journal Of BiOIogicaI Engineering https://doi.org/10.1186/s13036-026-00711-3
Article in Press

Unravelling the metabolism of itaconate and
related branched (5-dicarboxylates for C0,-based
production in Cupriavidus necator H16

Received: 1 April 2026 Erik K. R. Hanko & Naglis Malys
Accepted: 6 June 2026

Published online: 13 June 2026 We are providing an unedited version of this manuscript to give early access to its

findings. Before final publication, the manuscript will undergo further editing. Please
. . n herem rrors present which aff h ntent, and all | | disclaimer:

Malys N. Unravelling the metabolism ote there may be errors present which affect the content, and all legal disclaimers

of itaconate and related branched apply.
C5-dicarboxylates for CO,-based If this paper is publishing under a Transparent Peer Review model then Peer

production in Cupriavidus necator H16. J Review reports will publish with the final article.
Biol Eng (2026). https://doi.org/10.1186/

$13036-026-00711-3

Cite this article as: Hanko E.K.R. &

©The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You do

not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


https://doi.org/10.1186/s13036-026-00711-3
https://doi.org/10.1186/s13036-026-00711-3
https://doi.org/10.1186/s13036-026-00711-3
http://creativecommons.org/licenses/by-nc-nd/4.0

Unravelling the metabolism of itaconate and related branched C5-
dicarboxylates for CO;-based production in Cupriavidus necator H16
Erik K. R. Hanko??, Naglis Malys¢ d*

aBBSRC/EPSRC Synthetic Biology Research Centre (SBRC), School of Life
Sciences, The University of Nottingham, Nottingham, NG7 2RD, United
Kingdom

bManchester Institute of Biotechnology, Faculty of Science and Engineering,
University of Manchester, 131 Princess Street, Manchester, M1 7DN, United
Kingdom

cBioprocess Research Centre, Faculty of Chemical Technology, Kaunas
University of Technology, Radvilenu st. 19, I.T-50254 Kaunas, Lithuania
dDepartment of Organic Chemistry, Faculty of Chemical Technology, Kaunas
University of Technology, Radvilenu st. 19, LT-50254 Kaunas, Lithuania
*Author to whom correspondence should be addressed: n.malys@gmail.com
Abstract

Branched C5-dicarboxylates (C5-DCAs), such as itaconate, are high-value
platform chemicals with diverse applications in the synthesis of bio-based
polymers. In addition to their industrial relevance, itaconate has attracted
attention as a key immunomodulatory metabolite. In this study, we
demonstrated that Cupriavidus necator can grow on itaconate as its sole
carbon source and identified key genes involved in its degradation through
targeted deletions. These include multiple functional homologs of itaconate

CoA-transferase, itaconyl-CoA hydratase, and (S)-citramalyl-CoA lyase, which



collectively mediate itaconate catabolism. We also identified ItcR1, a LysR-
type transcriptional regulator, as a key mediator of itaconate-responsive gene
expression. Transcriptomic analysis revealed broader transcriptional
responses to itaconate, methylsuccinate, and mesaconate, suggesting an
expanded role of C5-DCA metabolism. Finally, by expressing a heterologous
cis-aconitate decarboxylase, we achieved the autotrophic production of a C5-
DCA mixture of methylsuccinate, citramalate, mesaconate, and itaconate
from CO; and hydrogen. These findings provide new insight into branched
C5-DCA metabolism in C. necator and advance its development as a chassis
for the sustainable production of these industrially relevant compounds from
inorganic feedstocks.

Keywords:  Cupriavidus necator, carbon dioxide, bioproduction,
biomanufacturing, itaconate, methylsuccinate, C5-DCA

Introduction

Branched Cb5-dicarboxylates (C5-DCAs), and particularly itaconate, have
emerged as molecules of interest due to their anti-inflammatory and
antimicrobial roles[1, 2]. Moreover, as a non-toxic and sustainable substitute
for petroleum-derived monomers, itaconate has been recognised by the U.S.
Department of Energy as a top value-added chemical derived from
biomass[3], providing an alternative to acrylate and methacrylate. Owing to
its two carboxyl groups and a double bond, itaconate can easily be
transformed into a wide array of compounds via simple reduction, amination,

and decarboxylation reactions, and it can be used as a versatile building block



for the synthesis of polymers employed in paints, adhesives, latex, gel coats,
superabsorbent polymer materials, plastics, and resins[4-7]. Since there is no
chemical synthesis route established, itaconate is currently produced at
industrial scale through microbial fermentation of carbohydrates, primarily
using fungi such as Asperygillus terreus[8, 9], reaching titres exceeding 100
g/L[10]. In the last decade, efforts have also focused on expanding production
to alternative microbial hosts and organic carbon sources[11-16].
While organic carbon and energy sources such as glucose and xylose are
widely used as substrates in biomanufacturing processes due to their
accessibility, they are typically derived from food cirops or lignocellulosic
biomass. This not only introduces competition for arable land but also
necessitates agricultural product- or waste-processing[17]. In contrast,
carbon dioxide (CO3) is an abundant and readily available inorganic carbon
source, and hydrogen (H;) is considered a clean energy carrier that can be
produced from renewable sources. Together, these inorganic feedstocks
present a promising alternative that supports carbon neutrality and energy
security, reduces environmental impact, and decouples production from
agricultural inputs. This approach is especially well-suited for the microbial
biosynthesis of platform chemicals such as itaconate, potentially offering a
more sustainable route to their industrial production.

Autotrophic microorganisms such as Cupriavidus necator H16 are
particularly promising in this context, as they can fix CO; using H, as an

energy source. Beyond CO, fixation, C. necator is an attractive microbial



chassis for industrial applications due to its genetic tractability, metabolic
versatility, and capacity to redirect metabolic flux from native poly-3-
hydroxybutyrate (PHB) biosynthesis toward value-added platform
chemicals[18]. For example, engineered strains of C. necator have achieved
the autotrophic production of compounds such as 1,3-butanediol, 2,3-
butanediol, isopropanol, b-mannitol, and mevalonate[19-22].

