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A B S T R A C T

Beta-ketoadipate (βKA) is an intermediate of the βKA pathway involved in the degradation of aromatic com-
pounds in several bacteria and fungi. Beta-ketoadipate also represents a promising chemical for the 
manufacturing of performance-advantaged nylons. We established a strategy for the in planta synthesis of βKA via 
manipulation of the shikimate pathway and the expression of bacterial enzymes from the βKA pathway. Using 
Nicotiana benthamiana as a transient expression system, we demonstrated the efficient conversion of proto-
catechuate (PCA) to βKA when plastid-targeted bacterial-derived PCA 3,4-dioxygenase (PcaHG) and 3-carboxy- 
cis,cis-muconate cycloisomerase (PcaB) were co-expressed with 3-deoxy-D-arabinoheptulosonate 7-phosphate 
synthase (AroG) and 3-dehydroshikimate dehydratase (QsuB). This metabolic pathway was reconstituted in 
Arabidopsis by introducing a construct (pAtβKA) with stacked pcaG, pcaH, and pcaB genes into a PCA- 
overproducing genetic background that expresses AroG and QsuB (referred as QsuB-2). The resulting QsuB-2 x 
pAtβKA stable lines displayed βKA titers as high as 0.25 % on a dry weight basis in stems, along with a drastic 
reduction in lignin content and improvement of biomass saccharification efficiency compared to wild-type 
controls, and without any significant reduction in biomass yields. Using biomass sorghum as a potential crop 
for large-scale βKA production, techno-economic analysis indicated that βKA accumulated at titers of 0.25 % and 
4 % on a dry weight basis could be competitively priced in the range of $2.04–34.49/kg and $0.47–2.12/kg, 
respectively, depending on the selling price of the residual biomass recovered after βKA extraction. This study 
lays the foundation for a more environmentally-friendly synthesis of βKA using plants as production hosts.

1. Introduction

Nylon-6,6 is a synthetic polyamide resulting from the thermally- 
induced polycondensation between hexamethylenediamine (HMDA) 
and adipic acid (Vagholkar, 2016). Its unique physical and thermo-
chemical properties revolutionized the polymer and plastic industries at 
the time of its invention (Varghese and Grinstaff, 2022). Currently, 
adipic acid production mainly relies on the nitric acid-catalyzed oxida-
tion of petroleum-derived ketone-alcohol (KA) oil, a process that emits 

nitrous oxide, which is a potent greenhouse gas (GHG) (Hasanbeigi and 
Sibal, 2023; Shimizu et al., 2000). Around three million tons of adipic 
acid are produced annually, emitting approximately 4.5 kg CO2-equi-
valent (CO2e) per kg adipic acid on a life-cycle basis, and the demand is 
anticipated to grow over the next decades, driven by the automotive 
industry and the furniture and bedding markets (Nicholson et al., 2023; 
Kondo et al., 2022). Developing more renewable, lower-emitting ap-
proaches to produce adipic acid or using other dicarboxylic acids to 
make nylon-6,6 analogs have consequently emerged as major focal point 

Abbreviations: βKA, beta-ketoadipate; LC-MS, liquid chromatography-mass spectrometry; MSP, minimum selling price; PCA, protocatechuate; SMB, simulated 
moving bed; TEA, techno-economic analysis.
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for the bioeconomy (Polen et al., 2013; Yan et al., 2023).
Beta-ketoadipate (βKA), a C6 dicarboxylic acid with a β-ketone 

group, is an intermediate of the βKA catabolic pathway responsible for 
the conversion of aromatic compounds into tricarboxylic acid cycle in-
termediates in several soil bacteria and fungi (Harwood and Parales, 
1996; Wells and Ragauskas, 2012). Due to its structural similarity with 
adipic acid, βKA represents a promising building block chemical that can 
be efficiently reacted with HMDA to produce nylon-6,6 analogs (referred 
as nylon-6,βK6) (Johnson et al., 2019; Rorrer et al., 2022). This nylon-6, 
βK6 polyamide displayed favorable properties compared to its adipic 
acid counterpart. For example, nylon-6,βK6 has lower water perme-
ability relative to nylon-6,6, making it comparable to sebacic 
acid-derived nylon-6,10, yet it also features a higher glass transition 
temperature than nylon-6,10 (Rorrer et al., 2022).

Several bioengineering strategies have already been implemented for 
the production of βKA from various precursor molecules by leveraging 
the βKA pathway, using mostly Pseudomonas putida KT2440 as a mi-
crobial host. Generally, these strategies consist of the inactivation of the 
βKA:succinyl-coenzyme A transferase (PcaIJ) within the pathway to 
prevent βKA conversion and enable its accumulation. Depending on 
their structure and the upper catabolic pathways involved, aromatic 
precursors can feed the βKA pathway either via the protocatechuate 
(PCA) or the catechol branches. As a notable example, βKA could be 
produced in P. putida KT2440 from polystyrene-derived benzoate via the 
catechol branch (Sullivan et al., 2022). Other examples leveraged the 
PCA branch to produce βKA from PCA (Okamura-Abe et al., 2016), 
4-hydroxybenzoate (Johnson et al., 2019), p-coumarate (Fenster et al., 
2022), ferulate (Werner et al., 2023), terephthalate (Sullivan et al., 
2022; Werner et al., 2021), vanillin and vanillate (Suzuki et al., 2021), 
or even glucose (Rorrer et al., 2022).

Plants represent a compelling alternative to microbial hosts for the 
cost-effective production of chemicals given their ability to fix carbon 
from the atmosphere through photosynthesis and the possibility to grow 
them on a large scale (O’Neill and Kelly, 2017; Yang et al., 2022; Yuan 
and Grotewold, 2015). In plants, the shikimate pathway is source of 
precursors to secondary metabolites, including flavonoids, anthocya-
nins, salicylates, and polymers such as tannins and lignin (Maeda and 
Dudareva, 2012; Shende et al., 2024). Various engineering approaches 
enabling the production of valuable shikimate-derived compounds have 
been demonstrated, with a particular interest in simultaneously inter-
fering with the lignin biosynthetic pathway (Liu and Eudes, 2022). 
Notable examples include the in planta production of the platform 
chemicals muconic acid (Eudes et al., 2018) and 2-pyrone-4,6-dicarbox-
ylic acid (Lin et al., 2021), as well as the flavoring agent 2-phenylethanol 
(Qi et al., 2015). To the best of our knowledge, there is no report on the 
use of plants as platform hosts for βKA production. Therefore, we eval-
uated the potential of an in planta biological route for βKA synthesis from 
PCA using metabolic engineering and assisted by techno-economic 
analysis (TEA).

