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Abstract 
Cupriavidus necator is a bacterium with a high phenotypic diversity and versatile metabolic 
capabilities. It has been extensively studied as a model hydrogen oxidizer, as well as a 
producer of polyhydroxyalkanoates (PHA), plastic-like biopolymers with a high potential to 
substitute petroleum-based materials. Thanks to its adaptability to diverse metabolic lifestyles 
and to the ability to accumulate large amounts of PHA, C. necator is employed in many 
biotechnological processes, with particular focus on PHA production from waste carbon 
sources. The large availability of genomic information has enabled a characterization of C. 
necator’s metabolism, leading to the establishment of metabolic models which are used to 
devise and optimize culture conditions and genetic engineering approaches. 
In this work, the characteristics of available C. necator strains and genomes are reviewed, 
highlighting how a thorough comprehension of the genetic variability of C. necator is lacking 
and it could be instrumental for wider application of this microorganism. The metabolic 
paradigms of C. necator and how they are connected to PHA production and accumulation 
are described, also recapitulating the variety of carbon substrates used for PHA accumulation, 
highlighting the most promising strategies to increase the yield. Finally, the review describes 
and critically analyzes currently available genome-scale metabolic models and reduced 
metabolic network applications commonly employed in the optimization of PHA production. 
Overall, it appears that the capacity of C. necator of performing CO2 bioconversion to PHA is 
still underexplored, both in biotechnological applications and in metabolic modeling. However, 
the accurate characterization of this organism and the efforts in using it for gas fermentation 
can help tackle this challenging perspective in the future. 
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1. Introduction 
Cupriavidus necator (previously known as Wautersia eutropha, Ralstonia eutropha and 
Alcaligenes eutrophus) is a Gram-negative bacterium belonging to the Burkholderiaceae 
family. According to the information in the literature and in public strains collections such as 
Leibniz Institute DSMZ collection (https://www.dsmz.de/) and ATCC (https://www.atcc.org/), it 
was isolated independently from several environments, including sludge from ponds and 
rivers, forest and paddy field soil, rhizosphere of plants, root nodules, and human clinical 
specimens (Moriuchi et al., 2019). The variety of environments where C. necator was isolated 
reflects its versatile metabolic capabilities: this species is able to grow as a chemolithotroph 
and heterotroph, in both aerobic and anaerobic environments. Heterotrophic growth occurs 
using a wide array of carbon sources, and even in the case of chemolithotrophic growth, CO2 
and formate can be used (Sohn et al., 2021). Of special biotechnological interest is that C. 
necator accumulates intracellular granules of poly(3-hydroxybutyrate) (P[3HB], or PHB) and 
other polyhydroxyalkanoates (PHA) as a carbon reservoir when other nutrient elements are 
lacking (Schlegel et al., 1961). PHA are highly interesting to be employed as substitutes to 
petroleum-based plastics, making C. necator an excellent target species for the industrial 
production of these polymers. In the light of the impending global crisis related to plastic 
pollution, growing CO2 emissions, and the subsequent effects on climate change, a 
conspicuous amount of research is being addressed at devising processes that employ waste 
streams as feedstocks for bioconversion to products of industrial interest. In this regard, C. 
necator holds great potential as its growth on organic waste streams has been demonstrated 
(Section 4.1), allowing their valorization; plus, chemolithotrophic growth on CO2-rich gaseous 
streams from industrial activities could prevent emissions or reduce the impact on the 
atmosphere while also providing biodegradable plastics. 

The flexibility of C. necator as a platform for value-added chemical production and its capability 
to fix CO2 has encouraged efforts to establish comprehensive and well-curated genome-scale 
metabolic models (GSMMs) to simulate growth with different carbon sources and conditions, 
as well as in silico gene knockouts. GSMMs are mathematical representations of all known 
biochemical reactions in an organism. Each reaction is characterized by a rate and a 
stoichiometry which allow calculating how fast compounds are consumed and produced given 
a set of biological or physico-chemical constraints (Orth et al., 2010). These models hold great 
potential for simulating the effects of environmental conditions, feedstock, and even genetic 
engineering on the overall metabolism. Because of their ability to predict the impact of many 
parameters in silico, GSMMs and akin models have been widely employed to explore 
strategies to improve PHA and PHB yields and represent a major tool for productivity 
optimization. However, due to their scale, reliable models require extensive manual curation 
and validation with multi-omic data. 

Due to independent isolations of the organism in diverse environments, as well as the 
paradigm shift in taxonomic classification, transitioning from morphological and physiological 
principles to marker genes, and whole genome comparisons, C. necator can be found in the 
literature and databases under different names. Hence, it is useful to recapitulate the story of 
its taxonomic reassignments in over 80 years in order to organize available information about 
this important species more efficiently, enhancing data retrieval and model development 
(Moriuchi et al., 2019). Further, given the wide variety of natural and engineered strains and 
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the complexity of metabolism, a systematic and detailed account of relevant knowledge is of 
primary importance for a better use of this microorganism for the exploitation of waste streams. 

This review provides an overview of C. necator focusing on its metabolism and applications, 
which can aid in planning data-driven experiments and implementing metabolic models. First, 
the review summarizes current knowledge on C. necator strains and deposited genomes, 
discussing the accuracy of taxonomic assignments. Then, the metabolic paradigms of wild-
type C. necator are described in detail, and metabolic regulation of PHA production is 
elucidated. Subsequently, efforts to maximize PHA yield in a variety of circular economy 
applications are discussed, including investigations on the operational parameters and 
metabolic engineering attempts. Finally, a recapitulation of available metabolic models is 
presented, highlighting their importance in the product optimization. 

2. Taxonomy and phylogenetic diversity 
The genome of C. necator, like that of many Burkholderiaceae, is multipartite. Most strains 
have three replicons: chromosome 1, chromosome 2, and megaplasmid pHG1. Chromosome 
1 encodes most housekeeping genes, while the other two replicons include most of the genes 
necessary for chemolithotrophic and anaerobic lifestyles, as well as alternative substrate 
uptake (Jahn et al., 2021; Fricke et al., 2009; Pohlmann et al., 2006). 

The taxonomic classification of C. necator underwent several changes since its first isolation 
in 1957. The first published studies classified it as Hydrogenomonas eutropha, due to the 
capability of the bacterium to grow chemolithotrophically on a mixture of hydrogen, oxygen, 
and CO2. Indeed, the genus Hydrogenomonas, established in 1909, encompassed all species 
capable of hydrogen oxidation (Davis et al., 1969; Repaske, 1962; Schlegel et al., 1961). 
However, due to the heterogeneity of the species assigned to this genus, its disgregation was 
proposed in 1969, and the name was changed to Alcaligenes eutrophus (Davis et al., 1969). 
The species name was changed again upon a rearrangement of the Burkholderia family, 
becoming Ralstonia eutropha, where Ralstonia was a novel genus encompassing the former 
A. eutrophus and two Burkholderia species (Yabuuchi et al., 1995). The Ralstonia genus was 
later split in two different genera, changing Ralstonia eutropha to Wautersia eutropha 
(Vaneechoutte et al., 2004). During the same year, a DNA-DNA hybridization experiment 
confirmed that W. eutropha was in fact the same species as another isolate obtained by 
Makkar and Casida in 1987, named Cupriavidus necator. The decision to assign this isolate 
to a new genus and species was made based on the predatory activity that it displayed, which 
was not found in the Alcaligenes genus (Makkar and Casida, 1987). However, this trait was 
later proven to be linked to the presence of a specific plasmid. Therefore, in compliance with 
the rules established in the International Code of Nomenclature of Prokaryotes (“International 
Code of Nomenclature of Prokaryotes,” n.d.), W. eutropha in 2004 was finally renamed C. 
necator, since this was the first published valid taxonomic name for the species, and the isolate 
by Makkar and Casida, dubbed N-1, became the nomenclatural type for the species 
(Vandamme and Coenye, 2004; Makkar and Casida, 1987). 

Many C. necator strains have been isolated over time. As of May 2023, 33 strains are listed 
in the DSMZ, of which 14 are wild-type isolates, while the remaining 19 strains are derivatives 
of the isolates by means of mutagenesis or genetic engineering. It has been ascertained for 
some of the isolates that they differ slightly in terms of physiological properties and PHA 
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synthesis characteristics (Bowien and Schlegel, 1981; Schlegel et al., 1961). Several other 
isolates, not listed in the DSMZ, are present in the NCBI database; indeed, out of the 14 C. 
necator genomes available in the RefSeq database, 11 belong to strains that are not listed in 
the collection (Table 1). There are however very few studies where physiological or genomic 
data from different strains are compared. A considerable amount of literature about isolates 
dates to the 1970’s or earlier, and the original manuscripts describing physiological 
characteristics are only available in German. Out of the 14 strains with a publicly available 
genome sequence, 7 were not associated with any publication, and no additional information 
about them was available in the literature. Three entries are from soil isolates with the ability 
to degrade aromatic and chlorinated compounds. The remaining entries are sequences of 
strains available in the DSMZ. In addition to the strains directly listed as C. necator, one strain 
named KK10 was considered in the analysis described below, since it is listed as Cupriavidus 
sp. in RefSeq, but it is described as C. necator in the corresponding paper (Mori et al., 2021). 

