8 and 2.0). Gene expressions were induced with 0.5 µM cyclohexanone. 388 

Data are presented as mean ± standard deviation (s.d.) from three independent biological 389 

replicates (n = 3). 390 

Reduced cultivation temperatures have been widely used in flavonoid production studies, 391 

particularly in E. coli platforms that incorporate a temperature shift during the production 392 

phase [8,15,53]. We therefore evaluated HOM production at different temperatures cultivation 393 

20 °C, 25 °C, and 30 °C. In parallel, substrate-loading regimes were further assessed using 394 
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ferulate concentrations of 0.1, 0.5, and 1 mM to determine whether production could be 395 

maintained at lower precursor inputs (Fig. 4A-4F). As shown in Fig. 4A-4C, ASA815 strain 396 

exhibited a pronounced temperature dependence, with the highest HOM titers observed at 397 

30 °C. HOM production by ASA815 was largely unaffected by ferulate concentration between 398 

0.5 and 1 mM, indicating that substrate loading was not limiting within this range. In contrast, 399 

ASA816 was less sensitive to cultivation temperature and produced comparable HOM titers 400 

across the tested temperature range, including 20 °C (Fig. 4D-4F). While product formation 401 

was delayed at lower temperature, the HOM titers remained relatively stable throughout 402 

cultivation, suggesting that HOM biosynthesis is favored under these conditions. The ASA816 403 

strain was also showed no significant differences in production between 0.1-1 mM ferulate. 404 

Interestingly, the two CHS modules displayed markedly different temperature responses 405 

despite being expressed in the same host background, indicating that the choice of CHS 406 

substantially influences pathway performance across cultivation conditions. Together, these 407 

results reveal distinct cultivation responses between the two CHS module configurations, with 408 

ASA816 exhibiting greater tolerance to variations in temperature and precursor availability. 409 

 410 

 411 

 412 

 413 
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 414 

Figure 4. Effect of temperature cultivation for HOM production in ADP1. (A-C) Growth profile 415 

and HOM production in ASA815 at different temperatures (30° C, 25° C, 20° C) for 72 h.  (D-F) 416 

Growth profile and HOM production in ASA816 at different temperatures (30° C, 25° C, 20° C) 417 

for 72 h. Cells were cultured in MGC supplemented with different concentration of ferulate 418 

(FER) (0.1, 0.5, and 1 mM). Gene expressions were induced with 0.5 µM cyclohexanone. Data 419 
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are presented as mean ± standard deviation (s.d.) from three independent biological replicates 420 

(n = 3).  421 

 422 

ERI production from caffeate in ADP1 423 

ERI can be synthesized from NAR through flavonoid 3′-hydroxylase (F3′H)-mediated 424 

hydroxylation at the 3′ position of the flavonoid B-ring. However, functional expression of this 425 

membrane-bound cytochrome P450 enzyme in bacterial hosts remains challenging due to its 426 

dependence on cytochrome P450 reductases and associated electron transfer systems [20]. 427 

Previous studies therefore employed the native E. coli hydroxylase complex HpaBC as a non-428 

P450 alternative for ERI biosynthesis [20]. Alternatively, ERI can also be synthesized directly 429 

from caffeate through the CHS–CHI module, thereby bypassing the hydroxylation step and 430 

shortening the overall pathway. Motivated by this, we next investigated whether our 431 

established platforms could be further extended toward production of an additional flavonoid 432 

from a distinct LDA substrate. 433 

ASA815 and ASA816 were cultivated under their respective optimized conditions for HOM 434 

production and supplied with varying concentrations of caffeate. ASA815 supported 435 

substantial ERI production, reaching 24.2 mg/L at 0.5 mM caffeate, whereas ASA816 produced 436 

only trace amounts (<5 mg/L) across the tested aromatic concentrations (Fig. 5A-5B). Notably, 437 

ERI production by ASA815 exceeded the HOM titers obtained under the same cultivation 438 

framework, indicating that caffeate may be a more favorable substrate for pathway extension 439 

in this configuration. These findings demonstrate that aromatic precursor substitution is 440 

sufficient to redirect flavonoid biosynthesis while retaining the same downstream CHS–CHI 441 

module. The marked difference between ASA815 and ASA816 further indicates that pathway 442 
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configuration influences not only production performance but also the accessible flavonoid 443 

product spectrum.  444 

 445 

Figure 5. Production of ERI by ADP1 from caffeate. (A), (B) Growth profile and ERI production 446 

in ASA815 and ASA816. Cells were grown in MGC supplemented with different concentrations 447 

of caffeate (CAF) (0.1, 0.5, and 1 mM) for 72 h. Gene expressions were induced with 0.5 µM 448 

cyclohexanone. ASA815 strain was cultivated at 30 °C, whereas ASA816 was cultivated at 20 449 