The engineered overproduction of PCA has been achieved in various 
plant species using plastid-targeted bacterial-derived enzymes to reroute 
the shikimate pathway. In particular, the expression of a 3-dehydroshi-
kimate dehydratase (QsuB) from Corynebacterium glutamicum converted 
endogenous 3-dehydroshikimate into PCA in Arabidopsis stems (Eudes 
et al., 2015), leading to an increase in PCA content by up to 113-fold in 
comparison to the wild-type controls. This strategy was later imple-
mented in tobacco (Nicotiana tabacum L.) (Wu et al., 2017) and bio-
energy crops such as switchgrass (Panicum virgatum L.) (Hao et al., 
2021), hybrid poplar (Populus alba x grandidentata) (Unda et al., 2022), 
and sorghum (Sorghum bicolor (L.) Moench) (Tian et al., 2022). The 
subsequent development of a transgenic Arabidopsis line (referred as 
QsuB-2) expressing a feedback-resistant 3-deoxy-D-arabinoheptuloso-
nate 7-phosphate synthase (AroG) from Escherichia coli in addition to 
QsuB increased the carbon flux through the shikimate pathway and 
further enhanced PCA accumulation by ~8-fold in comparison to the 
transgenic plants only expressing QsuB (Umana et al., 2022). In the 

current work, the approach for PCA overproduction was exploited and 
combined with the aforementioned βKA pathway previously employed 
in microbial studies to achieve βKA synthesis in planta.

To first validate βKA production in planta, we overproduced PCA in 
Nicotiana benthamiana leaves via transient expression of AroG and QsuB 
and partially reconstituted the PCA branch of the βKA pathway by co- 
expressing plastid-targeted versions of PcaHG, PcaB, PcaC, and PcaD 
derived from P. putida KT2440 (Fig. 1, route 1). An alternative engi-
neered pathway for the conversion of PCA into βKA via the intermediate 
hydroxyquinol was also tested based on catabolic pathways previously 
reported in certain bacteria, yeast strains, and white-rot fungi (del Cerro 
et al., 2021; Holesova et al., 2011; Kitagawa et al., 2004; Spence et al., 
2020). This latter consists of a promiscuous 4-hydroxybenzoate hy-
droxylase from Candida parapsilosis (MNX1), and hydroxyquinol 1, 
2-dioxygenase (TsdC) and maleylacetate reductase (TsdD) from the 
γ-resorcylate catabolic pathway in Rhodococcus jostii RHA1 (Holesova 
et al., 2011; Kasai et al., 2015) (Fig. 1, route 2). Successful production of 
βKA was achieved in the transformed N. benthamiana leaves, with the 
highest titers obtained via the PCA 3,4-cleavage route, and without the 
need of PcaC and PcaD expression (route 1). Further, this strategy 
implemented in Arabidopsis by transforming the PCA-overproducing 
line QsuB-2 with stacked pcaG, pcaH, and pcaB genes led to a βKA pro-
duction of up to ~0.25 dwt% in stems. Besides this value-added 
coproduct trait, biomass from engineered Arabidopsis lines has less 
lignin and displays improved saccharification efficiencies compared to 
the wild-type controls, which has the potential to lower the minimum 
selling price (MSP) of βKA produced thereof.

2. Material and methods

2.1. Chemicals

The antibiotics kanamycin, carbenicillin, chloramphenicol, and 
gentamicin were purchased from Teknova. Protocatechuate was pur-
chased from Alfa Aesar. Beta-ketoadipate was purchased from Toronto 
Research Chemicals. All other chemicals were purchased from Sigma- 
Aldrich.

2.2. Plant material and growth conditions

The Arabidopsis transgenic line QsuB-2 was previously described in 
Umana et al. (2022). Arabidopsis seeds were surface sterilized and sown 
on Murashige and Skoog medium (PhytoTechnology Laboratories) so-
lidified with 0.8 % (w/v) agar. After a cold treatment of 48 h at 4 ◦C in 
the dark, plates were kept in a growth chamber (Percival Scientific; 16-h 
light/24 ◦C, 8-h dark/20 ◦C, 120 μmol m− 2 s− 1). After 10 d, the seed-
lings were transferred to soil (Sun Gro Horticulture) in individual pots, 
grown in a growth chamber (Percival Scientific; 16-h light/24 ◦C, 8-h 
dark/20 ◦C, 150 μmol m− 2 s− 1, 60 % relative humidity), and watered 
on a regular basis. The height of the main stem was measured at the 
mature senesced stage. The stems were harvested without leaves and 
siliques for total stem biomass dry weight measurements. Wild-type 
Nicotiana benthamiana seeds were directly germinated on soil and 
grown in a growth chamber as previously described (Lin et al., 2021).