To get an overview of the sequenced genomes present in RefSeq, their phylogeny was 
inferred via multi-locus sequence analysis and average nucleotide identity (ANI) in order to 
clarify the relationships among the different strains. The 16S ribosomal RNA (rRNA) 
sequences were also extrapolated and aligned (Figure 1). Pairwise ANI was calculated 
between all genomes with the FastANI library (Jain et al., 2018, available at 
https://github.com/ParBLiSS/FastANI) and a dendrogram was constructed in Python with the 
SciPy library (Virtanen et al., 2020) using the Unweighted Pair Group Method with Arithmetic 
Mean clustering method (Bar-Joseph et al., 2001), with the distance values defined as 100 - 
ANI. 16S regions were extracted via Hidden Markov Model (HMM) search. The HMM used is 
the file “bac.ssu.rnammer.hmm” from RNAmmer 
(https://services.healthtech.dtu.dk/services/RNAmmer-1.2/), which was built from a set of 
known bacterial 16S rRNA regions. The HMM was used to search for 16S rRNAs in C. necator 
genomes using the HMMER suite (Wheeler and Eddy, 2013). FASTA sequences of the 16S 
rRNAs were extracted, a multiple alignment was computed with Clustal Omega 
(https://www.ebi.ac.uk/Tools/msa/clustalo/), and percentage of identity of each 16S was 
calculated against the type strain. The topologies of the dendrograms obtained from the two 
independent methods are in almost complete agreement, with only one discrepancy, observed 
in the placement of strain A5-1. The most distant strain in the phylogeny is strain JMP134 
(BioProject ID: PRJEB38476), wrongly assigned in NCBI as C. necator, with the strain name 
“5” (Saraiva et al. 2021; Fetzer et al., 2015). This strain was classified as C. necator in the 
past, but its current species designation in databases such as BioCyc and the NCBI Taxonomy 
Browser is in fact C. pinatubonensis. It seems that the two designations have conflictually 
coexisted in the literature between 2010 and 2015. Given the results of ANI and 16S rRNA 
comparison, JMP134 was considered as outgroup in this analysis. Two genomes are H16 
from distinct collections, as is stated in the RefSeq metadata and confirmed by the ANI of over 
99.99% (Figure 1). Finally, strains NH9 and SHC 2-3 have a quite low ANI compared to the 
type strain, but they are presented in the corresponding papers as C. necator nonetheless 
(Moriuchi et al., 2019). Interestingly, 16S rRNA comparison revealed that all strains apart from 
JMP134 had a 16S rRNA percent identity of at least 99% with the type strain. Usually, the 
thresholds employed for species assignment are 95% and 98.5% for ANI and 16S rRNA, 
respectively (Edgar, 2018; Goris et al., 2007); however, results were not always consistent. 
For three strains, the 16S rRNA identity was consistent with the species assignment to C. 
necator, while the ANI was substantially lower than the threshold. Moriuchi and collaborators 
proposed an ANI threshold of 90% instead of 95% for establishing the species assignment to 

https://github.com/ParBLiSS/FastANI
https://services.healthtech.dtu.dk/services/RNAmmer-1.2/
https://www.ebi.ac.uk/Tools/msa/clustalo/


6 
 

C. necator, and remarked that several bacterial species are characterized by non-standard 
ANI cut-off points (Moriuchi et al., 2019). Notably, ANI and 16S rRNA identity agree for 
Cupriavidus KK10, which in NCBI is not assigned to the species C. necator. These 
observations suggest that the strain should be assigned as Cupriavidus necator. As the ability 
to synthesize PHA is one of the salient characteristics of C. necator as a species of industrial 
interest, the presence and inter-strain variability of the phaCAB operon was also assessed. 
To do so, the nucleotide sequences of phaA, phaB and phaC genes was searched against 
each genome with BLAST. The coordinates of the best hits were compared to the annotation 
files to find in each strain the corresponding annotation with its associated RefSeq Protein ID. 
For each gene, amino acid sequences from RefSeq Protein were aligned with Clustal Omega 
(https://www.ebi.ac.uk/Tools/msa/clustalo/) and visualized with MView 
(https://www.ebi.ac.uk/Tools/msa/mview/). Furthermore, the percent identity of each protein 
to the sequence of the type strain was calculated (Figure 1). For all three proteins, the active 
site residues were identical across all examined strains (data not shown). Amino acid 
sequence was strongly conserved, with a percent identity always greater than 90%, with the 
only exception of the PhaC of strain JMP134, which was only 83% identical to the type strain 
protein. However, it is highly plausible that the function of PHA synthesis is well-conserved 
across strains under exam. Overall, the results of genome comparisons suggest that some of 
the current species designations should be corrected. Further analyses on newly released 
genomes and thorough physiological characterization will acclarate and, possibly, redefine the 
taxonomy of C. necator strains in the future. 
 
FIGURE 1 
 
According to Pubmed search results, strain H16 is by far the most widely studied and 
employed in biotechnological applications. Over the years, it has established itself as the most 
popular chassis not only for PHA production, but for a wide range of platform chemicals and 
circular economy applications (Sohn et al., 2021; Section 3.2). It is the strain which has been 
characterized best in terms of metabolic capabilities and cellular physiology. In fact, both 
GSMM available for C. necator are based off strain H16. The second most frequently 
mentioned strain, especially regarding PHA production, is DSM 545, a mutant derived from 
strain H1 expressing constitutive glucose-6-phosphate dehydrogenase (G-6-PDH) (König et 
al., 1969). Other strains are mentioned in a limited number of manuscripts for specific 
applications, often related to bioremediation or degradation of recalcitrant polluting 
compounds (Table 1).  

DSMZ 
catalog 
no. 

ATCC 
catalog 
no. 

Strain 
name 

Assembly ID Notes References 

DSM 428 ATCC 
17699 

H16 RefSeq ID: 
GCF_000009
285.2 (2006) 
RefSeq ID: 
GCF_004798
725.1 (2019) 
RefSeq ID: 
GCF_016127
575.1 (2020) 

Isolated from sludge. The 
2020 assembly is noted in 
RefSeq under strain name 
“FDAARGOS_1030”. 

Little et al., 2019 
Sichtig et al., 2019 
Pohlmann et al., 2006 
Schlegel et al., 1961 

DSM 529 ATCC 
23442 

H1 - Isolated from sludge from a 
garden pond 

Bartha, 1962 
Schlegel et al., 1961 

https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/mview/
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DSM 530 ATCC 
17700 

H20 - Isolated from soil Schlegel et al., 1961 

DSM 531 ATCC 
17697 

335, R-
10-e 

RefSeq ID: 
GCF_001598
755.1 

Isolated from soil. Formerly 
type strain of Wautersia 
eutropha. Noted in RefSeq 
under strain name “NBRC 
102504” 

Johnson and Stanier, 
1971 

DSM 5536 - H850 RefSeq ID: 
GCF_009663
695.2 

Isolated from PCB-
contaminated soil. 

Abbey et al., 2003 

DSM 
13513 

ATCC 
43291 

N-1 RefSeq ID: 
GCF_000219
215.1 

Type strain for C. necator. 
Isolated from soil 

Poehlein et al., 2011 
Makkar and Casida, 
1987 

DSM 
30029 

ATCC 
25207 

Undefine
d 

- Isolate, unable to use H2 as 
a source of reducing 
equivalents 

Ertan et al. (2021) 

DSM 416 - LH-7 - Mutant from H16, negative 
for soluble hydrogenase 

- 

DSM 418 - PH-9 - Mutant from H16, negative 
for particulate (membrane) 
hydrogenase 

- 

DSM 422 - PH-4 - Mutant from H16, negative 
for particulate (membrane) 
hydrogenase 

- 

DSM 430 - H16 25/1 - Mutant from H16, requires 
CO2 for growth 

Ahrens and Schlegel, 
1972 

DSM 515 - B19 - Isolated from soil Gunsalus et al., 1975 

DSM 516 - G27 - Isolated from root region of 
Juniperus 

Gunsalus et al., 1975 

DSM 517 - G29 - Isolated from root region of 
Juniperus 

Gunsalus et al., 1975 

DSM 518 - Undefine
d 

- Isolated from sludge from a 
river 

Gunsalus et al., 1975 

DSM 538 
DSM 542 
DSM 551 

- H16 G+1 
H16 G+7 
H16 G+3 

- Mutants from H16, 
constitutive G-6-PDH 
expression 

Raberg et al., 2011  
Schlegel and 
Gottschalk, 1965 

DSM 539 
DSM 540 

- H16 F34 
H16 F29 

- Mutants from H16, not able 
to use fructose 

Bowien, 1970 

DSM 541 - H16 
PHB-4 

- Mutant from H16, does not 
form PHB 

Raberg et al., 2014 
Schlegel et al., 1970 

DSM 543 - G29 G+1 - Mutant from G29, 
constitutive G-6-PDH 
expression 

König et al., 1969 

DSM 544 
DSM 547 

- H20 G+3 
H20 G+1 

- Mutants from H20, 
constitutive G-6-PDH 
expression 

Schlegel and 
Gottschalk, 1965 

DSM 545 - H1 G+3 - Mutants from H1, König et al., 1969 
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DSM 546 H1 G+4 constitutive G-6-PDH 
expression 

DSM 2625 - 1978 - Isolated from paddy field 
soil 

Miura et al., 1981 

DSM 3102 - H16 
pHS4 

- H16 with additional plasmid 
pHS4 

Schwab et al., 1983 

DSM 4182 - TA06 - Isolated from rhizosphere 
of Arum sp.; unable to use 
H2 as a source of reducing 
equivalents 

Jenni et al., 1988 

DSM 
11098 

- Tfa 17 - Isolated from soil, utilizes 
tetrahydrofuran-related 
compound 

Zarnt et al., 1997 

DSM 
13439 

- H850-
4LT 

- Engineered from H850 for 
use of chlorinated 
benzoates 

Wittich and Wolff, 2007 

DSM 
15443 
DSM 
15444 

- C145 
HF39 

- Mutants from H16 - 

- - C39 RefSeq ID: 
GCF_016757
775.1 

Isolated from copper-gold 
mine in China 

Xie et al., 2023 

- - UYPR2.5
12 

RefSeq ID: 
GCF_022041
995.1 

Isolated from a root nodule 
of Parapiptadenia rigida in 
Uruguay 

Rodríguez-Esperón et 
al., 2022 
De Meyer et al., 2015 

- - SHC 2-3 RefSeq ID: 
GCF_013141
915.1 

Isolated from groundwater 
in a surface repository of 
radioactive waste in Russia 