While itaconate can be biosynthesised from the tricarboxylic acid cycle
intermediate cis-aconitate or its isomer {rans-aconitate through a single
enzymatic reaction[8, 13], it can also be broken down and reintegrated into
primary metabolism. The canonical itaconate degradation pathway consists
of three enzymatic steps: first, itaconate is activated to its CoA ester by
itaconate CoA-transferase (Ict); next, itaconyl-C4-CoA is hydrated to (35)-
citramalyl-CoA by itaconyl-CoA hydratase (Ich); and lastly, (35)-citramalyl-
CoA is cleaved into pyruvate and acetyl-CoA by (S)-citramalyl-CoA lyase (Ccl,
Figure 1)[23, 24]. The genes encoding Ict, Ich, and Ccl enzymes were first
identified in Yersinia pestis and Pseudomonas aeruginosal25], where they are
organised into operons that are transcriptionally induced in response to
itaconate[26]. While the Y. pestis operon encodes only the core Ict, Ich, and
Ccl enzymes, the P. aeruginosa operon encodes three additional proteins, two
of which, a methylsuccinyl-CoA dehydrogenase (Mcd) and a (S5)-(R)-
methylsuccinate or -methylsuccinyl-CoA isomerase (MmgE/PrpD), enable (R)-
and (S)-methylsuccinate to feed into the same catabolic route (Figure 1)[25,

27, 28]. In addition, in Burkholderia xenovorans, a mesaconate hydratase has



been shown to catalyse the hydration of mesaconate to (S)-citramalate,
thereby providing the enzymatic step required for mesaconate to enter this
degradation pathway in this bacterium[29]. Similar to other metabolically
versatile soil bacteria such as Pseudomonas fluorescens and B. xenovorans,
C. necator harbours a gene cluster resembling the six-gene itaconate
degradation operon of P. aeruginosa, albeit with only five homologous
genes[25]. Three enzymes encoded within this cluster - MmgE/PrpD, Ict, and
Mecd - have recently been shown to collectively facilitate the conversion of
both (S5)- and (R)-methylsuccinate into mesaconyl-C4-CoA in C. necator{30].
However, despite these insights, the broader metabolism of itaconate and
related branched C5-DCAs, and the genetic basis underlying this process,

remain poorly understood in C. necator.

Q 8] o o
let Ich Ich Ccl
HO CoA-5 Coi-S CoA-S5 Pyruvate
on —> ° OH -— RN OH — ° . oH —* Y
[ N + Acetyl-CoA
[&] Q o N

o

ltaconic acid ltaconyl-C4-CoA Mesaconyl-C4-CoA (35)-Citramalyl-CoA Central metabolism

Mcdl Ictl
MmgE/ o Mesaconate

o] o o} o}
HO PrpD HO let CoA-S HO hydratase HO
oH —= =" “OH — ; OH ), oH YT = OH
0 o ¢ E o < OH 0

o]

(S}-Methylsuccinic acid (R}-Methylsuccinic acid (3R)-Methylsuccinyl-CoA (S)-Citramalic acid Mesaconic acid

Figure 1. Routes of branched C5-DCA metabolism. Enzyme
abbreviations: Ict, itaconate CoA-transferase; Ich, itaconyl-CoA hydratase;
Ccl, (S)-citramalyl-CoA lyase; Mcd, methylsuccinyl-CoA dehydrogenase;
MmgE/PrpD family protein, (S)-(R)-methylsuccinate isomerase.

In this study, we explore the capacity of C. necatorto degrade itaconate and
identify the genetic and regulatory elements underlying this process. We

demonstrate that C. necator can utilise itaconate as its sole carbon source



and that this ability is linked to multiple gene clusters encoding homologs of
known itaconate-degrading enzymes. Through systematic gene deletions and
promoter-reporter assays, we show that operons encoding Ict, Ich, and Ccl
homologs play cumulative roles in itaconate catabolism, while additional,
previously uncharacterised genes contribute to the interconversion of
branched C5-DCAs. Furthermore, we identify ItcR1, a LysR-type
transcriptional regulator, as a key mediator of gene expression in response
to itaconate. Transcriptomic analysis reveals a broader set of genes inducible
by itaconate, methylsuccinate, and mesaconate, expanding the known
landscape of branched C5-DCA metabolism in bacteria. Leveraging these
insights, we engineer a C. necator strain to produce a mixture of branched
C5-DCAs from CO; by expressing a heterologous cis-aconitate decarboxylase
from Aspergillus terreus. This work lays the foundation for future metabolic
engineering of C. necator for the CO»-based biosynthesis of itaconate and
related C5-DCAs.

Methods

Microbial strains

E. coli TOP10 (Life Technologies) was employed for cloning and plasmid
propagation, while E. coli S17-1 Apir served as conjugation donor[31]. C.
necator H16 and its derivatives were used to investigate C5-DCA metabolism
and biosynthesis. All bacterial strains were routinely propagated in lysogeny
broth (LB)[32]. Low-salt LB (LSLB)-MOPS was employed for conjugative

plasmid transfer, gene deletion, and gene replacement[33]. The investigation



of itaconate metabolism and biosynthesis, promoter-reporter assays, and
transcriptome analysis in C. necator were conducted in chemically defined
minimal medium (MM)[34] supplemented with 1 mL/L trace element solution
SL7[35], and optionally sodium gluconate or itaconate as the carbon source.
When appropriate, antibiotics were added to the medium at the following
concentrations: tetracycline (12.5 png/mL for E. coli or 15 pg/mL for C.
necator), chloramphenicol (25 pg/mL for E. coli or 50 ng/mL for C. necator),
or gentamycin (10 pg/mL). For solid media preparation, 15 g/L agar was
added. E. coli was routinely grown at 37°C, while C. necator was cultured at
30°C.

Cloning and transformation

Plasmid DNA was extracted using the QIAprep Spin Miniprep Kit (Qiagen).
C. necator genomic DNA was isolated using the GenElute Bacterial Genomic
DNA Kit (Sigma-Aldrich). Oligonucleotide primers were synthesised by
Sigma-Aldrich and are listed in Table S1. DNA for cloning was amplified by
PCR in 50-puL reactions using Phusion High-Fidelity polymerase (New
England Biolabs, NEB). Colony PCR, employed for screening successful gene
deletions or replacements, was performed in 25-pL. reactions using the
DreamTaq Green PCR Master Mix (2X, Thermo Fisher). Gel-purified
linearised DNA was extracted using the Zymoclean Gel DNA Recovery Kit
(Zymo Research). Restriction enzymes, T4 DNA ligase, and the NEBuilder
HiFi DNA Assembly Master Mix were purchased from NEB. All PCR,

digestion, and ligation reactions were set up according to the manufacturer’s



protocol. Chemically competent E. coli were prepared and transformed by
heat shock[32]. Plasmids based on pBBRI1IMCS were transformed by
electroporation following the method reported by Ausubel et al.[36], while
pLO3-derived vectors were transformed into C. necator by conjugation[33].
Plasmid and strain construction

Plasmids were constructed using either conventional restriction enzyme-
based cloning[32] or HiFi DNA Assembly. Intergenic regions used for
promoter-reporter gene fusions were amplified from C. necatorgenomic DNA
and cloned into pEHO006 digested with Aatll and NdeI[37]. Plasmids used for
gene deletions or genomic integration of cadA were based on the suicide
plasmid pLO3[33].