2.3. Plasmid construction and plant transformation

The DNA coding sequences of PcaG, PcaH, PcaB, PcaC, and PcaD 
were codon-optimized for expression in Arabidopsis and synthetized 
(GenScript Biotech). All coding sequences contained at their 5’-end the 
sequence of a plastid transit peptide (schl) and flanking BsaI restriction 
sites for subcloning. The level-0 constructs are listed in Supplementary 
Table S1. For transient expression in N. benthamiana, synthetic se-
quences encoding schl-PcaG, schl-PcaH, schl-PcaB, schl-PcaC, and schl- 
PcaD were released by BsaI digest from the level-0 backbone and indi-
vidually ligated into the binary vector pPMS057 containing a 35S 
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promoter (p35S) from the cauliflower mosaic virus (Belcher et al., 
2020). Codon-optimized synthetic sequences encoding schl-MNX1, 
schl-TsdC, and schl-TsdD were synthesized and cloned downstream 
p35S in pPMS057 directly (GenScript Biotech). The pPMS057 constructs 
containing p35S::schl-AroG, p35S::schl-QsuB, p35S::schl-MNX1, p35S:: 
schl-tsdC, p35S::schl-tsdD, p35S::schl-PcaG, p35S::schl-PcaH, p35S:: 
schl-PcaB, p35S::schl-PcaC, and p35S::schl-PcaD were individually elec-
troporated into Agrobacterium tumefaciens GV3101 (pMP90) strain. Se-
lection was made on Luria-Bertani solid medium supplemented with 
50 μg ml− 1 kanamycin, 30 μg ml− 1 gentamicin, and 100 μg ml− 1 

rifampicin. Leaves of 4-week-old N. benthamiana plants were infiltrated 
with Agrobacterium strains (OD600 = 1.0) carrying pPMS057 vectors of 
interest as previously described (Sparkes et al., 2006). All plasmids used 
for transient expression assays are listed in Supplementary Table S2.

For stable Arabidopsis transformation (ecotype Columbia 0), the 
jStack cloning approach was used to generate the level-2 construct 
pAtβKA (Shih et al., 2016). Coding sequences were amplified by PCR 
using the primers listed in Supplementary Table S3 and level-0 con-
structs as templates. The PCR products were digested with BsaI prior to 
ligation into the level-1 backbone PMS008 (Shih et al., 2016). Detailed 
information about the level-0 and level-1 plasmids used for jStack as-
sembly are listed in Supplementary Table S1 and S4. The construct 
pAtβKA was introduced into the Arabidopsis line QsuB-2 via 
Agrobacterium-mediated transformation (Bechtold and Pelletier, 1998). 
QsuB-2 x pAtβKA primary T0 transformants were selected on MS me-
dium containing 50 μg ml− 1 kanamycin. All plasmid sequences are 
available at the Inventory of Composable Elements (ICE) source registry 
(http://public-registry.jbei.org).

2.4. RNA extraction, cDNA preparation, and PCR analysis

The main stem from 4-week old plants (three plants per line) were 
flash-frozen in liquid nitrogen and ground into powder for total RNA 
extraction using the RNeasy Plant Mini Extraction Kit (Qiagen). RNA 
solutions were treated with 30 units of Dnase I Rnase-free (Qiagen) to 
remove residual genomic DNA and eluted with 30 μl of nuclease-free 
water. For reverse transcription (RT)-PCR, DNA-free RNA was con-
verted to first-strand cDNA with the RevertAid H Minus First Strand 
cDNA Synthesis Kit (Fermentas) using oligo(dT)22. Detection by PCR of 
the aroG, qsuB, pcaG, pcaH, pcaB, and Actin 2 transcripts in the different 
Arabidopsis lines was conducted using the primers listed in 

Supplementary Table S3.

2.5. Metabolite extraction

Metabolites were extracted from lyophilized N. benthamiana leaves 
and mature senesced and dried Arabidopsis stems using 80 % (v/v) 
methanol-water solvent as previously described (Eudes et al., 2018). For 
each sample, 30 mg of ball-milled biomass was sequentially extracted 
three times with 1 ml of solvent at 70 ◦C with shaking (2000 rpm) for 
15 min. The 3-ml extracts were mixed with 1.5 ml of HPLC grade water 
and cleared by centrifugation at 3220×g for 5 min. Extracts were filtered 
through Amicon Ultra centrifugal filters (3 kDa MW cut off, EMD Mil-
lipore) at 13,000×g for 1.5 h. For PCA and hydroxyquinol quantifica-
tion, a 250 μl aliquot of the filtered extracts was dried under vacuum and 
hydrolyzed with 1 N HCl for 2.5 h at 95 ◦C to release the aglycone forms, 
followed by three sequential ethyl acetate partitioning steps as previ-
ously described (Eudes et al., 2015).

2.6. Metabolite analysis

Metabolites were analyzed in plant extracts using liquid chroma-
tography (LC), electrospray ionization (ESI), and quadrupole time-of- 
flight (QTOF) mass spectrometry (MS). LC-MS was performed via an 
Agilent Technologies 1260 Infinity HPLC system coupled to an Agilent 
Technologies 6520 Accurate-Mass QTOF LC/MS system. The HPLC 
sample tray, column compartment, and injection volume were set to 6 
◦C, 50 ◦C, and 3 µL, respectively. HPLC solvents A and B were 0.1 % 
formic acid in water and 0.1 % formic acid in methanol, respectively. 
Gradient elution was conducted as follows: linearly increased from 5 % 
solvent B to 60.9 % B in 4.3 min, increased from 60.9 % B to 97.1 % B in 
1.3 min, held at 97.1 % B for 1 min, linearly decreased from 97.1 % B to 
5 % B in 0.2 min, and held at 5 % B for 2 min. The flow rate was held at 
0.42 ml min− 1 for 5.6 min, increased from 0.42 ml min− 1 to 0.65 ml 
min− 1 in 0.2 min, and held at 0.65 ml min− 1 for 2 min. The total LC run 
time was 8.8 min. For ESI, drying and nebulizer gases were set to 
11 L min− 1 and 20 lb/in2, respectively, and a drying gas temperature of 
330 ◦C was used throughout. Electrospray ionization was conducted in 
the negative ion mode and a capillary voltage of 3500 V was utilized. 
The fragmentor, skimmer, and OCT 1 RF Vpp voltages were set to 100 V, 
50 V, and 250 V, respectively. We found that βKA decarboxylates into 
levulinic acid under our LC-MS conditions. Quantification was made via 