- 

- - JMP134 RefSeq ID: 
GCF_903797
845.1 

Formerly incorrectly 
assigned to C. necator, 
currently classified as C. 
pinatubonensis. Noted in 
RefSeq under strain name 
“5” 

Saraiva et al., 2021 
Fetzer et al., 2015 
Weightman et al., 1984 

- - PHE3-6 RefSeq ID: 
GCF_001481
455.1 (2015) 
RefSeq ID: 
GCF_001853
325.1 (2016) 

Isolated from soil in Japan Yonezuka et al., 2016 

- - CR12 RefSeq ID: 
GCF_003326
035.1 

Isolated from copper-gold 
mine in China 

- 

- - NH9 RefSeq ID: 
GCF_002011
925.2 

Isolated from soil in Japan Moriuchi et al., 2019 

- - A5-1 RefSeq ID: 
GCF_000744
095.1 

- - 
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- - KK10 RefSeq ID: 
GCF_018223
725.1 

Isolated from cattle pasture 
soil 

Mori et al., 2021 

Table 1. Currently known C. necator strains in the Leibniz Institute DSMZ collection and the NCBI 
RefSeq database. Known isolates have their strain name in bold. When multiple assemblies are present 
for the same strain, the year of submission is reported. ATCC catalog numbers are reported when 
available. 

Notably, very few research has been conducted to directly compare metabolic capabilities and 
PHA yields of different strains. For many strains, it has not been experimentally validated 
whether they are facultative anaerobes and facultative autotrophs like strain H16. Where the 
genome sequence is available, it is possible to assess the presence of the genes related to 
the different metabolic lifestyles. This has been done for strain N-1, the C. necator type strain, 
in which genes for hydrogen oxidation, necessary to grow in chemolithotrophy, were not 
detected (Poehlein et al., 2011). Most genome sequences have high levels of identity (> 98%) 
to either strain H16 or strain N-1 (Figure 1). It is likely that these highly similar groups of strains 
share similar physiological characteristics, though this needs to be verified firstly by checking 
the presence of specific genes, secondly experimentally. Strains which have a lower identity 
to well-characterized strains are either not yet characterized (A5-1, CR12, SHC 2-3), or the 
analysis of their genomic sequences was focused on genes for the degradation of aromatic 
compounds (NH9, Moriuchi et al., 2019) or resistance to metals (C39, Xie et al., 2023). Thus, 
the physiological characteristics of C. necator as described in the following section mainly 
regard C. necator H16. 

3. Overview of C. necator metabolism 

3.1. Electron donors and acceptors 
The metabolism of C. necator is extremely versatile. The strain which has been best 
characterized and displays the most variable physiological behaviours is C. necator H16. The 
metabolic paradigms of this strain can be easily summarized by considering the electron 
donors and electron acceptors that it can utilize for energy conservation, and whether the 
carbon source is organic or inorganic. C. necator H16 can utilize either reduced organic 
compounds or hydrogen as electron donors, leading to heterotrophic or chemolithotrophic 
lifestyles, respectively. In heterotrophic metabolism, the reduced organic compounds serve as 
carbon source, while chemolithotrophic metabolism relies on 1-carbon molecules. In 
particular, in C. necator H16, chemolithotrophy can occur with CO2 or formate as carbon 
sources. Mixotrophy has also been observed, and it has been shown that it can even aid 
growth when utilization of a reduced organic carbon source is inefficient (Jawed et al., 2022; 
Strittmatter et al., 2022; Alagesan et al., 2018). The final electron acceptor is oxygen for 
aerobic growth, but the bacterium is also able to perform anaerobic respiration by reducing 
nitrate via a complete denitrification pathway (Pohlmann et al., 2006). 

Heterotrophic growth can occur in several strains with a variety of organic carbon sources, 
including fructose, N-acetyl-glucosamine, gluconate, PHA precursors and derivatives (e.g. 
caproic acid, 3-hydroxybutyrate), amino acids, tricarboxylic acid cycle (TCA) intermediates, 
and volatile fatty acids (VFA) (Jawed et al., 2022; Pearcy et al., 2022; Sohn et al., 2021; 
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Schlegel et al., 1961). A comprehensive list of viable substrates in wild-type C. necator H16 is 
reported in Pearcy et al., 2022. In the case of fructose metabolism, fructose uptaken by the 
cell is converted to glucose-6-phosphate, which enables it to enter the Entner-Doudoroff (ED) 
pathway. The key enzyme for the more efficient Embden-Meyerhof-Parnas (EMP) pathway, 
phosphofructokinase, is not encoded in H16’s genome (Raberg et al., 2011; Pohlmann et al., 
2006). Despite this, the rest of the pathway is encoded, including the key enzyme of 
gluconeogenesis, allowing for glucose synthesis when carbon sources are simpler organic or 
inorganic molecules. The pyruvate generated by sugar degradation is oxidized to acetyl-CoA 
and enters the TCA to be heterotrophically respired to CO2. The reduced cofactors generated 
by the ED and TCA pathways carry electrons to the respiratory chain, with O2 as final electron 
acceptor (Figure 2). In particular, NADH is generated by the ED pathway, and reduced 
ubiquinones are generated by succinate dehydrogenase in the TCA. NADPH, whose primary 
role is to provide electrons for anabolic reactions, is frequently generated from NADP+ 
reduction via pentose phosphate pathway (PPP) in prokaryotes (Spaans et al., 2015). 
However, the key enzyme of this route, 6-phosphogluconate dehydrogenase, is lacking in C. 
necator H16. Thus, NADP+/NADPH balance is maintained by the isocitrate dehydrogenase 
reaction in the TCA cycle. Additionally, the pools of NADH and NADPH are balanced by 
membrane-bound transhydrogenase PntAB, which couples transfer of a hydride ion from 
NADH to NADP+ with proton translocation (Raberg et al., 2011; Cramm, 2009; Sauer et al., 
2004, Figure 2). The transhydrogenase reaction is reversible, and although its activity in the 
direction of NAD+ reduction has not been reported specifically in C. necator H16, it may occur 
in situations where it is necessary to feed the respiratory chain. 

FIGURE 2 

Notably, C. necator H16 is not able to grow on glucose. The most plausible reason for this 
inability is the lack of a transport system for glucose intake (Raberg et al., 2011). Mutants with 
the ability to grow on glucose were obtained a few years after the first isolations via UV-ray 
exposure (Raberg et al., 2011; König et al., 1969; König, 1967; Schlegel and Gottschalk, 
1965). A multiomic study proved that in the mutant strain H16 G+1, glucose uptake is enabled 
by transcriptional derepression and point mutations in the transporter for N-acetyl-
glucosamine. The mutated transporter has sufficient affinity for glucose and allows its uptake. 
In turn, glucose availability upregulates ED pathway enzyme glucose-6-phosphate-
dehydrogenase (G-6-PDH) (Raberg et al., 2011). It is likely that other glucose-utilizing 
mutants, which are often labeled as “G+” in DSMZ, acquired the capacity of importing glucose 
in the cell through a similar mechanism. Indeed, constitutive G-6-PDH expression is reported 
for all “G+” mutants in DSMZ, including the most popular glucose-utilizing strain, DSM 545 
(Table 1). 

In the chemolithotrophic lifestyle, energy conservation occurs via oxidation of hydrogen. C. 
necator H16 is endowed with a soluble hydrogenase (SH) and a membrane-bound 
hydrogenase (MBH). Both are Ni-Fe hydrogenases, and the soluble form contains cyanide 
groups that confer tolerance to oxygen (Cramm, 2009; Van der Linden et al., 2004). MBH 
faces the periplasm and feeds electrons directly into the respiratory chain, but its reduction 
potential is higher than that of NAD(P)+. Conversely, SH is able to reduce NAD(P)+ and create 
reducing equivalents for anabolic pathways, including carbon fixation (Bowien and Schlegel, 
1981). Remarkably, production of reducing equivalents through SH allows to bypass the 
process of reverse electron flow, which has the same purpose in bacteria which cannot reduce 
NAD(P)+ directly. Expression of SH and MBH is controlled by a regulatory hydrogenase which 
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acts as a hydrogen sensor (Lenz et al., 2002). Carbon is fixed via the Calvin-Benson-Bassham 
(CBB) pathway, with RuBisCO as the key enzyme. C. necator H16 has been grown 
successfully with CO2 concentrations of 10-20%. Growth at low CO2 concentrations, such as 
those found in the atmosphere (currently about 400 ppm, i.e., 0,04%) is also possible, but 
requires the activity of carbonic anhydrase Can, encoded in chromosome 1, catalyzing the 
conversion of bicarbonate to CO2 to support growth (Kusian et al., 2002). Interestingly, C. 
necator H16 encodes three more carbonic anhydrases, for which distinct roles have been 
proposed, including conversion of CO2 to bicarbonate to avoid its rediffusion outside of the 
cell, reconversion of bicarbonate to CO2 to supply to the CBB cycle, and CO2-bicarbonate 
interconversion to maintain pH (Gai et al., 2014).  In addition to CO2, C. necator has the ability 
to use formate as carbon source, which is first oxidized to CO2 by a soluble formate 
dehydrogenase, with the concomitant reduction of NAD+, and then enters the CBB cycle as 
such. 