For gene deletions, vector constructs included homology arms of
roughly 1000 bp, corresponding to the regions upstream and downstream of
the target gene, designed to delete the entire coding sequence. For genomic
integration of the itaconate biosynthesis pathway, a plasmid carrying the A.
terreus cadA gene under the control of a heterologous L-arabinose inducible
system was used. This construct was flanked by homology arms matching the
upstream and downstream region of the phaCAB locus.

All plasmids were verified by Sanger sequencing (Source BioScience,
Nottingham). Detailed plasmid assembly descriptions are provided in the
Supplementary Methods, and an overview of the plasmids used and
generated in this study is summarised in Table S2. Gene deletions and

integrations were performed following a method reported previously[33].



Briefly, plasmids for gene deletions and integrations were transferred from
E. coli S17-1 into C. necator H16 by conjugation. Transconjugants were
selected on fructose-MM (0.4%) agar supplemented with 15 pg/mL
tetracycline and 10 pg/mL gentamycin, purified twice by restreaking on
fructose-MM agar, and incubated overnight in LSLB-MOPS without
antibiotics. Approximately 108 cells were then plated onto LSLB agar
containing 15% sucrose to select for sucrose-resistant survivors that had lost
the pLO3 plasmid. Successful strain construction was confirmed by colony
PCR using the oligonucleotide primers listed in Table S3.

ltaconate consumption assay

To quantify itaconate consumption by wild-type C. necator H16, single
colonies from freshly streaked plates were used to inoculate 5 mL of MM
containing 0.4% (w/v) sodium gluconate (SG-MM) and gentamycin. Cultures
were grown in 50-mL conical centrifuge tubes at 30°C with shaking at 200
rpm. From the overnight culture, cells equivalent to 0.6 ODggo units were
harvested by centrifugation at 10,000 g for 5 min. Subsequently, the cell
pellet was resuspended in 6 mL of MM containing either 11 mM gluconate or
9 mM itaconate.

To monitor itaconate metabolism in deletion strains, single colonies
were inoculated into 5 mL of LB with gentamycin and incubated overnight
under the same conditions. The next day, 5 mL of SG-MM were inoculated
1:100 with the overnight culture and incubated for 24 hours. Main cultures

were then prepared by diluting the seed cultures 1:50 into 6 mL of fresh SG-



MM. After 4 hours of incubation, itaconate was added to a final concentration
of 5 mM. Cell growth was monitored by measuring absorbance at 600 nm,
and concentrations of gluconate and C5-DCAs were determined by high-
performance liquid chromatography (HPLC).

Metabolite quantification

For HPLC analysis, cell-free culture supernatants were mixed with an equal
volume of mobile phase, which was spiked with 50 mM valerate as an internal
standard. The aqueous mobile phase consisted of 5 mM H;SO4. The mixture
was then filtered through a 0.22 pm cellulose acetate syringe filter. HPLC
analysis was performed using a Thermo Scientific UltiMate 3000 HPLC
system equipped with a Phenomenex Rezex ROA-organic acid H+ (8%)
column (150 mm X 7.8 mm, 8 pym), a DAD-3000 diode array detector set to
210 and 280 nm, and a RefractoMax 521 refractive index detector (Thermo
Fisher Scientific). The mobile phase was delivered isocratically at a flow rate
of 0.5 mL/min, with the column maintained at 35°C. A 20 pL injection volume
was used and samples were run for 30 min. Peak areas were integrated using
Chromeleon 7 software (Thermo Fisher Scientific), and metabolite
concentrations were quantified based on calibration curves generated from
standards of known concentration. Representative HPLC chromatograms of
standards are shown in Figure S1.

Fluorescence measurements

For promoter-reporter assays, single colonies of freshly transformed wild-

type C. necator or strain EHCnl3 were inoculated into 2 mL of SG-MM



supplemented with chloramphenicol and grown overnight in 50-mL conical
centrifuge tubes at 30°C with shaking at 200 rpm. Main cultures were
prepared by diluting the overnight seed cultures 1:20 into 5 mL of fresh SG-
MM with chloramphenicol and incubated under the same conditions. At an
ODgop 0f 0.2, 142.5 pL of exponentially growing cells was transferred to a 96-
well microtitre plate (flat, clear bottom, black; Greiner Bio-One). To each
well, 7.5 puL of stock inducer was added to reach a final concentration of 5
mM. The plate was then placed in a Tecan Infinite M1000 PRO microplate
reader and incubated at 30°C with orbital shaking at 408 rpm. Red
fluorescent protein (RFP) fluorescence was measured using excitation and
emission wavelengths of 585 and 620 nm, respectively. Culture absorbance
at 600 nm was used to normalise fluorescence by cell density. Prior to
normalisation, both fluorescence and absorbance readings were background-
corrected by subtracting values from cell-free medium. Normalised
fluorescence was determined six hours after inducer addition.