Fig. 1. A schematic diagram of the engineered metabolic pathways converting PCA to βKA in plant plastids. Red arrows represent biosynthetic steps catalyzed by 
microbial enzymes expressed in N. benthamiana and Arabidopsis. Dashed arrows denote multiple enzyme steps. AroG: feedback-resistant 3-deoxy-D-arabinoheptu-
losonate 7-phosphate (DAHP) synthase AroGL175Q; E4P: erythrose 4-phosphate; MNX1: 4-hydroxybenzoate 1-hydroxylase; PcaB: 3-carboxy-cis,cis-muconate cyclo-
isomerase; PcaC: 4-carboxymuconolactone decarboxylase; PcaD: 3-oxoadipate enol-lactonase; PcaHG: protocatechuate 3,4-dioxygenase; PEP: phosphoenolpyruvate; 
QsuB: 3-dehydroshikimate dehydratase; TsdC: hydroxyquinol 1,2-dioxygenase; TsdD: maleylacetate reductase.
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8-point calibration curves of authentic standards. The monoisotopic m/z 
(negative ionization) of hydroxyquinol, deprotonated PCA, β-hydroxy- 
cis,cis-muconate, maleylacetate, and levulinic acid (decarboxylated 
βKA) are 125.02315, 153.01933, 156.00697, 157.01425, and 
115.04007, respectively.

2.7. Lignin measurements

Lignin was quantified from mature senesced and dried Arabidopsis 
stems using the thioglycolic acid method as previously described 
(Suzuki et al., 2009). Dried cell wall residues (~10 mg) obtained after 
sequential metabolite extractions were used (see 2.5).

2.8. Biomass pretreatment and saccharification

Ball-milled senesced Arabidopsis stems (~10 mg) were mixed in 
340 μl of water and shaken at 1400 rpm for 30 min at 30◦C, followed by 
a 1 h incubation at 120◦C for hot water pretreatment. Saccharification 
was then initiated by addition of 650 μl of 100 mM sodium citrate buffer 
pH 5 containing 80 μg ml− 1 tetracycline and 0.05 % (w/w) Cellic CTec3 
cellulase (Novozymes). After 72 h of incubation at 50◦C with shaking 
(1400 rpm), samples were centrifuged and the supernatant was filtered 
through 0.45-μm nylon membrane centrifugal filters (VWR Interna-
tional, Radnor, PA) for glucose and xylose measurements, using high- 
performance liquid chromatography (HPLC). The system was equip-
ped with an Aminex cation-exchange resin column HPX-87H, 
300 × 7.8 mm (Bio-Rad) and the eluent was 4 mM H2SO4 at a flow 
rate of 0.6 ml min− 1 at 60◦C. Glucose and xylose were identified by 
refractive index and their amount quantified using 8-point calibration 
curves of authentic compounds. The same method was used for the 
pretreatment and saccharification of sorghum biomass. Wild-type sor-
ghum plants (variety wheatland) were grown in the greenhouse until 

full maturity and the biomass from entire plants (panicles removed) was 
processed into a powder as previously described (Tian et al., 2024). 
Saccharification assays were conducted on the raw biomass and 
extracted biomass obtained as described in 2.5.

2.9. Techno-economic analysis (TEA)

In this study, sorghum was selected as a representative crop for βKA 
accumulation due to its high biomass yield, natural drought tolerance, 
and water-use efficiency, alongside its relative ease to be engineered 
compared to other biomass crops such as Miscanthus. The feedstock cost 
is based on a higher biomass-yielding photoperiod sensitive sorghum 
line. SuperPro Designer v14 was used to develop techno-economic 
models. The process flow diagram is shown in Fig. 2.

We assume that βKA accumulates uniformly throughout the entire 
plant, as indicated by its concentration in dry weight basis, which re-
flects average accumulation across all harvestable sorghum biomass. 
Additionally, we assume that βKA remains stable throughout the entire 
extraction process. The simulated process broadly includes the following 
steps: 1) size reduction; 2) extraction; and 3) separation and recovery. 
Following the approach described in Rorrer et al., (2022), ancillary 
facilities—such as those for steam generation, cooling agent supply, and 
utilities—are considered to be "over-the-fence" and their costs are 
directly included in the annual operating expenses (Supplementary 
Table S5). The costs of other raw materials used in this study are also 
listed in Supplementary Table S5, which are sourced from various 
studies as referenced and adjusted to the analysis year of 2023 using the 
Consumer Price Index (CPI) (United States Department of Labor, Bureau 
of Labor Statistics, 2024).

The simulated facility is sized to take in 2000 bone-dry metric tons 
(MT) per day of biomass sorghum feedstock (83.33 dry MT h− 1). Sor-
ghum bales are first shredded and conveyed into a mixer containing a 

Fig. 2. Simplified process flow diagram of the techno-economic model of βKA extraction from engineered sorghum biomass. Aq. H2SO4: aqueous sulfuric acid; SMB: 
simulated moving bed.
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solvent (either 80 % v/v aqueous methanol or water) at a solid loading 
of 24 % (dry wt/wt%). This loading ratio, which corresponds to 
~284 mg dry biomass ml− 1, is higher than in our experimental setup, 
but it better represents the process intensification expected for large- 
scale industrial applications. Consistent with this study, there is a 45- 
min retention period in the mixer. This single 45-min stage rather 
than three separate 15-min stages minimizes solvent usage and equip-
ment costs while ensuring thorough extraction. The extraction in the 
mixer occurs adiabatically at the recycled solvent’s temperature 
(although the experiment was conducted at 70 ◦C to intentionally 
convert all the βKA to levulinic acid for easier quantification). A screw 
press subsequently separates the solid and liquid phases. The liquid 
phase, consisting in the solvent and soluble metabolites, is sent to 
simulated moving bed (SMB) chromatography for βKA recovery. The 
SMB chromatography produces a product stream of > 90 % βKA, with 
the balance being solvent, and the remaining solvent is removed in a 
dryer to produce a ~99 % βKA solid powder. The raffinate from SMB 
chromatography contains both solvent and impurities, requiring cooling 
crystallization (10◦C with freon as the cooling agent) to remove impu-
rities such as extra metabolites and sulfuric acid (H₂SO₄) used in the 
eluent. Impurities crystallize out as solid particles and are then sepa-
rated from the solvent via centrifugation, with the solids disposed of as 
waste. Solvent recovered from centrifugation is recycled for reuse in the 
extraction process.