By definition, mixotrophy occurs when organic carbon and reducing equivalents are obtained 
by different substrates: for example, an organic compound can be assimilated and used for 
anabolic pathways instead of being respired, while energy is conserved chemolithotrophically 
by H2 oxidation. Mixotrophy has been observed in C. necator H16 growing with organic 
substrates, such as VFA, that are used by the organism with limited efficiency (Strittmatter et 
al., 2022). Additionally, there is evidence of CBB activity during growth on sugars, with 
recapturing of the CO2 obtained through respiration. Fluxomic data and flux balance analysis 
(FBA) simulations on metabolic models lend themselves to multiple interpretations: some 
researchers propose that this activity confers an evolutionary advantage as it optimizes carbon 
utilization; others find no evidence of such advantage, suggesting instead that synthesizing 
excess CBB enzymes is an investment in order for the organism to readily switch to 
chemolithotrophic metabolism when needed (Pearcy et al., 2022; Jahn et al., 2021; Shimizu 
et al., 2015). 

Anaerobic growth is enabled in C. necator H16 by a specialized respiratory chain that covers 
the whole denitrification pathway, reducing nitrate to molecular nitrogen in four steps and using 
each intermediate as terminal electron acceptor (Kohlmann et al., 2014; Pfitzner and Schlegel, 
1973; Figure 2). Although it has been observed in heterotrophic conditions, it is very limited 
with hydrogen and CO2 as the only substrates, with limited research available (Kohlmann et 
al., 2014; Pfitzner and Schlegel, 1973). All enzymes for denitrification except for nitrite 
reductase are encoded in megaplasmid pHG1. Dissimilatory reduction of nitrate to nitrite is 
carried out by molybdopterin-containing nitrate reductases NAR and NAP. Both are 
membrane-bound and their catalytic subunits face the cytoplasm and periplasm respectively. 
Biochemical characterization of both enzymes in C. necator H16 is partial, however it is known 
that they are involved in anaerobic respiration and use quinol as the electron donor. In C. 
necator H16, NAR genes are encoded in megaplasmid pHG1 and their expression is likely 
regulated by nitrite and nitrate concentration, while NAP genes are encoded in chromosome 
2 and expressed during the stationary growth phase (Cramm, 2009; Schwartz et al., 2003; 
Siddiqui et al., 1993). A study evaluating transcriptomic and proteomic changes in anaerobic 
conditions evidenced the marginal role of NAP in acclimation to anaerobiosis, while NAR 
activity is more prominent (Kohlmann et al., 2014). The denitrification pathway continues with 
the reduction of nitrite to nitric oxide by heme-containing nitrite reductase (NIR) enzyme, which 
is encoded in chromosome 2. Subsequently, nitric oxide is reduced to nitrous oxide by nitric 
oxide reductase (NOR), which again receives electrons from quinol for the reaction (Cramm, 
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2009; Cramm et al., 1999). Finally, nitrous oxide is reduced to molecular nitrogen by NOS, 
whose putative electron donor is a c-type cytochrome (Cramm, 2009). Interestingly, adaptation 
to anaerobiosis is associated with changes in enzymes with a role in redox balancing 
mechanisms: anoxic conditions lead to the derepression of NAD-linked enzymes such as 
lactate dehydrogenase and alcohol dehydrogenase, while the NADPH pool is sharply 
diminished via a limited activity of transhydrogenase PntAB and NAD+ kinase (Kohlmann et 
al., 2014; Cramm, 2009). 

The different lifestyles of C. necator can be used to convert a wide array of substrates to 
biomass and PHA. Anaerobic growth is characterized by a long lag phase and a limited 
biomass productivity, so it is generally not explored for large-scale applications (Pfitzner and 
Schlegel, 1973). In aerobiosis, chemolithotrophic and heterotrophic metabolisms have similar 
biomass yields, and experimental data prove that theoretical yields dictated by stoichiometry 
are attainable (Unrean et al., 2019; Ishizaki and Tanaka, 1990). However, the most convenient 
lifestyle depends on the application of choice: heterotrophic growth proves more 
advantageous when employing batch mode cultivations, where the only limiting factor is 
oxygen availability, while chemolithotrophic growth rate is heavily dependent on gas-liquid 
mass transfer, and therefore requires an accurate choice of bioreactor configurations and 
operational parameters to be cost-effective (Miyahara et al., 2022). As the only strains that 
have been studied extensively for potential industrial applications are H16 and DSM 545 A 
more detailed description of productivities and yields in different lifestyles is given in Section 
4. 

3.2. PHAs: structure, functions, and biosynthetic pathways 
Polyhydroxyalkanoates (PHA) are a class of polymers synthesized by several bacterial and 
archaeal genera (Koller et al., 2013; Lemoigne, 1926). Their chemical structure involves a 
main chain with ester bonds, where the gamma carbon of each repetitive unit harbors a side 
chain that depends on the monomers used by the organisms for synthesis and determines the 
specific type of PHA (Figure 3). Many biologically produced PHAs are optically active, 
specifically those where the building blocks are 3-hydroxyalkanoates.since  Notably, the 
enzyme PHA synthase, which catalyzes polymerization, has a specificity for R(-)-
3hydroxyalkanoates (Kessler and Witholt, 1998). The most common PHA is poly(3-
hydroxybutyrate) (PHB), where the side chain monomeric building block is 3-hydroxybutyrate 
(3HB). This polymer is naturally synthesized in high concentrations by C. necator. Other 
biologically generated PHAs are generally classified based on the chain lengths. Namely, 3-
hydroxybutyrate and 3-hydroxyvalerate are classified as short chain length monomers, while 
longer monomers, up to 3-hydroxytetradecanoate, fall into the medium chain length category 
(Koller, 2018; Laycock et al., 2014; Steinbüchel et al., 1992). Very few PHAs, including PHB, 
occur as homopolymers. Most copolymers are random copolymers, although biological block 
co-polymer synthesis has been achieved through targeted feeding strategies (Chen, 2010; 
Figure 3). The physical, chemical, and mechanical properties of PHA heavily influence the 
applicability in downstream processes. The most relevant physical properties for industrial 
PHA production are melting temperature, crystallization rate, melt stability, tensile strength, 
and maximum elongation to break. Such properties are influenced by the type, percentage 
and distribution of monomers incorporated in the polymer, and can thus be tweaked to some 
extent to fit the suitability to different applications (Laycock et al., 2014; Sudesh et al., 2000). 
The most popular random copolymer for industrial applications is poly(3-hydroxybutyrate-co-
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3-hydroxyvalerate) (P[HB-co-HV], or PHBV) (Rivera-Briso and Serrano-Aroca, 2018). This 
copolymer is often obtained in bioprocesses utilizing feedstocks containing propionic acid, 
which can be condensed with acetate to yield 3-hydroxyvalerate (3HV), and subsequently 
incorporated by the PHA synthase of wild-type C. necator (Byrom, 1987). The presence of 
3HV moieties introduces irregularities in the crystal structure, yielding a less brittle material 
than pure PHB; in addition, the melting temperature is lower, widening the range of 
temperatures in which the polymer can be processed (Koning, 1995). Another polymer, poly(4-
hydroxybutyrate) (P[4HB]), is the only PHA approved by FDA for medical applications, as 4HB 
is a metabolite normally present in the human body, resulting in a non-toxic, low-impact 
material for implants, mesh, and drug delivery devices (Utsunomia et al., 2020; Zhang et al., 
2018). While PHAs have great potential to become substitutes of petroleum-based plastics, 
most of them are obtained through bioprocess with low productivities and yields, or require 
the use of additives and plasticizers for processing, as well as long processing cycle times 
(Rivera-Briso and Serrano-Aroca, 2018; Kourmentza et al., 2017; Koning, 1995). These 
factors should be evaluated carefully in life cycle and sustainability assessments. 
Nevertheless, the biochemical aspects of PHA synthesis have been researched extensively. 
The rest of the paragraph proceeds to summarize them, focusing on biological PHB production 
in C. necator. 

FIGURE 3 

Pathways for PHA production have been studied in bacterial genera such as Cupriavidus, 
Pseudomonas, and Clostridium (Meng et al., 2014). Building blocks for PHAs are generated 
from precursor molecules such as fatty acids, TCA intermediates, and acetyl-CoA. All 
pathways have a step which involves PHA synthase. The composition of the biopolymer can 
vary based on the specific pathway and the carbon source, as well as the specificity of PHA 
synthase for particular side chain lengths (Meng et al., 2014). All strains of C. necator are 
endowed with a class I PHA synthase, which has a preference for short-chain monomers, 
usually up to 5 or 6 carbon atoms (Koller, 2018). Biologically, PHA synthesis serves to 
accumulate carbon reservoirs when carbon source is abundant and other nutrients, such as 
nitrogen, phosphates, and sulfur, are not. It also covers an important role in maintaining the 
redox balance of the cell, which is why it is often linked to stressful growth conditions. Indeed, 
PHA synthesis normally occurs to a limited extent, and it is enhanced when the cell 
accumulates a high energy charge (Koller et al., 2013; Castro-Sowinski et al., 2010; Schlegel 
et al., 1961). This condition is favored by nutrient depletion, as reduced cofactors accumulate 
in the cell and saturate electron transport chains. This over-reduction can lead to the formation 
of reactive oxygen species and free radicals, which are deleterious to the cell (Rochaix, 2011). 
Thus, PHA synthesis provides a sink for the accumulation of NAD(P)H and acetyl-CoA, 
allowing to replenish the pool of oxidized cofactors and free CoA. In this sense, C. necator 
being a strictly respiratory organism (i.e., not performing fermentation) utilizes PHA synthesis 
as a pseudo-fermentative pathway (Koller et al., 2013). Additionally, many studies suggest 
that in some bacterial species, PHA synthesis is initiated when environmental stresses arise, 
for example UV irradiation, heat and osmotic shock, desiccation, and oxidative stress (Castro-
Sowinski et al., 2010). In C. necator, the presence of PHA granules was found to be associated 
with the maintenance of cellular viability in presence of these shocks, suggesting a protective 
role against stresses (Koller, 2018). As previously discussed, in case of external factors 
limiting growth, PHA enables storing excess reducing power, avoiding the risks from over-
reduction. An interesting experimental observation is that even when metabolic conditions 
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favor PHA accumulation, the pathways of PHA synthesis and degradation are simultaneously 
active (Doi et al., 1990). The mechanism of PHA recycling, dubbed PHA cycle, is corroborated 
by experimental data and FBA simulations, and it likely has a role in the maintenance of redox 
balance (Pearcy et al., 2022; Doi et al., 1990). Furthermore, roles of the PHA cycle have been 
investigated in several bacterial species, demonstrating that availability of free 3HB in the cell 
may protect from protein denaturation by high temperature, high salt concentrations, osmotic 
pressure, and oxidative stress (Koller, 2018). 