Autotrophic production of C5-DCA

For the autotrophic production of C5-DCAs in strain EHCn14, single colonies
from freshly streaked plates were used to inoculate 3 mL of SG-MM
supplemented with gentamycin. Cultures were grown in 50-mL conical
centrifuge tubes at 30°C with shaking at 200 rpm for 36 hours to ensure
complete consumption of sodium gluconate, therefore preventing carryover
of organic carbon into the autotrophic production medium. From the

resulting seed culture, cells equivalent to 0.8 ODgg units were harvested by



centrifugation at 10,000 g for 5 min. The cell pellet was then resuspended in
10 mL of MM and transferred to 250-mL serum bottles. The headspace was
filled with a gas mixture of H;, CO,, and air in a ratio of 8:1:1 (v/v/v)[38], and
the cultures were incubated under the same conditions. To induce cadA
expression, 0.5 mL of MM containing L-arabinose (final concentration of 0.5
mM) was injected into each bottle 22 hours after culture initiation, ensuring
that cells were in the logarithmic growth phase at the time of induction. At
the same time, an additional 50 mL of air was added to the headspace.
Samples of 0.5-1 mL were collected at defined time points to monitor cell
growth and quantify C5-DCA titres. It should be noted that L-arabinose was
not consumed by C. necator H16 as a carbon or eriergy source.
Transcriptome analysis

To investigate the transcriptional response of wild-type C. necator to
itaconate, methylsuccinate, and mesaconate, two individual colonies grown
on solid SG-MM were each used to inoculate 5 mL of SG-MM with gentamycin
in 50-mL conical centrifuge tubes. Cultures were incubated overnight at 30°C
with orbital shaking at 200 rpm. The following day, main cultures were
prepared by diluting the seed cultures 1:50 into 6 mL of fresh SG-MM
containing gentamycin. After six hours of incubation under the same
conditions, cultures were supplemented with itaconate, methylsuccinate, or
mesaconate to a final concentration of 5 mM. An untreated culture (gluconate
only) served as a control. Following an additional six hours of incubation - by

which time cultures had reached an ODgg of 0.4-0.6 - cells equivalent to one



ODgoo unit were harvested and immediately stabilised using RNAprotect
Bacteria Reagent (Qiagen), according to the manufacturer’s instructions. It
should be noted that only insignificant growth rate variations were observed
depending on supplement added to the culture. The resulting cell pellets
were flash-frozen in liquid nitrogen and stored at —80°C until RNA extraction.

Total RNA was isolated using the Qiagen RNeasy Mini Kit, and residual
DNA was removed using the TURBO DNA-free Kit (Thermo Fisher), following
the respective manufacturer protocols. RNA integrity and concentration were
determined using an Agilent 2100 Bioanalyzer. Prokaryotic RNA library
preparation, sequencing, and bioinformatic analysis were performed by
Novogene (Cambridge, UK).

Differential expression analysis was performed using a significance
threshold of p < 0.05 (n = 2 biological replicates). Genes meeting this
criterion were considered differentially expressed relative to the untreated
control.

Sequence databases and BLAST analysis

Nucleotide and protein sequences were retrieved from the National Center
for Biotechnology Information (NCBI) database. BLASTp[39], available on the
NCBI website, was used to identify protein homologs.

Quantification and statistical analysis

Statistical analyses were performed using two-tailed #tests, with statistical

significance defined as p < 0.05. The number of biological replicates (n) is



provided in each figure legend. Data in all graphs are presented as mean *
standard deviation.

Results

C. necator H16 can utilise itaconate as the sole carbon source

To enable itaconate production in C. necator, it was first essential to
determine whether the compound is catabolised and how this pathway might
impact target product formation. In a previous study, we identified a gene
cluster in C. necator exhibiting significant similarity with the itaconate
degradation pathway found in P. aeruginosa PAO1[26]. This cluster encodes
homologs of the itaconate coenzyme A (CoA) transferase (Ict), itaconyl-CoA
hydratase (Ich) and (S)-citramalyl-CoA lyase (Ccl), hereafter referred to as
Ictl, Ichl, and Ccll, respectively (Figure 2A). Furthermore, it encodes two
additional enzymes that are also found in the itaconate degradation gene
cluster of P. aeruginosa. The first enzyme exhibits high homology with the
product of PAO0879, a methylsuccinyl-CoA dehydrogenase (Mcd) that
catalyses the conversion of (3AR)-methylsuccinyl-CoA into mesaconyl-C4-
CoA[27, 28]. The second enzyme shares high homology with the product of
PA0881, a member of the MmgE/PrpD protein family, which functions as an
(S)-(R)-methylsuccinate isomerase, enabling both enantiomers of

methylsuccinate to enter the degradation pathway.
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Figure 2. Itaconate utilisation in C. necator H16. a lllustration of gene
clusters encoding the complete itaconate degradation pathways in P.
aeruginosa PAO1 and C. necator H16. Locus tags, gene names, and protein
sequence homologies (% identity / % coverage) are indicated. Genes are not
drawn to scale. b Growth of wild-type C. necator H16 in minimal medium
(MM) supplemented with either gluconate (circles) or itaconate (diamonds)
as the sole carbon source. Culture absorbance (blue curves) and carbon
source concentration (orange curves) were monitored over 24 hours. ¢ Gene
cluster organisation of Operon2, Operon3, and gene H16 RS16840, encoding
homologs of P. aeruginosa PA0882 (Ict) with over 40% protein sequence
identity. Locus tags, gene names, and protein sequence homologies (%
identity / % coverage) are indicated. Genes are not drawn to scale. d
Itaconate consumption by wild-type C. necator (WT) and its derivative strains
EHCn01-06. Cells were grown in gluconate-MM supplemented with 5 mM
itaconate. e Itaconate consumption by strains EHCn07-10 under the same
growth conditions as in panel d. f Composition of C5-DCAs in the culture
supernatants of strains EHCn07-10 grown in gluconate-MM, 96 hours after
supplementation with 5 mM itaconate. Data represent the mean *+ standard

deviation (2 = 3). Error bars may be too small to be visible in some cases.