To understand the cost impact of solvent loss and recovery this study 
compares recovery costs for two solvents: water and aqueous methanol. 
Using water in place of aqueous methanol as the solvent reduces the βKA 
recovery by 19 % (Supplementary Fig. S1), but no additional steps are 
needed before recycling, due to its homogenous nature. In contrast, 
when aqueous methanol is used, an extra distillation step is required to 
restore its original concentration, as it becomes diluted by the water 
used as a desorbent/eluent in SMB chromatography. To reduce energy 
consumption, only a portion of the solvent stream from centrifugation 
undergoes distillation. This stream is split into two parts: one is distilled 
to recover pure methanol, which is then blended with the remaining 
fraction to restore the methanol concentration to its original level. 
Makeup solvent is added during the next extraction process to 
compensate any loss incurred in the previous extraction.

The solid biomass residue removed after the screw press is a potential 
coproduct. The value of this solid biomass residue is a key question for 
any bioproduct that is extracted from plant tissue and its value in-
fluences the MSP of βKA. Rather than making an assumption about how 
the residue is used, this study explores how the economics of βKA pro-
duction vary depending on solid residue value. The extraction facility is 
assumed to operate 24 h per day and 330 days per year (7920 h per 
year) for 30 years. The equipment purchase costs for each section were 
adjusted using an installation factor derived from Humbird et al. (2011)
which was then followed by the calculation of direct and indirect costs, 
and the total capital investment. To determine the MSP of βKA for 
different scenarios, a cash flow analysis for the year of 2023 was con-
ducted following the methodology outlined by Humbird et al. (2011), 
which sets the internal rate of return to 10 % and calculates MSP such 
that the net present value equals zero.

2.10. Statistical analyses

Statistical analyses were assessed as described in the figure legends. 
Student’s t tests were performed using https://www.graphpad.com 
/quickcalcs/ttest1/.

3. Results

3.1. Transient expression of AroG, QsuB, PCA 3,4-dioxygenase (PcaHG), 
and 3-carboxy-cis,cis-muconate cycloisomerase (PcaB) enables βKA 
production in Nicotiana benthamiana leaves

Our previous study reported on the efficient overproduction of PCA 
in N. benthamiana leaves upon transient expression of plastid-targeted 
AroG and QsuB (Lin et al., 2021). This approach was used to test two 
potential routes for βKA biosynthesis (Fig. 1). As expected, using LC-MS 
analysis, the accumulation of PCA was observed in acid-hydrolyzed 
methanol extracts from leaves infiltrated with the two genes aroG and 
qsuB (Fig. 3). We subsequently co-expressed AroG and QsuB with either 
plastid-targeted PcaHG, PcaB, PcaC, and PcaD (Fig. 1, route 1) or MNX1, 
TsdC, and TsdD (Fig. 1, route 2) to assess the conversion of PCA into 
βKA. For route 2, expression of AroG, QsuB, MNX1, TsdC, and TsdD 
resulted in a small amount of βKA produced in leaves (1.1 mg g− 1 dry 
weight) despite the obvious depletion of PCA compared to the leaves 
only expressing AroG and QsuB (Fig. 3). We also detected the presence 
of the pathway intermediate hydroxyquinol in these leaves 
(~3.8 mg g− 1 dry weight), whereas β-hydroxy-cis,cis-muconate and 
maleylacetate could not be observed. These results indicate that MNX1 
efficiently converts PCA into hydroxyquinol in N. benthamiana, but TsdC 
and/or TsdD poorly perform the subsequent step(s) for the conversion of 
hydroxyquinol into βKA. Alternatively, the intermediates β-hydroxy-cis, 
cis-muconate and maleylacetate may be unstable in plant tissues. On the 
other hand, for route 1, the data showed that over 95 % of PCA was 
efficiently converted into βKA upon expression of the pcaH, pcaG, pcaB, 
pcaC, and pcaD genes, resulting in βKA titers greater than 40 mg g− 1 dry 
weight, and thereby validating this metabolic pathway for βKA pro-
duction in planta. Interestingly, a combinatorial approach for the 
co-expression of all aforementioned genes minus one revealed that 
neither pcaC, nor pcaD were necessary for βKA synthesis, indicating that 
unknown endogenous enzymes in N. benthamiana are capable of cata-
lyzing the last two steps of the biosynthetic pathway (Fig. 3).

Fig. 3. In planta conversion of PCA into βKA in N. bentamiana leaves by tran-
sient expression of AroG, QsuB, and the proposed βKA biosynthetic enzymes 
PcaHG, PcaB, PcaC, and PcaD (route 1) or MNX1, TsdC, and TsdD (route 2). For 
route 1, a combinatorial approach showed that PcaC and PcaD are not required 
for βKA synthesis. Values are averages ± SE from four biological replicates 
(n = 4 plants). Letters represent significant differences (P < 0.05) using one- 
way ANOVA with post hoc Tukey HSD. Nd, not detected.
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3.2. Stable expression of PcaHG and PcaB leads to βKA production in the 
Arabidopsis QsuB-2 background

Based on the data obtained from transient expression assays in 
N. benthamiana, the Arabidopsis transgenic line QsuB-2 expressing 
plastid-targeted AroG and QsuB (Umana et al., 2022) was transformed 
with a construct (pAtβKA) designed for the expression of plastid-targeted 
PcaHG and PcaB (Fig. 4). The 17.6-kb expression cassette contains the 
three genes pcaH, pcaG, and pcaB placed under the control of promoters 
active in stem tissues that produce lignified secondary cell walls Sup-
plementary Table S3. First, matured senesced and dried stems from 
fourteen independent QsuB-2 x pAtβKA primary T0 transformants were 
subjected to a metabolite analysis to validate βKA production and 
identify the most promising lines. βKA titers in methanol extracts ranged 
from 0.1 to 6.6 mg g− 1 dry weight (Supplementary Fig. S2). No βKA 
could be detected in either the wild-type or the QsuB-2 control line 
grown in the same conditions.