The pathway for PHB production in C. necator consists of three steps. In the first step, two 
molecules of acetyl-CoA are condensed by 3-ketothiolase to form acetoacetyl-CoA (phaA). In 
the second step, acetoacetyl-CoA reductase (phaB) converts the metabolite into 3-
hydroxybutyryl-CoA, with consumption of NADPH. Finally, the molecule is added to an existing 
polymer by PHA synthase (phaC) (O. P. Peoples and Sinskey, 1989a; O. P. Peoples and 
Sinskey, 1989b; Schubert et al., 1988; Figure 3). The genes participating in the pathway are 
organized in a single operon named phaCAB. Nucleotide sequence and function are strongly 
conserved in several bacterial families able to synthesize PHB, and across C. necator strains 
(Reddy et al., 2003). In this canonical pathway, the central metabolite and precursor to PHB 
synthesis is acetyl-CoA. This key metabolite links most pathways related to central carbon 
metabolism, such as the TCA, beta-oxidation pathway, fatty acid synthesis, and glyoxylate 
shunt. In particular, the rate of PHB synthesis is finely balanced against TCA activity, based 
on whether the flux of acetyl-CoA is directed towards the TCA or towards the condensation 
reaction catalyzed by phaA (Sun et al., 2020). In particular, TCA enzymes citrate synthase 
and isocitrate dehydrogenase are allosterically inhibited by high acetyl-CoA and NAD(P)H 
levels (Koller et al., 2013). These high-energy metabolites accumulate when the carbon 
source is available, but biosynthesis of other molecules (i.e., proteins, amino acids, nucleic 
acids, cofactors) is impaired by the lack of key nutrients such as nitrogen or phosphate (Koller 
et al., 2013). Aside from nitrogen and phosphate limitation, PHB synthesis can be elicited by 
oxygen depletion. This stress was found to be particularly effective in chemolithotrophic 
conditions, as the reducing equivalents generated by the consumption of hydrogen cannot be 
exhausted in oxygen reduction and are thus redirected to PHB synthesis and can be even 
applied in combination with nitrogen limitation (Mozumder et al., 2015). As anticipated in 
Section 1, the dramatic increase in CO2 atmospheric concentration caused by human 
activities has raised particular interest in chemolithotrophic PHA production, as a means to 
sequester CO2 in the medium-long term. Hence, research on CO2 to PHA bioconversion will 
be fundamental in the near future. 

4. Carbon-rich waste streams for PHA production 
The ability of C. necator to synthesize PHAs with high productivity and yields in optimal 
culturing conditions has been noted early on after its isolation (Ishizaki and Tanaka, 1991; Doi 
et al., 1990; Schlegel et al., 1961). As noted in Section 3.2, PHA is endowed with mechanical 
characteristics similar to other petroleum-based plastics, e.g., polypropylene (Dalton et al., 
2022). The substitution of the latter by PHAs would allow for mass production of disposable 
objects without consumption of non-renewable resources. In addition, PHA is entirely 
biodegradable and biocompatible, as long as the monomers are not chemically altered. Thus, 
the positive environmental impact of PHA with respect to petroleum-based plastic is manifold: 
on one hand, it allows to limit the consumption of petrol deposits, which act as important 
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carbon reservoirs in the global carbon cycle; on the other hand, the superior biodegradability 
of PHA and the biocompatibility of its monomers would alleviate the problem of the 
accumulation of plastic waste and the capillary diffusion of potentially damaging microplastic 
particles in the environment (Amobonye et al., 2021). However, PHA production is a slow and 
costly process, heavily impacted by the carbon source used for microorganism growth and 
bioconversion. The feedstock of choice was estimated to affect the final cost of PHA for up to 
50% (Dalton et al., 2022; Nonato et al., 2001). As economic feasibility is a key factor to 
successfully introduce and promote large-scale PHA production, research efforts were spent 
over the past decades towards the utilization of carbon-rich waste streams as feedstocks, in 
order to drastically reduce the costs (Sohn et al., 2021). This strategy is rooted in the 
framework of circular economy, which attempts to establish loops where the byproducts of 
industrial processes are reused as input to other processes. Therefore, waste release in the 
environment is delayed, and resource utilization is optimized (Geissdoerfer et al., 2017). 
Waste streams suitable for utilization in this scenario have a high amount of residual carbon, 
which can be uptaken by the microorganisms. This carbon mainly comes in the form of organic 
molecules, such as sugars, cellulose, lignocellulose, VFA, etc.. This is the case for waste 
streams such as cheese whey from the dairy industry, sugar-rich molasses derived from beet 
processing, and cellulose- and starch-rich agricultural crops. Even glycerol, which is generated 
as a byproduct of biodiesel production, can be metabolized by C. necator, and therefore is 
suitable as a substrate for bioconversion to PHA (Figure 4). Importantly, a potential carbon 
source is the CO2 present in gaseous waste streams, such as combustion products and 
syngas. Valorization of CO2-rich waste streams is especially relevant as it prevents CO2 from 
being released in the atmosphere, allowing to cut down emissions from other industrial 
activities (Figure 4, Section 4.2). 
 
FIGURE 4 

4.1. Organic waste streams 
As anticipated in the previous section, wild-type C. necator is able to grow heterotrophically 
using a wide range of substrates, among which glycerol, VFA and sugars have been 
investigated in detail (Table 2). 

Glycerol is the main by-product from biodiesel production and constitutes a potential carbon 
substrate for PHA production. However, the growth rate and PHA yield of C. necator fed with 
glycerol are lower compared to more favorable substrates such as fructose or gluconate 
(Cavalheiro et al., 2009).  In silico optimization of biomass and PHA formation in C. necator 
DSM 545 grown on glycerol was studied (Špoljarić et al. 2013) and higher biomass and PHA 
yields were reported when increasing the initial inoculum biomass. Growth was optimal when 
glycerol concentration was kept between 5 and 30 g/L, to ensure substrate availability while 
avoiding inhibition. To elicit PHA accumulation, nitrogen was supplied in very limited 
quantities. A slower growth than on glucose was observed, while PHA yields were similar or 
slightly lower. Koller and Braunegg (2015) investigated the biomass and PHA formation by C. 
necator DSM 545 using lipid-rich streams from slaughterhouses. Two fractions from animal-
based biodiesel production were compared: saturated share of biodiesel (SFAE) and crude 
glycerol phase (CGP). The yield and PHA volumetric productivity with CGP were 0.65 g/g and 
0.98 g/(dm3L·h), respectively. When using SFAE, these values reached 0.6 g/g and 0.95 
g/(dm3L·h). These are promising yields compared to the ones achieved with expensive 
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substrates considering, for instance, that the theoretical yields for sugar do not exceed 0.48 
g/g. This work showcased the production of distinct types of PHAs using different substrates: 
PHBV was produced when using SFAE, while PHB was produced when using CGP. To 
improve glycerol assimilation, adaptive evolution of C. necator has been used. One work 
involving C. necator H16 identified and characterized a variant strain called v6C6 (González-
Villanueva et al. 2019). This strain exhibited a 9.5-fold increase in growth rate and the ability 
to co-utilize both gluconate and glycerol. While wild-type C. necator H16 produced more PHA 
in from gluconate than in from glycerol, variant v6C6 produced more from glycerol, and the 
amount of polymer accumulated was 19% higher. Recent studies (Claassens et al., 2020; 
Alagesan et al., 2018) highlight the importance of simultaneous CO2 fixation while using 
glycerol, resulting in a mixotrophic lifestyle. Strittmatter et al. (2022) studied the role of a 
RuBisCO activase (CbbX) that participates in an efficient CBB cycle in C. necator H16 during 
glycerol degradation. The deletion of CbbX resulted in poor growth, highlighting the strong 
dependence on carbon fixation through the CBB cycle for glycerol utilization. 

VFA are a byproduct of anaerobic digestion (AD), a process where organic matter is degraded 
and converted to methane in absence of oxygen. The main byproduct of AD is digestate, which 
is still rich in VFA that can be valorized. Jawed et al. (2022) studied mixotrophic growth and 
PHA accumulation in C. necator H16 under three conditions: VFA, VFA plus CO2, and the 
inclusion of H2 as an additional energy source. The results showed a higher PHA accumulation 
when cultures were grown mixotrophically with additional H2. In another work, mixotrophic 
growth on glucose, acetate or glycerol as organic carbon source was compared, revealing that 
mixotrophic growth was faster than individual heterotrophic or chemolithotrophic growth (Amer 
and Kim, 2023). Interestingly, C. necator was found to switch from heterotrophic to 
chemolithotrophic/mixotrophic conditions in less than twelve hours. This metabolic adaptability 
highlights the potential for developing biotechnological processes focused on PHA production, 
utilizing mixotrophic growth to shorten the biomass accumulation phase thanks to the higher 
growth rate that can be achieved. 