Given that C. necator possesses all the necessary genes for itaconate
catabolism, we examined whether this bacterium can utilise itaconate as the
sole carbon source. To test this, cells grown in gluconate-minimal medium
(MM) were resuspended in MM supplemented with itaconate (itaconate-
MM), and the growth of wild-type C. necator was monitored over a 24-h
period. While growth in itaconate-MM was notably slower compared to cells
grown in gluconate-MM (Figure 2B), indicating an adjustment period when
switching between carbon sources, itaconate was completely consumed, and
the cell culture reached maximum cell density within 21 hours. This confirms
the capability of C. necatorto utilise itaconate as the sole carbon source.
Deletion of ict1-4 does not affect itaconate degradation
A BLASTp search revealed the existence of four homologs of P. aeruginosa
PAO1 Ict in the genome of C. necator, exhibiting protein sequence identities
greater than 40% and coverages of 98% or higher. Additionally, the genome
encodes an extra five Ict homologs with protein sequence identities ranging
from 35% to 40% and coverages of 96% or higher (Table S4). Alongside these
identified Ict homologs, C. necator possesses two homologs each of P.
aeruginosa Ich and Ccl. Except for gene H16 RS16840, referred to as ict4,
the second Ich and Ccl homologs are encoded in separate operons, each
clustered with one of the highly similar Ict homologs (Figure 2C). Given that
the deletion of ictin P. aeruginosa isolate 605 led to the loss of its ability to
use itaconate as a sole carbon source[40], we conducted individual and

combined deletions of the genes encoding Ict1-4 in order to determine their



involvement in itaconate catabolism in C. necator. Surprisingly, the individual
deletion of ict1-4, as well as their combined deletion (yielding strain EHCnO5,
Table 1), exhibited no significant impact on itaconate degradation (Figure
2D). In all strains, itaconate was completely consumed within 24 hours. This
observation raises the possibility that itaconate might be activated by CoA-
transferases with lower homology to P. aeruginosa Ict, the degradation of
itaconate might proceed through alternative pathways involving either a CoA-
ligase or a lyase-type enzyme acting on itaconate, or potentially a
combination of both.

The gene clusters encoding Ictl-3 play a cumulative role in itaconate
metabolism

Given that the deletion of ict7-4 did not exhibit any influence on curtailing
itaconate catabolism, we turned our attention to deleting H16 RS522120-
H16 RS22145, hereafter referred to as operonl, which encodes Ictl, Ichl,
Ccll, Mcdl1, and the (S)-(R)-methylsuccinate isomerase (Figure 1 and 2A).
Notably, deletion of operonl (designated as strain EHCnO06) significantly
affected itaconate consumption. In contrast to the wild-type strain, which
consumed 5 mM of itaconate entirely within 24 hours, strain EHCn06
retained over 60% of itaconate unconsumed after the same time period
(Figure 2D). While the consumption rate of itaconate was considerably
reduced, confirming the involvement of operonl in itaconate metabolism, this
observation suggested that Ichl and Ccll are not the sole enzymes with

itaconyl-CoA hydratase and (.S)-citramalyl-CoA lyase activities, respectively.



To investigate the role of the gene clusters encoding Ich2 and Ccl2, we
performed individual and combined deletions of operonZ and operon3 in
strain EHCn06. The deletion of operonZ, encoding Ict2 and Ich2 (yielding
strain EHCnO07, Table 1), further reduced C. necator's ability to consume
itaconate. In contrast to strain EHCn06, where nearly all itaconate was
consumed within 96 hours, almost 70% of itaconate remained unconsumed
in the supernatant of strain EHCnO7 cultures (Figure 2E). A similar reduction
in itaconate consumption was observed in strain EHCn08 (Aoperonl and
Aoperon3), although to a lesser extent than in strain EHCnO07 (Figure 2E).
However, the deletion of Ict3 and Ccl2 led to the accumulation of 0.14 mM
mesaconate and 0.76 mM citramalate in the culture medium (Figure 2F), both
being products of itaconate degradation that had not accumulated in strains
EHCn01-07. This indicates that even in the absence of both Ich homologs in
strain EHCnO7, itaconate is still degraded into intermediates of central
metabolism (Figure 1), with Ccl2 playing a role. Nonetheless, deletion of both
operons harbouring cc/ genes, either partially or entirely, abolishes itaconate
consumption via (3S5)-citramalyl-CoA, resulting in the accumulation of
citramalate and mesaconate (Figure 1). It should be noted that mesaconate
and citramalate are released from mesaconyl-CoA and (35)-citramalyl-CoA,
respectively, to regenerate CoA, as observed previously[25].

Table 1. Strains used and generated in this study.

Strain Parental Genotype/description Reference

strain or source




E. coli

TOP10 - F-mcrA A(mrr-hsdRMS-mcrBC) Life
©80/acZAM15 AlacX74 recAl araD139 Technologies
A(ara-leu) 7697 galU galK \~ rpsL(StrR)
endAl nupG
S17-1 - thi pro hsdR- hsdM* recA RP4-2(Tc::Mu, [31]
Apir Km::Tn?) Apir TpR SmR
C.
necator
H16 - Wild type strain (DSM 428) DSMZ
EHCnO1 HI16 Aictl This study
EHCn02 HI16 Aict2 This study
EHCn03 HI16 Aict3 This study
EHCn04 HI16 Aict4 This study
EHCn05 EHCnO1 Aict2 Aict3 Aict4 This study
EHCn0O6 HI16 Aoperonl (Aictl Aichl Accll Amcd1 This study
AmmgE/prpD)
EHCn07 EHCnO06 AoperonZ (Aict2 Aich?2) This study
EHCn08 EHCnO06 Aoperon3 (Aict3 Accl2) This study
EHCn09 EHCnO07 Aoperon5 (Aict3 Accl?) This study
EHCnl10 EHCn09 Aict4 This study
EHCnll EHCnl0 Amcd2 This study
EHCnl12 EHCnl0 AsucCD This study
EHCn13 HI16 AitcR1 This study
EHCnl14 EHCnll AphaCABP acaraC P apap-cadA This study

To evaluate the cumulative effect of operoni-3 on itaconate metabolism, we
generated a triple knockout strain (yielding strain EHCn09, Table 1). Both
effects observed in strains EHCn07 and EHCn08 were also apparent in strain
EHCn09; itaconate consumption was considerably reduced, accompanied by

the accumulation of 0.09 mM mesaconate and 0.56 mM citramalate in the



culture medium (Figure 2E and 2F). Even less itaconate was consumed in
strain EHCn10, in which operoni-3 were deleted, along with the last
remaining Ict homolog (Figure 2E). In this strain, 95% of the initially added
itaconate remained in the culture medium as a mixture of 4.0 mM itaconate,
0.54 mM citramalate, and 0.1 mM mesaconate (Figure 2F). Furthermore, as
itaconate activation by succinyl-CoA synthetase has been reported in
Advenella mimigardefordensis strain DPN7T[41], we tested whether this
reaction could contribute to residual itaconate conversion in C. necator. To
this end, we deleted sucCD in strain EHCnl0, yielding strain EHCn1l2.
However, deletion of sucCD had no detectable effect on itaconate
consumption or on citramalate and mesaconate accumulation, with
extracellular metabolite titres indistinguishable from those observed in strain
EHCn10. On this basis, strain EHCnl2 was not analysed further. The
persistence of the conveision of itaconate into mesaconate and citramalate
in strain EHCn10, despite the deletion of all predicted Ict, Ich, and Ccl
homologs, indicates the presence of promiscuous enzymatic activities in C.
necator that facilitate the interconversion of branched C5-DCAs. For
example, a potential contribution of enzymes involved in TCA cycle and C4-
DCA metabolism, which exhibit hydratase and dehydrogenase activities,
cannot be ruled out.