We then further characterized the top three βKA-producing lines in 
the T1 generation. First, using RT-PCR analysis, the expression of the 
aroG, qsuB, pcaG, pcaH, and pcaB transgenes was confirmed in stems 
from the three QsuB-2 x pAtβKA lines (Fig. 5A). Next, metabolites were 
extracted from matured stems to quantify PCA and βKA by LC-MS. PCA 
titers measured in acid-hydrolyzed extracts averaged ~90 mg g− 1 dry 
weight in the QsuB-2 parental background and were significantly lower 
in the three QsuB-2 x pAtβKA lines (Fig. 5B). In addition, βKA titers 
ranged from 2.0 to 2.4 mg g− 1 dry weight in the QsuB-2 x pAtβKA lines 
(Fig. 5C).

3.3. Biomass from βKA producing plants displays improved 
saccharification without yield penalty

In accordance with previous reports showing significant lignin re-
ductions in Arabidopsis lines expressing QsuB (Eudes et al., 2015; Lin 
et al., 2021), the QsuB-2 parental background displayed a 53 % reduc-
tion in lignin content in comparison to the wild-type control, and a 
similar decrease, ranging from 52 % to 58 %, was observed in the 
QsuB-2 x pAtβKA transgenics (Fig. 6A). Biomass saccharification assays 
were conducted on stem biomass to evaluate the cell wall recalcitrance 
of the βKA producing lines. Following a hot water pretreatment and a 
72-h enzymatic digestion, higher amounts of glucose and xylose were 
released from the biomass of the QsuB-2 parental background and the 
three QsuB-2 x pAtβKA lines compared to the wild-type control (Fig. 6B). 
Saccharification improvements ranged from 191 % to 249 % for glucose 
and from 90 % to 121 % for xylose. This data shows a reduced biomass 
recalcitrance to enzymatic degradation, implying that less severe pre-
treatment and/or lower enzyme loadings could be employed to achieve 
optimal yields of fermentable sugars.

Moreover, although measurements of stem height at maturity 

showed significant reductions in the QsuB-2 parental background and 
the QsuB-2 x pAtβKA transgenics, total stem biomass dry weight was 
either not affected or even significantly higher compared to wild-type 
control plants (Fig. 7).

3.4. Techno-economic analysis

The βKA titer of 4 % on a dry weight basis achieved in N. benthamiana 
leaves was selected as the first scenario (Fig. 3). This titer was applied to 
sorghum for the purposes of the model as a hypothetical case. Fig. 8
illustrates the MSPs of βKA at this titer in sorghum, with variations in the 
selling price of the solid residues recovered after βKA extraction. For 
comparison, Baral et al. estimated sorghum prices from $122 (silage) to 
$167 (pellets)/bone dry metric ton delivered to the reactor throat at 
large-scale lignocellulosic biorefineries, including transportation, stor-
age, and size reduction (Baral et al., 2020).

We found that, despite leading to a lower βKA extraction efficiency, 
water extraction led to more economically favorable outcomes relative 
to aqueous methanol extraction (Fig. 8). Avoiding methanol extraction 
not only eliminates the capital and energy-intensive recycling costs but 
also removes the need to purchase makeup methanol. The savings from 
these cost reductions substantially outweigh the yield loss of βKA.

Since water-only extraction resulted in better economic perfor-
mance, an additional scenario analysis was conducted by adjusting the 
βKA titer to 0.25 %, a level achieved in the stable QsuB-2 x pAtβKA 
Arabidopsis line (Fig. 5C). The results of this analysis are shown in Fig. 9.

At 0.25 % βKA titer and with water extraction, if the selling price of 
the solid residue is set to match the feedstock purchase price ($89/MT), 
the MSP of βKA would be $34.49/kg. However, the residue has under-
gone processes that increase its value, namely delivery to a centralized 
facility and size reduction. If the residue selling price is increased by 
63 % to $145/MT, the MSP of βKA drops by 94 %, reaching $2.04/kg 
(Fig. 9). For context, the average market price for adipic acid in 2017 
was $1.80/kg (Johnson et al., 2019), which is equivalent to $2.24/kg in 
2023 USD. Given the performance advantages of nylon-6,βK6 over 
nylon-6,6, βKA could be competitively priced at $2.04/kg with a 0.25 % 
βKA titer in biomass and a residue selling price of $145/MT. As noted 
earlier, the higher residue selling price compared to the feedstock pur-
chase price can be justified by value of simplified residue logistics and 
potentially avoiding the need of further milling.

In addition to the logistics and size reduction advantages, the ease of 
biomass residue deconstruction to sugars may also be improved through 
the extraction process. As shown in Supplementary Fig. S3, the glucose 
yield from extracted biomass (solid residues) remaining after aqueous 
methanol extraction is 50 % higher using a hot water pretreatment and 
enzymatic saccharification compared to the original unextracted 
biomass material. These results suggest that the extraction process can 
reduce biomass recalcitrance, making it more suitable for conversion to 

Fig. 4. Schematic representation of binary vectors used for Arabidopsis transformations. The QsuB-2 construct was used for the production of PCA in wild-type 
Arabidopsis (Umana et al., 2022). The pAtβKA construct was used for the production of βKA in the QsuB-2 Arabidopsis background. ‘Schl’ indicates plastid 
transit peptides. p2x35S, pPtCesa8, pAtC4H, pAtC3’H, and pAtCesa7 designate the promoters of cauliflower mosaic virus 35S, poplar cellulose synthase 8 
(Potri.004G059600), and Arabidopsis cinnamate 4-hydroxylase (At2G30490), coumarate 3′-hydroxylase (At2G40890), and cellulose synthase 7 (At5G17420) genes, 
respectively. T35S, TG7, TMAS, TNOS, TRBCS, and TACT2 designate the terminators of cauliflower mosaic virus 35S, Agrobacterium gene 7, mannopine synthase and 
nopaline synthase, and Arabidopsis Rubisco small subunit and Actin 2 genes, respectively. HygR and KanR denote the selectable marker genes used for plant selection 
using hygromycin and kanamycin, respectively.
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sugars, fuels, and other bioproducts. This indicates that βKA accumu-
lated in planta, could compete with fossil-derived adipic acid on a cost 
basis, depending on the size of the residue market and premium placed 
on post-extraction residues. Additionally, given the reported titer in this 