Sugars are among the most favorable and energy-efficient substrates for biomass 
accumulation, but the inability of C. necator to use glucose limits its applicability for PHA 
production from sources such as cellulose and starch. Given the rapid growth and high 
biomass yield that can be achieved with sugary feedstocks, it is worthwhile to expand the 
trophic capabilities of C. necator by mutagenesis and genetic engineering. Even adaptive 
evolution towards glucose uptake without mutagenic treatment was described, incubating the 
microorganism with high levels of glucose for a time period of around 70 hours (Franz et al., 
2012), achieving both growth and PHA accumulation of 45% w/w of the cell dry weight (CDW). 
The mutant strain DSM 545 has been used in several studies due to its ability to take up 
glucose, which allows utilization of sucrose-, cellulose- and starch-rich waste streams. In these 
studies, the first step usually consists in growing the microorganisms on glucose to accumulate 
biomass, and in the second step PHA accumulation is enhanced using another inexpensive 
carbon source, which is thus valorized. Cheese whey is a waste material available in large 
amounts, with a high concentration of lactose, and which causes disposal problems in the EU 
(Strøm-Andersen, 2019). To allow for lactose utilization, Povolo et al. (2010) used C. necator 
strain DSM 545 for testing PHA production from cheese whey by constructing a recombinant 
strain inserting the Escherichia coli lac operon in the chromosome of C. necator. The growth 
and PHA accumulation was compared using lactose, enzymatically hydrolysed whey 
permeate and non-hydrolysed whey permeate. While the wild-type strain did not grow on these 
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media, the recombinant strain was able to grow and synthesize polymer from whey permeate 
and lactose. However, higher PHA accumulation after 48 hours was observed when feeding 
hydrolysed whey permeate (30% CDW) with respect to the non-hydrolyzed counterpart (22% 
CDW). 

Agricultural waste and crop residues such as dairy waste, date seeds, grain crops or starch 
contain a large amount of starchy biomass, which may provide valuable feedstock for the 
production of PHA but cannot be utilized as such by C. necator. Commercial amylase cocktails 
can be used to hydrolyze starch to monosaccharides, like glucose, which C. necator DSM 545 
can use. However, this is a costly process, so alternative strategies were researched. A recent 
work described the development of a recombinant amylolytic strain of C. necator DSM 545 for 
PHA production from starchy residues (Brojanigo et al., 2022). A high biomass yield was 
observed, and PHA production was as high as 5.92, 5.78 and 3.65 g/L from raw corn starch, 
broken rice and purple sweet potato waste, respectively. Yousuf and Winterburn (2016) 
demonstrated that C. necator H16 can grow with yields between 0.26-0.46 g/g and accumulate 
around 73-75% CDW of PHA from date seeds, which represent an important waste stream 
due to their high nutrient content. Genetic engineering approaches can have a positive impact 
on the PHA yield from date byproducts, as well as the composition of the polymer. In a work 
investigating the bioconversion of date seed oil, a recombinant strain of C. necator H16 was 
engineered by replacing genes encoding PHA synthase and pyrroline-5-carboxylate 
reductase with more efficient homologs from other microorganisms (Budde et al., 2011). 
Purama et al., (2018) also used this engineered strain to convert date-derived products as 
carbon source for C. necator, namely date seed oil and date molasses. The maximum CDW 
obtained using the optimum oil concentration (10 g/L) was 7.6 g/L with a PHA content of 81% 
of CDW with concomitant 6.2 g/L total PHA. When using date molasses (20 g/L), CDW (4.2 
g/L) and PHA content (32% CDW) were lower than the values observed using date oil. Chicory 
roots are a byproduct of hydroponic salad cultivation which contain a high percentage of 
fructose and glucose in dry weight. Hence, their bioconversion to PHA was studied, comparing 
the productivity of strains H16, DSM 545, and DSM 531. As DSM 545 was the only strain able 
to utilize glucose, its productivity of 0.15 g/(L·h) and PHA content (78%) were strikingly 
superior to the other strains. However, sugar availability in the substrate was dependent on 
pretreatment with inulinase (Haas et al., 2015). 

Molasses are by-products that are mainly found in sugarcane or sugar beet industry. They are 
characterized by a high amount of sucrose, but also contain vitamins and a spectrum of 
mineral elements which are useful to support the growth of the strains used for PHA 
production. However, molasses need to be pretreated to convert sucrose into its monomers, 
which are readily utilized by C. necator. Ertan et al., (2021) studied enzymatic and chemical 
methods to perform sugar hydrolysis and reported that acid treatment resulted in higher PHA 
production, while enzymatic treatment resulted in higher cell weights for C. necator ATCC 
25207. The maximum PHA production was observed with sulphuric acid pretreatment: 2.36 
g/L PHA were obtained when working in shake flasks and 15.28 g/L when working in a 
bioreactor, with a PHA content of 53% CDW. These values are higher than those obtained by 
other authors using acid pretreatment, such as Sen et al. (2019), who reported a PHA 
production of 0.78 g/L (27.3% PHA content) using cane molasses, or Baei et al. (2011) who 
obtained 1.30 g/L of PHA when using a mix of cane and sugar beet molasses. The use of 
enzymatic (invertase or baker’s yeast) or acid (HCI or H2SO4) hydrolyzed molasses for 
evaluating C. necator DSM 545 growth was studied (Dalsasso et al., 2019) revealing that 
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invertase treatment was the most effective for biomass formation, with a PHA accumulation of 
11.70 g/L representing 56% of the CDW. While these are promising results, applicability of an 
enzymatic treatment in large scale may present cost-effectiveness issues. Kiselev et al. (2022) 
studied growth and PHA production of C. necator B-10646 from sugar beet molasses using 
enzymatic pretreatment for hydrolysing. It was determined that reducing excess sugar and 
nitrogen was necessary to facilitate growth. However, diluting the substrate resulted in a 
phosphorus deficiency. To address this issue, a method for controlling feeding was developed, 
involving the addition of extra glucose and phosphorus to ensure biomass growth 
(approximately 80-85 g/L), achieving a final polymer content up to 80% of CDW. An alternative 
to pretreatments is to engineer C. necator, enabling it to consume raw molasses. For instance, 
Jo et al. (2021) developed a recombinant strain which can hydrolyse sucrose into glucose and 
fructose. When crude sugarcane molasses were added to the culture, growth was inhibited, 
probably due to the presence of some compounds as light or heavy metal ions (Liu et al., 
2008); the negative effect continued even when the substrate was diluted. The substrate was 
pretreated with active charcoal since it has low cost and does not affect the total sugar 
quantity. After treatment, a high PHA content of 82.5% of CDW with a high biomass production 
(20.3 g/L CDM) was observed. 

As it has been described, many substrates can be used as carbon source for PHA production, 
with varying efficiencies. Zhila et al. (2021) compared different substrates, studying the 
properties of PHAs produced by the strain C. necator IPB/SFU-1 when using different organic 
carbon sources: sugars (fructose and glucose), purified glycerol, different plant oils, and fatty 
acids. Among the waste products tested in the study, palm oil was notable for the high 
percentage of accumulated PHA (80%) and a PHA/substrate yield of almost 50% (Table 2). 
The chemical composition and properties of PHA were influenced by the type of the carbon 
source used. For instance, fatty acids or plant oils produce PHAs with a variety of monomers, 
including 3HV or other co-monomers whereas sugars such as fructose and glucose have been 
found to produce PHAs containing mainly 3HB monomers. The monomer composition can 
significantly impact the material properties of PHAs (Section 3.2) and plays a crucial role in 
their biodegradability and biocompatibility (Cai et al., 2023; Miu et al., 2022). Another aspect 
to consider is the suitability of the strain to the consumption of the substrate of choice. For 
example, strains which can readily metabolize glucose, such as DSM 545 or IPB/SFU-1, are 
well-suited for the bioconversion of sugar-rich substrates. However, adaptive evolution has 
been demonstrated more than once to improve the tolerance and viability of substrates in C. 
necator (González-Villanueva et al., 2019; Franz et al., 2012). These aspects highlight the 
significance of selecting an appropriate carbon source and bacterial strain for PHA production 
depending on the final industrial application. 