°C. Data are presented as mean ± standard deviation (s.d.) from three independent biological 450 

replicates (n = 3).  451 

 452 

Multi-flavonoid production in Fed-batch bioreactor 453 

In our previous study, fed-batch cultivation improved NAR production from p-coumarate by 454 

the engineered ADP1 strain [13]. Based on this result, we applied the same cultivation strategy 455 

to evaluate strain performance with mixed aromatic substrates. Fed-batch cultivation was 456 

performed in a 250-mL bioreactor, with 1 mM each of ferulate, caffeate, and p-coumarate 457 

supplied at a feeding rate of 3.7 mL/h for 48 h (Fig. 6A). Samples were collected throughout 458 

cultivation monitor optical density (OD600), aromatic substrate concentrations, and flavonoid 459 

production. Notably, the culture broth gradually changed from light to dark brown after 460 
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approximately 24 h of cultivation, consistent with oxidative transformation of caffeate under 461 

aerobic conditions. 462 

ASA815 supported production of all three target flavonoids, with the highest accumulation 463 

observed for NAR (8.1 mg/L) and the lowest for HOM (1.3 mg/L) after 54 h cultivation (Fig. 6B). 464 

In contrast, ASA816 displayed narrower product profile, producing predominantly HOM (3.2 465 

mg/L), with no detectable formation of NAR and ERI after 60 h (Fig. 6C). Unexpectedly, mixed-466 

aromatic fed-batch cultivation did not improve flavonoid titers relative to flask cultivations 467 

supplied with individual aromatic substrates. This reduction in productivity may be associated 468 

with the simultaneous conversion of three aromatic precursors, potentially due to increased 469 

metabolic demand or competition for shared pathway precursors such as malonyl-CoA, which 470 

serves as the extender unit for flavonoid biosynthesis [15,20]. Together, these results indicate 471 

that ASA815 carrying ScCHS1 supports broader flavonoid diversification under mixed-aromatic 472 

feeding, whereas ASA816 carrying HvCHS2 displays a more selective production profile. 473 

Given the lower flavonoid titers obtained during mixed-aromatic fed-batch cultivation, we next 474 

examined whether reducing the total aromatic concentration could improve pathway 475 

performance. Due to its broader flavonoid product profile, ASA815 was selected and cultivated 476 

with medium supplemented with lower aromatic loading (0.5 mM each of ferulate, caffeate, 477 

and p-coumarate). The strain resulted in a modest increase of NAR and ERI by 1.3-fold and 478 

2.0-fold, respectively, whereas HOM production remained largely unchanged (Supplementary 479 

Fig. S10). This observation supports the notion that elevated aromatic loading may contribute 480 

to reduced flavonoid productivity under mixed-substrate conditions. 481 

 482 
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 483 

 484 

Figure 6. Production of multiple flavonoids (HOM, ERI, NAR) from aromatics mixture (ferulate, 485 

caffeate, and p-coumarate) in fed-batch cultivation. (A) Fed-batch bioreactor used for 486 

cultivation of the engineered ADP1 strains, (B), (C) Time course profiles of OD600 profile, 487 

aromatics consumption, and flavonoid production by ASA815 and ASA816. Cells were cultured 488 

in MGC with 1 mM ferulate, 1 mM caffeate, and 1 mM p-coumarate. Gene expressions were 489 

induced with 0.5 µM cyclohexanone. ASA815 strain was cultivated at 30 °C, whereas ASA816 490 

was cultivated at 20 °C. Feeding was added from 0-48 h, at flow rate 3.5 mL/h. Data are 491 

presented as mean ± standard deviation (s.d.) from two independent biological replicates (n 492 

= 2). HPLC profile of NAR, HOM, and ERI are provided in Supplementary Fig. S11. 493 
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Multi-flavonoid production from APL 494 

Having established flavonoid production from defined aromatic substrates, we next evaluated 495 

whether the platform could operate directly on APLs derived from lignocellulosic biomass. 496 

Wheat straw and organosolv lignin APLs were selected to assess whether flavonoid production 497 

could be achieved across lignin-derived streams. Wheat straw and straw-derived organosolv 498 

lignin were subjected to alkaline depolymerization at 130 °C using 70 mg NaOH per g dry 499 

biomass and 2% NaOH (w/w), respectively, followed by centrifugation and filtration. HPLC 500 

analysis revealed that the wheat straw APL contained approximately 2.2 mM p-coumarate and 501 