Deletion of mcdI and mcdZ2 results in the accumulation of methylsuccinate
To gain deeper insights into the interplay between the various gene clusters

during itaconate metabolism, we constructed promoter-reporter gene fusions



and quantified the reporter output in response to itaconate, citramalate,
mesaconate, and methylsuccinate. Methylsuccinate was included as inducer
because operonl encodes all the necessary enzymes for the conversion of
methylsuccinate into pyruvate and acetyl-CoA (Figure 1 and 2A). In addition
to the promoters of operoni-3 and ict4, we also included the promoter of
gene H16 RS25540. This particular gene encodes the protein with the
highest homology to the Mcd from P. aeruginosa PAO1, exhibiting a protein
sequence identity of 79% and a coverage of 99% (referred to as Mcd?2
hereafter). Among the tested promoter-reporter gene fusions, P,peronz
demonstrated the most substantial induction in response to itaconate (Figure
3A), displaying an 81-fold induction of reporter output. Moreover, the same
promoter exhibited a 62-fold induction in the presence of methylsuccinate
and a 3-fold induction with mesaconate, while citramalate failed to mediate

reporter gene expression.
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Figure 3. Roles of ItcR1 and Mcd2 in itaconate metabolism. a Promoter
activity in wild-type C. necator and strain EHCnl13 (AitcR1) in response to
itaconate, mesaconate, citramalate, and methylsuccinate. Reporter output

from promoter-reporter fusions was quantified six hours after addition of



each C5-DCA at a final concentration of 5 mM. b Composition of C5-DCAs in
the culture supernatant of strain EHCnl11 grown in gluconate-MM. Itaconate
was added at time zero to a final concentration of 5 mM. c Itaconate
consumption by strain EHCn13 grown in gluconate-MM supplemented with
5 mM itaconate. Data represent the mean = standard deviation (2 = 3). Error
bars may be too small to be visible in some cases.

The strong activation of the promoter of operonl by both itaconate and
methylsuccinate underscores its role in the metabolism of these two
compounds. Likewise, the activation of the promoter of gene H16 R525540
(mcd?2) by itaconate and methylsuccinate, each resulting in a 3-fold induction,
provides further evidence of the involvement of both Mcdl and Mcd2 in
channelling methylsuccinate into the same degradation pathway as itaconate.
In fact, the deletion of mcdZ2 in strain EHCni0 (resulting in strain EHCnl11)
led to the accumulation of methylsuccinate in the culture medium, while the
levels of citramalate and mesaccnate decreased considerably compared to
strain EHCn10 (Figure 3B). This observation implies the roles of Mcd1 and
Mcd2 in catalysing the conversion of (3R)-methylsuccinyl-CoA into
mesaconyl-C4-CoA. Intriguingly, this finding also suggests that a certain
proportion of the branched C5-DCA pool is converted into methylsuccinate.

In contrast to the promoters of operon! and mcdZ, which were predominantly
activated by itaconate and methylsuccinate, the promoter of operon3 -
encoding Ict3 and Ccl2 - exhibited the highest induction level in response to
mesaconate (17-fold). It was also activated by methylsuccinate, citramalate,
and itaconate, though to a lesser extent (4-, 3-, and 1.3-fold, respectively;

Figure 3A). Its strong activation by mesaconate, along with considerably



lower induction by the other compounds tested, suggests that C. necatormay
have acquired Ict3 and Ccl2 as an independent catabolic unit, enabling it to
specifically metabolise mesaconate and citramalate.

The promoters of operon? and ict4 demonstrated no significant
induction in response to any of the four tested compounds, instead mediating
a constitutive level of gene expression, with P,.s exhibiting the lowest level
of reporter gene expression (Table S5).

ItcR1 is involved in mediating gene expression in response to itaconate

In a previous study, we established that the promoter controlling the
expression of itaconate degradation pathway genes ini P. aeruginosa PAO1,
referred to as Pj, is induced in response to itaconate[26]. This activation of
gene expression was shown to be mediated by the transcriptional regulator
PaltcR, which is encoded in the opposite orientation to the P. aeruginosa
itaconate degradation gene cluster. Surprisingly, even in the absence of
PaltcR, we observed that expression from P, remained induced upon
exposure to itaconate in wild-type C. necator, but not in Escherichia colil26].
This intriguing observation implied the involvement of a transcriptional
regulator endogenous to C. necator in facilitating gene expression from the
heterologous promoter[26]. Although a similar genetic arrangement
featuring a transcriptional regulator protein encoded in the opposite
orientation of operonl was not evident in C. necator, we identified a LysR-

type transcriptional regulator situated nearby on the same strand as operoni.



The regulator protein encoded by gene H716 RS22160 exhibits homology with
PaltcR, demonstrating a protein sequence identity of 42% and a coverage of
97%. Given its close proximity to operonl and its considerable homology to
PaltcR, we deleted gene H16 RS522160 in wild-type C. necator, resulting in
strain EHCnl13. In this new strain, the induction of expression from the
promoters of operonl and mcdZ in response to itaconate was almost entirely
abolished (Figure 3A). Noticeably, while the response of the operonli
promoter to methylsuccinate was reduced by 11-fold, the mcd2 promoter
remained largely unaffected, exhibiting only a slight 1.3-fold increase. These
findings indicate that the transcriptional regulator encoded by gene
H16 RS522160 (hereafter referred to as ifcRI) primarily governs the
regulation of operonl and mcdZ2 expression in response to itaconate.
However, it appears that the expression of these genes in response to
methylsuccinate is eitheir partially (in case of operonl) or fully (in case of
mcd?) controlled by another unknown transcriptional regulator.
Furthermore, the deletion of itcR1 did not affect the induction of expression
of operon3, suggesting that another unknown transcriptional regulator is
implicated in the mesaconate-responsive activation of gene expression.
Although the deletion of ifcRI notably influenced the consumption of
itaconate (Figure 3C), its efficacy in slowing down itaconate degradation was
less pronounced compared to strain EHCnO06 (Figure 2D). This indicates that
even the minimal expression of operonli in the absence of the itaconate-bound

ItcR1 is adequate to facilitate itaconate consumption.