4.2. Inorganic waste streams 

Apart from all the renewable and inexpensive carbon sources that C. necator can consume 
heterotrophically, there is an important carbon source that the microorganism is able to 
consume in chemolithotrophy and convert into PHA: carbon dioxide. CO2 is the major 
greenhouse gas produced nowadays and its emission from the combustion of fossil fuels 
implies a severe environmental problem, which leads to an urgent need of not only reducing 
the production sources but also removing the gas produced. One alternative that has gained 
great attention in the last years is using the gas as a raw material to produce valuable 
chemicals as PHA, sucrose, lipochitooligosaccharides, etcetera. C. necator can assimilate 
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CO2 through the CBB cycle, as described in Section 3.1. However, bioconversion of CO2 to 
PHA is a very energy-consuming and potentially slow process, as CO2 needs to be fixed into 
the building blocks for PHA monomers before it can be accumulated. Furthermore, the process 
of chemolithotrophic growth is heavily dependent on the accessibility of the microorganism to 
the necessary gasses (i.e., CO2, O2, H2), which usually translates into the need for an efficient 
system for gas-liquid mass transfer. Thus, many systems and reactor configurations have 
been proposed to optimize this process (Table 2). The first works describing CO2 conversion 
into PHA by C. necator reported a biomass accumulation of 60 g/L and 60% PHA content 
using a gas mixture of H2:CO2:O2=75:10:15 (Ishizaki and Tanaka, 1991). Some years later, 
Tanaka et al. (1995) reported a higher biomass concentration of 91 g/L and 67% PHA 
accumulation working with a continuous stirred tank bioreactor in which a specific recirculation 
system for enhancing gas transfer was implemented. Air-lift configuration was also evaluated 
as an option to increase the volumetric mass transfer coefficient (KLa kLa) and enhance PHA 
production. The authors reported a maximum biomass accumulation of 60 g/L and PHA 
content of 82%, again using a gas mixture of H2:CO2:O2=75:10:15 (Taga et al., 1997). The 
maximum PHA content was achieved working under oxygen limitation. The same authors also 
studied the addition of a surface-active reagent (carboxymethylcellulose, CMC) to affect the 
rheology of the liquid culture. The addition of CMC resulted in an enhancement of PHA 
production rate while oxygen concentration was maintained at a very low level. Recently, 
growth and PHA accumulation of C. necator H16 were studied in a bioreactor equipped with 
continuous gas feeding (Lambauer and Kratzer, 2022). The authors tried different H2:CO2:O2 

proportions, achieving a maximum biomass composition of 13 g/L CDW with a PHA content 
of 10.2 g/L (78%) when the dissolved oxygen was kept below 1.1 mg/L. A follow-up study by 
these researchers optimised the bioreactor set-up to automate and fine tune the oxygen 
supply and to measure the dissolved oxygen with high precision, finding that the optimal 
conditions for PHB production were achieved using 0.8 mg/L dissolved oxygen (Lambauer et 
al., 2023). PHA accumulation is usually triggered by stress conditions (Section 3.3). 
Regarding PHA accumulation from CO2, a kinetic model was developed by Mozumder et al. 
(2015), based on experimental data, to determine the optimal gas proportions and nutrient 
limitations for PHA production. For chemolithotrophic growth in continuous systems, the 
authors observed that limitation of oxygen enhanced PHA production more than nitrogen 
limitation, with an optimal O2:H2 ratio of 2:7. 

In the studies described above, a two-stage strategy was used for growing C. necator, where 
the first stage consisted in accumulating biomass with an organic carbon source such as 
fructose, and the second stage was performed to elicit the stress for PHA accumulation from 
CO2. However, as in the studies with heterotrophic growth, recombinant strains have been 
created in the last years with the aim of developing single-step processes, avoiding the 
heterotrophic growth stage. Moreover, researchers have adopted metabolic engineering 
techniques to produce PHA from CO2 more efficiently. For instance, a recombinant strain of 
C. necator was engineered with the aim of achieving PHA production simultaneous to growth. 
The strategy involved heterologous expression of a hemoglobin gene to improve oxygen 
utilization, as well as knockout of genes related to the central carbon metabolism, to redirect 
carbon fluxes to PHA synthesis, yielding 0.55 g/L cells and 50.4% PHA content. was achieved 
by (Tang et al., (2020). As CO2 bioconversion yields strictly PHB, genetic engineering is 
necessary to obtain PHAs with more convenient monomer compositions. In a recent work 
recombinant strains of C. necator H16 able to synthesize a copolymer of 3HB and 3-
hydroxyhexanoate (3HHx) from fructose were investigated to test if the same monomer 
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composition was obtained growing on H2:CO2:O2=8:1:1. High PHA cellular contents were 
obtained, and bioconversion to the (3HB-co-3HHx) copolymer was successful, with a 
maximum accumulation of around 86% (Tanaka et al., 2021). The control of monomer 
composition was proven feasible by constructing recombinant strains that harbor 
thioesterases and PHA synthases with different chain length preferences (Section 3.2, Nangle 
et al., 2020). 

Besides using H2:CO2:O2 mixtures for chemolithotrophic growth, synthetic gas (syngas), which 
is one of the most inexpensive and flexible substrates derived from biomass gasification, can 
also be used as a carbon source for PHA synthesis. In addition to CO2, syngas contains a 
significant proportion of CO, which is not consumed by wild-type C. necator and can be toxic 
for growth. A PHA accumulation of 70-75% CDW was observed in the presence of 5-25% CO 
under chemolithotrophic conditions (Volova et al., 2002). However, adding CO to a culture 
growing on a H2:CO2:O2 gas mixture resulted in a tolerance of only up to 10% CO (Yu et al., 
2013). In general, C. necator H16 growth decreases with increasing concentrations of CO, 
and most results indicate 10% CO as the maximum tolerated partial pressure. Similar or lower 
concentrations are frequently reported for syngas, but in the case of higher CO content, other 
strategies can be applied. One work described the use of nanoscaled cellulose particles with 
an enzyme complex mobilized on C. necator that allowed the conversion of CO into CO2, to 
allow its utilization by the bacterium (Shin et al., 2021). In that way, a biomass accumulation 
of 33.8 g/L with 42% PHA was observed with syngas composition of 
H2:CO2:O2:CO=20:20:20:40. Another possibility is to construct recombinant strains expressing 
an oxygen-tolerant carbon monoxide dehydrogenase (CODH) to allow the conversion of CO 
into CO2 and the subsequent use as carbon source. This approach was demonstrated in C. 
necator H16, showing an increase in PHA synthesis by more than 20% using a gas mixture of 
H2:CO2:N2:CO=40:10:10:40 (Heinrich et al., 2018). The authors of this study also note that, 
while growth on CO as a carbon source is not possible without genetic engineering, in the 
case of C. necator it is advantageous to explore this aspect, as its hydrogenases and 
cytochromes have a high tolerance to CO, contrary to many other aerobic organisms. 
 
 

Carbon source Strain Strain features PHA/sub
strate 
yield 
(g/g) 

PHA 
content 
(%) 

PHA 
productivit
y (g/(L·h)) 

Reference 

Glycerol DSM 545 Ability to use 
glucose 

- 70.9 - Špoljarić et 
al. (2013) 

SFAE DSM 545 Ability to use 
glucose 

0.65 - 0.98 Koller and 
Braunegg 
(2015) 

CGP DSM 545 Ability to use 
glucose 

0.60 - 0.95 Koller and 
Braunegg 
(2015) 

Valerate H16 Wild type - 10.2 - Jawed et al. 
(2022) 

Artificial VFA 
mixture plus CO2 
and H2 

H16 Wild type - 57.0 - Jawed et al. 
(2022) 
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VFA from 
digestate 

H16 Wild type - 1.3 - 53.6 - Jawed et al. 
(2022) 

Non-hydrolyzed 
whey permeate 

DSM 545 
mRePT 

Gene phaZ 
disrupted by 
insertion of lac 
operon from E. coli 

- 30.0 - Povolo et al. 
(2010) 

Hydrolyzed whey 
permeate 

DSM 545 
mRePT 

Gene phaZ 
disrupted by 
insertion of lac 
operon from E. coli 

- 22.0 - Povolo et al. 
(2010) 

Soluble potato 
starch 

DSM 545 
(recombi
nant) 

Co-expression of 
heterologous 
glucodextranase 
and alpha-amylase 

0.19 61.6 - Brojanigo et 
al. (2022) 

Broken rice DSM 545 
(recombi
nant) 

Co-expression of 
heterologous 
glucodextranase 
and alpha-amylase 

0.19 43.3 - Brojanigo et 
al. (2022) 

Purple sweet 
potato waste 

DSM 545 
(recombi
nant) 

Co-expression of 
heterologous 
glucodextranase 
and alpha-amylase 

0.12 36.0 - Brojanigo et 
al. (2022) 

Raw corn starch DSM 545 
(recombi
nant) 

Co-expression of 
heterologous 
glucodextranase 
and alpha-amylase 

0.20 48.2 - Brojanigo et 
al. (2022) 

Ground date 
seeds 

H16 Wild type 0.26 - 
0.46 

73.0 - 
75.0 

- Yousuf and 
Winterburn 
(2016) 

Date seed oil H16 Re 
2085/pC
B113 

Substitution of 
endogenous 
phaC1 and proC 
with heterologous 
phaC2, phaJ, and 
proC 

0.62 81.0 - Purama et al. 
(2018) 

Date molasses H16 Re 
2085/pC
B113 

Substitution of 
endogenous 
phaC1 and proC 
with heterologous 
phaC2, phaJ, and 
proC 

0.07 32.0 - Purama et al. 
(2018) 

Enzymatically 
hydrolyzed chicory 
roots 

H16 Wild type 0.32 66.0 0.062 Haas et al. 
(2015) 

Enzymatically 
hydrolyzed chicory 
roots 

DSM 545 Ability to use 
glucose 

0.38 78.0 0.15 Haas et al. 
(2015) 

Enzymatically 
hydrolyzed chicory 
roots 

DSM 531 Wild type 0.15 46.0 0.016 Haas et al. 
(2015) 

Acid-treated beet 
molasses 

ATCC 
25207 

Wild type 0.5 52.9 0.33 Ertan et al. 
(2021) 
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Hydrothermal acid 
pretreated cane 
molasses 

Not 
specified 

- 0.078 27.3 0.013 Sen et al. 
(2019) 

Cane and beet 
molasses 

DSM 545 Ability to use 
glucose 

0.06 1.1 - Baei et al. 
(2011) 

Vinasse and 
enzyme-digested 
sugarcane 
molasses 

DSM 545 Ability to use 
glucose 

- 56.0 - Dalsasso et 
al. (2019) 

Sugar beet 
molasse 
hydrolysates 

B-10646 Wild type - 77.0 - 
80.0 

- Kiselev et al. 
(2022) 