1.1 mM ferulate, whereas the organosolv lignin APL contained 4.7 mM p-coumarate and 5.0 502 

mM ferulate. In contrast, caffeate was not detected in either APL (Fig. 7A). 503 

We subsequently evaluated the ability of ASA815 to produce flavonoids directly from APL. To 504 

enable direct comparison between feedstocks, wheat straw and organosolv lignin APLs were 505 

supplemented at equivalent aromatic loadings corresponding to 0.5 mM p-coumarate and 506 

cultivated in shake flasks containing MGC for 72 h. Under these conditions, strain ASA815 507 

produced NAR and HOM (Fig. 7B), demonstrating that the heterologous pathway remained 508 

functional in complex lignin-derived substrate mixtures. In addition, no adverse effects on 509 

growth were observed in the presence of either wheat straw- or organosolv lignin APL 510 

(Supplementary Fig. S12), indicating that the liquors were well tolerated under the tested 511 

conditions. Collectively, these results demonstrate that ADP1 can convert heterogeneous LDA 512 

streams into flavonoid products, highlighting its potential as a chassis for the production of 513 

high-value plant natural products from renewable biomass feedstocks. 514 

  515 

 516 

 517 
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 518 

Figure 7. Flavonoid production from APLs. (A) Preparation of alkaline pretreated liquor (APL) 519 

from wheat straw and organosolv lignin, and aromatic concentration measured by HPLC. (B) 520 

Flavonoid production from wheat-straw and organosolv lignin by ASA815. Cells were 521 

cultivated in MGC supplemented with APLs at an equivalent aromatic loading corresponding 522 

to 0.5 mM p-coumarate. Gene expression was induced with 0.5 µM cyclohexanone. Data are 523 

presented as mean ± standard deviation (s.d.) from three independent biological replicates (n 524 

= 3). 525 

 526 
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Discussion 527 

In this study, we expanded flavonoid biosynthesis in ADP1 beyond NAR by extending the 528 

precursor scope from p-coumarate to ferulate and caffeate, enabling the production of 529 

structurally distinct flavonoids from different LDAs. Through CHS ortholog selection and 530 

cultivation optimization, the best-performing strain (ASA815) achieved titers of 3.7 mg/L HOM 531 

and 24.2 mg/L ERI in flask cultivations. These results position ADP1 not only as a host for 532 

single-product flavonoid synthesis, but as a promising platform for converting diverse LDAs 533 

into value-added flavonoids.  534 

CHS generally exhibit a strong preference for p-coumaroyl-CoA as a starter substrate, which 535 

underlies their widespread use in NAR biosynthesis [61]. This substrate preference presented 536 

a key challenge when extending the ADP1 platform from p-coumarate-derived NAR to 537 

flavonoids derived from alternative aromatic precursors. We initially sought to overcome this 538 

limitation by rationally modifying CHS substrate specificity; however, none of the three variants 539 

tested supported detectable production of the target compounds. Rather than being restricted 540 

to p-coumaroyl-CoA utilization, however, some naturally occurring CHSs exhibit broader or 541 

altered starter-substrate preferences.  For example, an HvCHS2 has been identified as a variant 542 

with HOM/ERI synthase activity [62]. Similarly, a ScCHS1 was recently reported to exhibit 543 

preference for feruloyl-CoA, enabling HOM production in E. coli [53]. Although such activities 544 

appear uncommon among characterized CHSs, their occurrence suggested that natural CHS 545 

diversity could provide an alternative route to the desired substrate specificity. Consistent with 546 

this, screening of CHS orthologs in our study identified enzymes that enabled HOM 547 

production, whereas this activity was not detected among the three rationally engineered 548 

variants tested. 549 
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Despite being expressed in an identical metabolic background, the two CHS variants exhibited 550 

distinct flavonoid production profiles, highlighting intrinsic differences in enzyme 551 

performance. The effect of cultivation parameters was also variant-dependent, as changes in 552 

temperature and precursor loading altered the relative performance of the two constructs. 553 

While enzyme screening studies often identify a single superior variant under a specific 554 

cultivation condition [12,63], our results indicate that CHS performance is highly condition-555 

dependent, with each ortholog exhibiting advantages under different operating conditions. In 556 

addition, we cannot exclude the possibility that certain variants may channel intermediates 557 

toward alternative products that were not detected or resolved in the present analysis. 558 

Previous studies have shown that CHS can generate competing pyrone by-products through 559 

alternative cyclization pathways and that chalcone isomerase-like proteins (CHILs) can 560 

enhance flavonoid production by suppressing these metabolic shunts and redirecting flux 561 

toward the desired products [64,65]. Consistent with this, Ni et al. (2022) reported the 562 

formation of BNY-type and CTAL-type pyrone derivatives when feruloyl-CoA was used as a 563 

starter substrate [53]. Together, these findings indicate that no single cultivation condition is 564 

universally optimal and that maximizing flavonoid production requires aligning enzyme-565 

specific characteristics and flux-partitioning behavior with appropriate process conditions.  566 