Fig. 5. In planta production of βKA in Arabidopsis stems resulting from the expression of PcaHG and PcaB in a transgenic QsuB-2 background. (A) Detection by RT- 
PCR of aroG, qsuB, pcaH, pcaG, and pcaB transcripts in three independent lines containing the pAtβKA construct. The actin 2 gene (Act2) was used as a control. (B) 
PCA and (C) βKA titers in Arabidopsis wild-type (WT), QsuB-2 parental background (QsuB-2), and QsuB-2 x pAtβKA transformants. Values are averages ± SE from four 
biological replicates (n = 4 plants). Letters represent significant differences (P < 0.05) using one-way ANOVA with post hoc Tukey HSD. Nd, not detected.

Fig. 6. (A) Lignin content in Arabidopsis wild-type (WT), QsuB-2 parental background (QsuB-2), and QsuB-2 x pAtβKA lines. Values are averages ± SE from four 
biological replicates (n = 4 plants). (B) Biomass saccharification of Arabidopsis wild-type (WT), QsuB-2 parental background (QsuB-2), and QsuB-2 x pAtβKA lines. 
Amounts of glucose and xylose released from biomass after 72-h enzymatic digestion are shown. Values are averages ± SE from five biological replicates (n = 5 
plants). Percentage increases compared to wild-type are shown. Letters represent significant differences (P < 0.05) using one-way ANOVA with post hoc Tukey HSD.

Fig. 7. Growth parameters (height and dry weight) of Arabidopsis wild-type 
(WT), QsuB-2 parental background (QsuB-2), and QsuB-2 x pAtβKA lines. 
Values are averages ± SE from eight biological replicates (n = 8 plants). Letters 
represent significant differences (P < 0.05) using one-way ANOVA with post 
hoc Tukey HSD.

Fig. 8. Minimum selling price (MSP) of βKA at varying selling price of the solid 
residues recovered after extraction. A βKA titer of 4 % in engineered sorghum 
dry biomass is considered.
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study, the MSP of in planta-synthesized βKA can be lower than the MSP 
of βKA produced through microbial methods, which was estimated to be 
$1.94/kg (Rorrer et al., 2022) in 2014 USD ($2.50/kg in 2023 USD) 
based on an optimistic production titer assumption (90 g⋅L− 1, or 
approximately 3.5X the maximum reported titer of 26 g⋅L− 1). With 
water extraction, a 0.25 % βKA titer in planta can reach $2.04/kg if the 
residue sells for at least $145/MT (63 % above the price paid for 
incoming feedstock). At a 4 % titer, βKA extracted with water reaches 
$2.12/kg at a residue price of just $89/MT.

4. Discussion and conclusions

Beta-ketoadipate represents a promising building block chemical for 
the manufacturing of nylon-6,6 analogs and we demonstrate in this 
study that plants can be engineered to accumulate it. In planta synthesis 
of βKA is achieved via conversion of PCA, as previously reported in 
several engineered microbial strains (Johnson et al., 2019; Rorrer et al., 
2022; Sullivan et al., 2022). In plants, PCA can be overproduced from 
3-dehydroshikimate by heterologous expression of 3-dehydroshikimate 
dehydratase (QsuB), which also results in lignin reduction (Eudes 
et al., 2015). This approach is relevant to the bioenergy field since 
reducing lignin or manipulating its composition facilitates the decon-
struction of biomass feedstocks into simple sugars for the production of 
advanced bioproducts and biofuels (Eudes et al., 2014). Co-expression of 
QsuB with feedback-resistant 3-deoxy-D-arabinoheptulosonate 7-phos-
phate synthase (AroG) further enhances PCA production, making this 
approach appealing for the in planta accumulation of valuable 
PCA-derived chemicals (Lin et al., 2021; Umana et al., 2022). Interest-
ingly, the reduction of lignin achieved by QsuB expression is maintained 
despite AroG expression, indicating that increased carbon flux through 
the shikimate pathway supports PCA accumulation but not lignin syn-
thesis in the AroG-QsuB Arabidopsis line (i.e. QsuB-2). These observa-
tions are consistent with previous results showing that constitutive 
expression of feedback-resistant AroG did not increase lignin content in 
Arabidopsis stems, although the lignin precursors phenylalanine and 
shikimate were higher (Tzin et al., 2012). This phenomenon could be the 
result of tight regulations in the plant phenylpropanoid pathway that 
affect, for example, the entry point phenylalanine ammonia-lyase or the 
available pool of phenylalanine (Lynch et al., 2017; Zhang and Liu, 
2015).

We tested two potential routes for conversion of PCA into βKA in 
planta (Fig. 1). The pathway that begins with the formation of hydrox-
yquinol catalyzed by MNX1 showed limited potential towards βKA 
production, despite the obvious depletion of PCA (Fig. 3). The low titers 
of hydroxyquinol and βKA measured in this pathway suggest that the 
downstream enzymes TsdC and TsdD are poorly active in plastids and/ 