Identification of additional genes putatively involved in branched C5-DCA
metabolism

Up to this point, a strain unable to completely consume itaconate was
constructed; nevertheless, itaconate was still undergoing conversion into
other C5-DCAs, namely methylsuccinate, citramalate, and mesaconate. To
gain a more comprehensive understanding of the additional genes encoding
enzymes potentially involved in the interconversion of these branched C5-
DCAs within C. necator, we performed a transcriptomic analysis on the wild-
type strain, which was cultivated in the presence of itaconate,
methylsuccinate, or mesaconate. This analysis enabled us to identify an array
of distinct genes and gene clusters whose expression was upregulated due to
the presence of these compounds. All genes showing at least a fourfold
increase in expression in response to at least one of the three inducers (p <
0.05) are illustrated in Figure 4 (Table S6). The outcome of the transcriptomic
analysis validates the findings from the promoter-reporter gene induction
assays. For example, the genes within operonl and mcd2 were among the
most significantly induced genes in response to itaconate and
methylsuccinate, but not mesaconate. Similarly, the expression of operon3,
encoding Ict3 and Ccl2, was predominantly induced by mesaconate and, to a

lesser degree, by methylsuccinate, while remaining unaffected by itaconate.
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Figure 4. Transcriptomic changes of wild-type C. necator in response
to itaconate, methylsuccinate, and mesaconate. Genes shown are those
differentially expressed relative to the untreated control (p < 0.05; n = 2) and
exhibiting at least a fourfold increase in expression in response to at least
one of the three inducers. Genes are ordered by ascending locus tag.

Interestingly, the presence of mesaconate oniy led to the induction of a
limited subset of genes, which stands in contrast to itaconate and
methylsuccinate, both of which triggered the upregulation of a considerable
number of genes and gene clusters. This finding implies the existence of an
extensive network of enzymes that may potentially be implicated in the
metabolism of itaconate and methylsuccinate. For instance, gene clusters
H16 RS520635-20660 and HI16 RS§22245-22265 exhibited enhanced
expression due to itaconate, while remaining unaffected by the other two
compounds. Both of these gene clusters encode enzymes with predicted
functions akin to those encoded by operonli, encompassing CoA transferases
and acyl-CoA transferases. In addition, gene clusters H16 RS10355-10360
and H16 RS22115-22120, both of which include genes encoding putative
CoA-ligases, exhibited elevated expression in response to itaconate and

methylsuccinate. Although these enzymes might not process itaconate as



efficiently as the enzymes encoded by operoni, they could still contribute to
itaconate metabolism to some extent. Moreover, the transcriptomic analysis
unveiled the upregulated expression of a diverse array of genes associated
with transport functions, offering potential targets for future metabolic
engineering endeavours focused on exploring branched C5-DCA transport.
Engineering C. necator for the autotrophic production of itaconate

Because of itaconate’s potential as a chemical building block for bio-based
polymers and C. necator's inherent ability to produce such building blocks
(e.g., polyhydroxybutyrate, PHB), strain EHCnl1, which is unable to fully
degrade itaconate, was employed as a chassis for its biosynthesis. Itaconate
can be synthesised from the tricarboxylic acid cycle intermediate cis-
aconitate in a single step, catalysed by cis-aconitate decarboxylase (CadA).
To achieve itaconate producticn in C. necator, we integrated Aspergillus
terreus cadA into the phaCAR locus, thereby simultaneously disrupting PHB
biosynthesis and redirecting carbon flux toward itaconate production (Figure
5A). The correct integration resulting in AphaCAB P arac-araC P arapap-cadA
genotype was confirmed by PCR amplification and Sanger sequencing. The
resulting strain (EHCn14) was grown under autotrophic conditions in serum
bottles, and C5-DCA production was monitored for one week. After one week,
an itaconate titre of 9 uyM (1.1 mg/L) was obtained. In addition, mesaconate
and citramalate were detected at equally low concentrations (1.3 and 3.0

mg/L, respectively). The combined titre of all C5-DCAs reached 278 pyM



(Figure 5B), with methylsuccinate as the predominant constituent at 239 uyM
(31.6 mg/L) (Figure 5C).
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Figure 5. Autotrophic biosynthesis of itaconate in C. necator. a
Schematic of the CO,-based itaconate production pathway. The native PHB
biosynthesis pathway was replaced with a heterologous cis-aconitate
decarboxylase CadA. Abbreviations: CBB, Calvin-Benson-Bassham cycle;
TCA, tricarboxylic acid cycle. b Production of C5-DCAs by strain EHCn14
under autotrophic growth conditions. DPata points represent individual
biological replicates; lines indicate the average. c¢ Average C5-DCA
composition at the final three timme points, based on titres shown in panel b.

Discussion

The microbial production of industrially relevant chemicals from renewable
resources is crucial for advancing toward a circular bioeconomy. C. necator
has emerged as a promising microbial platform for the de novo synthesis of
commodity chemicals from CO,. For instance, its potential has been
demonstrated for the autotrophic production of acetoin, 1,3-butanediol, 2,3-
butanediol, D-mannitol, and mevalonate[19-22, 42]. While the introduction of
a heterologous biosynthetic pathway can redirect metabolic flux toward the
target molecule, the biosynthesis of a compound that can be used as a

substrate by the host, or is naturally integrated into its metabolic network,



often necessitates substantial genome engineering. In this study, to advance
our understanding of itaconate’s metabolism and establish the basis for its
biosynthesis from CO;, we mapped an intricate network of enzymes involved
in the interconversion and degradation of itaconate and related branched C5-
DCAs in C. necator.