In bioreactor cultivations containing aromatic mixtures, the engineered ADP1 strain produced 567 

multiple flavonoids, demonstrating its ability to convert diverse LDAs into distinct products. 568 

Previous microbial flavonoid production studies have predominantly focused on the synthesis 569 

of individual flavonoids from defined substrates [12,53], whereas our approach enables 570 

simultaneous generation of multiple flavonoid products from mixed aromatic feedstocks. 571 

Although our flavonoid titers were lower than those obtained from individual substrates, 572 

aromatic mixtures more closely resemble the heterogeneous composition of lignin-derived 573 
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feedstocks encountered in industrial biorefineries. Importantly, the ability to generate different 574 

flavonoids from their corresponding aromatic precursors without further genetic modification 575 

demonstrates the product flexibility of the engineered platform and provides a basis for its 576 

application to heterogeneous lignin-derived streams. 577 

The lower flavonoid production observed with the aromatic mixture may arise from several 578 

factors associated with simultaneous substrate conversion. Competition for shared pathway 579 

precursors, including malonyl-CoA, could limit flux when multiple flavonoid pathways operate 580 

concurrently [17]. In addition, accumulation of aromatic intermediates or CoA-activated 581 

derivatives may impose metabolic burden and toxicity [13,66,66], further constraining 582 

flavonoid production. However, as these factors were not directly investigated in the present 583 

study, the mechanisms underlying the reduced production remain to be determined. 584 

Importantly, flavonoid production was also achieved directly from wheat straw- and 585 

organosolv lignin APLs, demonstrating the functionality of the pathway in complex and 586 

industrially relevant feedstocks. APL has previously been used as a substrate for microbial 587 

production such as medium-chain-length polyhydroxyalkanoates (mcl-PHAs) in Pseudomonas 588 

putida KT2440 [35]. More recently, vanillin-glucoside and resveratrol were produced from a 589 

synthetic mock APL using A. baylyi ADP1 [67]. However, direct flavonoid production from 590 

lignin-derived process streams remains largely unexplored. Thus, production from two 591 

compositionally distinct APLs extends the range of product accessible from LDAs and 592 

highlights the potential of ADP1 to accommodate variation in complex lignin streams. Notably, 593 

production was achieved despite the potential presence of inhibitory or unidentified 594 

compounds in these streams. 595 
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Together, this study expands flavonoid biosynthesis in ADP1 beyond NAR and establishes its 596 

ability to convert multiple LDA precursors into structurally distinct flavonoids. While the titers 597 

remain below those achieved in highly optimized sugar-based E. coli [8,53,68] and yeast 598 

systems [69], the significance of this work lies in a fundamentally different production 599 

paradigm; rather than reconstructing aromatic precursor pathways from glucose, ADP1 600 

directly exploits LDAs as pathway entry points, enabling substrate-directed production of NAR, 601 

ERI, and HOM within a single engineered host. Importantly, this functionality was maintained 602 

in complex lignin-derived liquors, demonstrating robustness toward heterogeneous 603 

feedstocks and providing a direct link between lignin valorization and flavonoid biosynthesis. 604 

These findings position ADP1 as a versatile chassis for transforming renewable aromatic side 605 

streams into high-value products and establish a foundation for more efficient lignin-based 606 

biomanufacturing. 607 

 608 

Conclusion 609 

We demonstrated the production of multiple flavonoids in ADP1 from LDAs. Through 610 

identification of an effective CHS-CHI enzyme combination and optimization of cultivation 611 

conditions, the engineered strain produced 3.7 mg/L HOM and 24.2 mg/L ERI in flask 612 

cultivations. In addition to expanding flavonoid biosynthesis in ADP1 beyond NAR, this work 613 

demonstrates a distinct production strategy in which LDAs, including ferulate, caffeate, and p-614 

coumarate, serve as direct biosynthetic precursors for structurally diverse flavonoids. 615 

Importantly, a single engineered strain enabled substrate-directed production of NAR, ERI, and 616 

HOM through feedstock selection without additional genetic modifications. Furthermore, the 617 

flavonoid production was maintained directly from APLs, demonstrating compatibility with 618 
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complex and industrially relevant lignin-derived feedstock. Together, these results position 619 

ADP1 as a promising host for lignin valorization and establish a foundation for a substrate-620 

driven flavonoid production, in which lignin-derived precursors are directly funneled into 621 

diverse flavonoid products using a single microbial chassis. 622 
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