or the pathway intermediates are unstable or are converted into 
different metabolites in plant tissues. To the best of our knowledge, this 
pathway has never been tested in microbial hosts for βKA production 
and it may be well-suited for R. jostii RHA1, which is the source of the 
tsdC and tsdD genes and a promising strain for biomanufacturing 
(Cappelletti et al., 2020). Moreover, some enzymes similar to TsdC and 
TsdD recently characterized in white-rot fungi could be tested for βKA 
production in heterologous hosts (Kuatsjah et al., 2024). In the case of 
the pathway initiated by the intradiol cleavage of PCA catalyzed by 
PcaHG, we observed in N. benthamiana a nearly complete conversion of 
PCA into βKA using the strong constitutive 35S promoter for gene 
expression (Fig. 3). To implement this pathway in Arabidopsis, we 
selected stem-specific promoters for gene expression to limit the risk of 
undesirable growth defects (Fig. 4). However, even though this 
approach resulted in Arabidopsis lines accumulating βKA without any 
biomass yield reductions (Fig. 5C, Fig. 7), a significant amount of PCA 
remained in these lines compared to the PCA content measured in the 
QsuB-2 parental background (Fig. 5B). Considering that PcaG and PcaH 
form a heterodimer for ring cleavage activity, their synchronized spatial 
and temporal expression is probably required for efficient PCA conver-
sion. We predicted that the two promoters selected for pcaG and pcaH 
expression in Arabidopsis stems (pAtC4H and pAtC3’H, respectively) 
would confer optimal and overlapping expression patterns since they 
drive the expression of genes encoding two enzymes that are part of a 
P450 enzyme complex during lignin biosynthesis (Gou et al., 2018). 
However, we cannot exclude that the ~2-kb pAtC4H and pAtC3’H pro-
moter regions used in this work are missing some regulatory elements 
needed for full promoter activity. Alternatively, polyprotein expression 
systems could be tested to coordinate PcaG and PcaH co-expression and 
facilitate their interaction (Zhang et al., 2017; 2019). The efficient 
cleavage of PCA represents an important step for βKA synthesis since 
PCA is known to be exported from the plastid to the cytosol and con-
verted into a wide range of conjugates (Akyuz Turumtay et al., 2024). 
Moreover, considering that our de novo βKA pathway is confined to 
plastids, integrating the corresponding biosynthetic genes as operons 
into the chloroplast genome could achieve optimal co-expression and 
enhance βKA synthesis (Fuentes et al., 2018). Lastly, we found that the 
conversion of the pathway intermediate γ-carboxymuconolactone into 
βKA can occur in plant tissues without expressing PcaC and PcaD (Fig. 1
route 1, Fig. 3), suggesting that endogenous and promiscuous plant 
decarboxylase(s) and hydrolase(s) catalyze the last two steps in this 
pathway, or a single enzyme with dual activity as previously described 
in Rhodococcus opacus 1CP (PcaL) (Eulberg et al., 1998). Whether such 
conversion takes place inside the plastid or in another compartment 
after the export of γ-carboxymuconolactone remains unknown, and no 
enzyme showing sequence homology with either PcaC, PcaD, or PcaL 
could be retrieved from Arabidopsis databases (data not shown). 
Conversely, as previously noticed in earlier studies, we cannot exclude 
that γ-carboxymuconolactone decarboxylates spontaneously into 
beta-ketoadipate enol-lactone (Ornston and Stanier, 1966). Importantly, 
accumulation of βKA in N. benthamiana and Arabidopsis indicates that 
plant tissues possess low, if any, βKA degradation activity.

Currently, the most promising bioenergy crop background for pro-
ducing βKA at a larger scale is the engineered QsuB poplar, which ac-
cumulates up to 1.2 % PCA on a dry weight basis and has ~20 % less 
lignin in woody tissues (Lin et al., 2022a; Unda et al., 2022). Another 
approach for increasing PCA in plants is the co-expression of 
plastid-targeted chorismate pyruvate-lyase (UbiC) and p-hydrox-
ybenzoate hydroxylase (PobA), as previously shown in Arabidopsis 
(Eudes et al., 2016). To this end, the functional expression of UbiC has 
already been validated in both hybrid poplar and sorghum for the 
accumulation of p-hydroxybenzoate (Lin et al., 2022b; Mottiar et al., 
2023).

Finally, the TEA indicated that the accumulation titer, type of solvent 
used, and the value of solid residues remaining after extraction sub-
stantially influence the economic performance of βKA production in 

Fig. 9. Minimum selling price (MSP) of βKA at varying selling price of the solid 
residues recovered after water extraction. A βKA titer of 0.25 % in engineered 
sorghum dry biomass is considered.
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planta. If further increasing the accumulation titer proves to be a limi-
tation for commercially-relevant crops, identifying applications for solid 
biomass residues where ease of deconstruction is valued can enable a 
competitive process. Moreover, a biological funneling approach 
leveraging engineered microbial strains could be utilized to produce 
additional βKA from unconverted pathway intermediates such as PCA. 
For βKA extraction and the extraction of products accumulated in planta 
more broadly, the use of cheaper solvents should be explored as a 
mechanism to reduce the cost and energy requirements. With careful 
consideration of solvent choice, opportunities for process intensifica-
tion, and producing a value-added biomass residue, this study shows 
that currently-demonstrated βKA titers offer a path to performance- 
advantaged renewable polymers.
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Scheller, H.V., Loqué, D., Shih, P.M., 2020. Design of orthogonal regulatory systems 
for modulating gene expression in plants. Nat. Chem. Biol. 16, 857–865. https://doi. 
org/10.1038/s41589-020-0547-4.

Cappelletti, M., Presentato, A., Piacenza, E., Firrincieli, A., Turner, R.J., Zannoni, D., 
2020. Biotechnology of Rhodococcus for the production of valuable compounds. 
Appl. Microbiol. Biotechnol. 104, 8567–8594. https://doi.org/10.1007/s00253-020- 
10861-z.

Del Cerro, C., Erickson, E., Dong, T., Wong, A.R., Eder, E.K., Purvine, S.O., Mitchell, H.D., 
Weitz, K.K., Markillie, L.M., Burnet, M.C., Hoyt, D.W., Chu, R.K., Cheng, J.-F., 
Ramirez, K.J., Katahira, R., Xiong, W., Himmel, M.E., Subramanian, V., Linger, J.G., 
Salvachúa, D., 2021. Intracellular pathways for lignin catabolism in white-rot fungi. 
Proc. Natl. Acad. Sci. USA 118. https://doi.org/10.1073/pnas.2017381118.

Eudes, A., Berthomieu, R., Hao, Z., Zhao, N., Benites, V.T., Baidoo, E.E.K., Loqué, D., 
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