Based on our analysis of itaconate conversion in various deletion
strains, transcriptomic data, homology to established pathways, and
acknowledging that intracellular CoA-bound intermediates were not directly
measured, we inferred an initial map of itaconate, methylsuccinate,
mesaconate, and citramalate metabolism in C. necaéor (Figure 1). Unlike P.
aeruginosa PAO1, which carries a single operon encoding all essential
enzymes for the degradation of itaconate and related C5-DCAs, C. necator
harbours multiple homologs of the Ict, Ich, Ccl, and Mcd enzymes. All of these
homologs were shown to participate in the metabolism of itaconate and
related branched C5-DCAs. However, even after deletion of genes encoding
the C. necator Ictl-4 and Ichl-2 homologs, which exhibit the highest
sequence similarity to P. aeruginosa Ict and Ich, itaconate was still converted
into citramalate, mesaconate, and methylsuccinate. This conversion was
reduced when itaconate was supplied extracellularly, but it was nearly
complete when itaconate was produced under autotrophic conditions. This
observation indicates that C. necator may harbour additional enzymes with
promiscuous itaconate CoA-transferase and itaconyl-CoA hydratase

activities, despite having little or no sequence similarity to Palct and Palch.



Some of these enzymes may correspond to candidate genes that were found
to be upregulated in response to itaconate supplementation (Figure 4).
Additionally, beyond the (5)-(R)-methylsuccinate isomerase, which allows (.5)-
methylsuccinate to enter the degradation pathway, C. necator encodes a
protein with high similarity to mesaconate hydratase from Burkholderia
xenovorans, enabling the interconversion of mesaconate and (S)-citramalate
(Figure 1)[29]. This putative mesaconate hydratase is encoded by gene
H16 RS512595 (protein sequence identity of 91% and coverage of 98%) and
may enable the degradation of mesaconate via (S)-citramalate and (35)-
citramalyl-CoA.

In addition to the established cataboelic pathway proceeding via (S)-
citramalate and (35)-citramalyl-CoA, our results indicate that residual
mesaconate conversion persists even in strains lacking the major Ict and Ich
homologs, suggesting the presence of additional, as yet unidentified,
enzymatic activities. C. necator encodes several proteins with similarity to
characterised mesaconate-processing enzymes[43, 44], and although the
absence of a functional Ccl homolog likely prevents completion of the
canonical (2R,35)-B-methylmalyl-CoA pathway (Figure S2)[45], partial flux
through a truncated variant of this route cannot be ruled out. Consistent with
this, methylsuccinate accumulation following deletion of both methylsuccinyl-
CoA dehydrogenases Mcdl and Mcd2 implies that alternative conversion
routes from mesaconate or itaconate to methylsuccinate remain active. At

present, two broad mechanistic explanations for the accumulation of



methylsuccinate appear plausible: first, that residual CoA-transferase or
hydratase activities enable partial conversion of mesaconate via an
incomplete pathway[46]; or second, that itaconate, mesaconate, or their CoA
derivatives are directly reduced by an endogenous reductase, as analogous
reductions have been reported in other bacteria[47, 48].

Both proposed pathways involve reduction reactions, which decrease
the oxidation state of the resulting product methylsuccinate. These reactions
require reducing equivalents, such as NAD(P)H, as cofactors. In the wild-type
strain, NADPH would typically be consumed for PHB synthesis[19]. In
contrast, in the PHB-deficient strain EHCn14, excess NADPH could instead
be directed to methylsuccinate production, thereby allowing for NADP+
regeneration. This could explain the pronounced accumulation of
methylsuccinate in strain EHCni14 under autotrophic growth conditions.

While we mapped several enzymes involved in the metabolism of
itaconate and related C5-DCAs, the transcriptomic analysis revealed 84
genes upregulated by at least fourfold in response to itaconate,
methylsuccinate, or mesaconate. Among these, 16 encode proteins with
predicted roles in small molecule transport (Table S6).

The branched short-chain dicarboxylate (BSCD) transporter from 2.
aeruginosa, encoded by genes PA0884-PA0886, has been shown to enhance
growth on itaconate, mesaconate, (S)-citramalate, and both (S)- and (R)-
methylsuccinate when heterologously expressed in P. putida[28]. However,

no homolog of this transporter could be identified in C. necator. Similarly, in



E. coli MG1655, overexpression of the dicarboxylate transporter DctA was
found to enhance the conversion of extracellularly supplemented
itaconate[27]. Notably, the C. necator protein with the highest sequence
similarity to DctA (H16 RS01470; protein sequence identity of 63% and 98%
coverage) was upregulated in response to itaconate and mesaconate
supplementation, suggesting a potential role in their uptake.

Furthermore, while we confirmed the involvement of ItcR1 in
controlling gene expression primarily in response to itaconate, elevated
expression of operonl and mcd2? was observed in the presence of
methylsuccinate. Moreover, operon3 was activaied in response to
mesaconate, indicating a more intricate transcriptional regulatory network.
For example, the LysR-type transcriptional regulator encoded by gene
HI16 RS§25575 is the closest homolog to PaltcR (50% protein sequence
identity, 98% coverage). Although its genomic proximity to mcdZ2 suggests a
role in its transcripticnal regulation, its natural ligand and target promoters
remain to be experimentally validated.

This expanded regulatory landscape, coupled with residual catabolic
capacity, has direct implications for redirecting carbon flux toward itaconate.
While the itaconate titre obtained here under autotrophic conditions is low
compared to highly efficient heterotrophic bioprocesses in fungi such as
Aspergillus terreus, the functional and regulatory insights presented in this
study outline clear and actionable routes for redirecting carbon flux toward

itaconate in future work. Our transcriptomic analysis revealed several



candidate genes encoding enzymes with potential roles in C5-DCA
interconversion, transcriptional regulators that may govern C5-DCA
metabolism, and putative transporter proteins. Targeted perturbation of
these nodes, by deletion or downregulation, could alter the distribution of C5-
DCAs, facilitate export of desired products, or limit re-uptake, thereby
improving selectivity for itaconate. Additional opportunities arise from
adjusting intracellular redox balance, particularly under autotrophic
conditions, to enable cofactor regeneration without diverting carbon toward
the reductive branches of the pathway that drive methylsuccinate
accumulation.

Conclusions

This study represents a first step toward unravelling the metabolic pathways
of itaconate and related branched C5-DCAs in C. necator H16 and
establishing it as a microbial platform for their biosynthesis from CO..
Moreover, our findings highlight C. necator as a rich source of proteins with
catalytic, regulatory, and transport functions involved in itaconate,
methylsuccinate, mesaconate, and citramalate metabolism, providing
valuable tools for metabolic engineering aimed at optimising their
biosynthesis.
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