Charcoal-treated 
sugarcane 
molasses 

NCIMB 
11599 
(recombi
nant) 

Expression of 
heterologous sacC 
gene 

- 82.5 - Jo et al. 
(2021) 

Purified glycerol IPB/SFU-
1 

Wild type. Ability to 
utilize glucose 

0.29 65.1 0.045 Zhila et al. 
(2021) 

Palm oil IPB/SFU-
1 

Wild type. Ability to 
utilize glucose 

0.48 80.0 0.114 Zhila et al. 
(2021) 

Sunflower seed oil IPB/SFU-
1 

Wild type. Ability to 
utilize glucose 

0.48 38.7 0.073 Zhila et al. 
(2021) 

H2:CO2:O2 IPB/SFU-
1 

Wild type. Ability to 
utilize glucose 

- 35.1 - Zhila et al. 
(2021) 

H2:CO2:O2 = 
75:10:15 

H16 Wild type - 60.0 - Ishizaki and 
Tanaka 
(1991) 

H2:CO2:O2 = 
75:10:15 

H16 Wild type - 67.0 - Tanaka et al. 
(1995) 

H2:CO2:O2 = 
75:10:15 

H16 Wild type - 82.0 - Taga et al. 
(1997) 

H2:CO2:O2 = 
85:10:2 

H16 Wild type - 79.0 - Lambauer 
and Kratzer 
(2022) 

H2:CO2:O2 = 
70:10:2.5 

H16 
(recombi
nant) 

Expression of 
heterologous vgb, 
knockout of ldh 

- 50.4 - Tang et al. 
(2020) 

H2:CO2:O2 = 
80:10:10 

MF01 
(H16 
recombin
ant) 

Substitution of wild-
type phaA and 
phaC with 
heterologous bktB 
and phaCNSDG with 
specificity for 
longer monomers; 
insertion of 
heterologous 
genes ccrMe, 
phaJ4a, and 
emdMm 

- 85.8 - Tanaka et al. 
(2021) 

Model gas B5786 Wild type - 72.8 - - Volova et al. 
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mixtures 
mimicking syngas, 
with 10-20% CO 

76.8 (2002) 

H2:CO2:O2:CO = 
20:20:20:40 

H16 Wild type, bound to 
cellulose particles 
displaying 
enzymes CooS, 
CooA, CA for CO 
reduction 

- 42.0 - Shin et al. 
(2021) 

H2:CO2:N2:CO = 
40:10:10:40 

H16 
(recombi
nant) 

Expression of 
heterologous cox 
gene cluster for CO 
uptake 

- 49.7 - Heinrich et 
al. (2018) 

 
Table 2. PHA production from waste materials and different C. necator strains, including isolates, 
mutants, and engineered strains. 

5. C. necator metabolic models and predictions 
In GSMMs, reactions and metabolites collectively define a metabolic network and the rate 
(flux) of each reaction determines the production or consumption rate of the corresponding 
metabolites. Therefore, these models effectively capture the metabolic capabilities of an 
organism. The most common mathematical method to study GSMMs and leverage the 
information that they contain is FBA. This analysis generates a system of linear equations 
from the metabolic reactions and their constraints, which are dictated by stoichiometry. Then, 
an objective function is defined, and the optimal flux distribution is identified by linear 
programming. Usually, the objective function is maximization of biomass, yielding as a result 
of FBA the growth rate according to the given constraints; however, other reactions can be 
maximized or minimized. Changes in nutrient availability, as well as variations in the rate of a 
reaction, e.g., due to genetic variants, or condition-specific gene expressions, can be 
simulated in the model by changing reaction constraints. Repeating FBA allows then 
comparing growth rates in different scenarios, allowing for in silico hypothesis testing (Orth et 
al., 2010). 

Efforts for metabolic modeling of C. necator have been focused almost entirely on strain H16. 
Two GSMMs have been published for this strain: RehMBEL1391 and iCN1361 (Pearcy et al., 
2022; Jahn et al., 2021; Park et al., 2011). The first model was published in 2011, using as a 
starting point the reactions annotated in the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) database for the organism, which in turn were based on the genome sequence 
published in 2006 (Park et al., 2011; Pohlmann et al., 2006). KEGG reactions were then 
integrated with data from other databases and literature. Despite being based on KEGG 
reactions, unique reaction and metabolite IDs from the database were not used in the model 
files. Furthermore, the files made available in the paper are in PDF format, which is not 
computer readable. As a result, the original model is difficult to automatically parse and 
update, and it is especially problematic to map the model’s metabolites to stable IDs in 
databases due to the ambiguity that can arise from naive string comparison methods (Pham 
et al., 2019). Successive efforts to improve model readability involved conversion of the model 
to the standard SBML format (Peyraud et al., 2016) and addition of annotations and ID 
mapping for genes, reactions, and metabolites (Jahn et al., 2021). Importantly, the latest 
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version of RehMBEL1391 is validated with resource balance analysis, a variant of FBA, and 
simulation results are compared with protein quantification data. The most recent model, 
iCN1361, is described in Pearcy et al., 2022. This model was developed from BioCyc to ensure 
a stable namespace with unambiguous compound and reaction identifiers. Also in this case, 
model validation involved the comparison of FBA results with experimental data. The 
predictive power of the model was assessed with respect to carbon source viability, central 
carbon metabolic fluxes, gene essentiality, and gene expression in optimal growth conditions 
and nitrogen-limited medium (Pearcy et al., 2022) (Table 3). 

GSMM name Namespace Reactions Metabolites Reference 

RehMBEL1391 Reactions: EC 
numbers, gene 
locus tags 
Metabolites: non-
systematic 

1391 1171 Park et al., 2011 

RehMBEL1391 - 
updated 

BiGG 1538 1172 Jahn et al., 2021 

iCN1361 EcoCyc 1292 1263 Pearcy et al., 2022 

 
Table 3. Summary statistics of published genome-scale metabolic models for C. necator H16 
 
Despite the availability of highly comprehensive genome-scale models, most metabolic 
modeling applications employ reduced networks, usually composed of central carbon 
metabolic pathways and a few other metabolic routes to account for uptake and synthesis of 
specific compounds, according to the applications or the biological aspects under 
investigation. Works based on reduced networks often rely on elementary mode (EM) analysis 
and yield space analysis (Song and Ramkrishna, 2009; Schuster et al., 2000). EM analysis is 
essentially an enumeration of minimal sub-networks that operate at the steady state 
conditions. Due to the combinatorial nature of this method, working with small networks is 
necessary (Lopar et al., 2013; Schuster et al., 2000). Based on the substrates and products 
under observation, a yield space can be defined, which usually involves the biomass/substrate 
yield and the product/substrate yield as axes. EMs are then analyzed to filter out inactive ones 
and assess the coordinates of active EMs in the yield space. Real data from cultivations can 
be mapped to the yield space as well, and the comparison with simulated data allows to 
establish connections between biomass/products formation and the metabolic state of the 
cells. This framework was applied in several works to investigate metabolic states respectively 
related to glucose to PHA, glycerol to PHA, and carbon dioxide to biofuels conversions 
(Unrean et al., 2019; Lopar et al., 2014; Lopar et al., 2013) (Table 4). 

Another popular approach to study C. necator industrial applications in reduced metabolic 
networks is represented by hybrid cybernetic models (HCM) (Song et al., 2009; Kim et al., 
2008). This framework, like yield analysis, is implemented on top of EM analysis. HCMs are 
useful for the study of cultivation dynamics and consider two main aspects in addition to 
metabolic flux rates: the mass balance of biomass and external metabolites, which is 
described by state equations; and the regulation of enzymes, which is described by cybernetic 
variables. This approach has the important advantage of enabling the simulation of dynamics 
in processes characterized by multiple phases, without reparametrization of the model to 
reflect the distinct metabolic states undergone by the cells. One of the earliest examples of 
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HCMs to study C. necator-mediated bioprocesses is the work by (Franz et al., (2011), which 
modeled the dynamics of PHA consumption and production in a continuous bioreactor. Other 
relevant applications of the HCM framework include the work of Ternon et al., (2014), who 
employed HCM to simulate the effects of a genetic engineering strategy for fructose 
conversion to biofuels, and the work of Duvigneau et al., (2020), who applied the framework 
to simulate the behavior of a co-culture of C. necator and Lactobacillus delbrueckii (Table 4). 
These works show the flexibility of the framework and suggest potential applications more 
targeted to circular economy, especially in devising processes where the input of 
bioconversion are waste streams. 

Overall, GSMMs of C. necator are a valuable knowledge base, but the most frequent 
applications involve reduced networks. One possible reason for this is that PHA production is 
a relatively simple process and majorly interacts with central carbon metabolism. The same 
can be said for other frequently seeked bioproducts, such as biofuels. Therefore, most 
reactions involving secondary metabolites can be overlooked or lumped in the biomass 
reaction. However, since the main reason for network reduction is the algorithmic complexity 
of approaches such as EM and HCMs, it would be interesting to devise a strategy to simulate 
and validate fluxes at genome scale, possibly to uncover alternative metabolic states or 
explore more in depth the whole metabolism. On the other hand, as the knowledge of genome-
scale metabolism is limited even for model organisms, GSMMs need to be constantly updated 
to reflect advances in research. Indeed, some pathways may be lumped into pseudo-
reactions, while enzymes that can take classes of compounds as substrates may be encoded 
in a simplified way, e.g., the beta-oxidation pathway involving the pseudo-metabolite acyl-
CoA. Some “known unknowns” regard details such as lipopolysaccharide synthesis, whose 
definition in the model depends on the information regarding lipopolysaccharide composition, 
which is not yet available for C. necator (Pearcy et al., 2022). While full characterization of C. 
necator metabolism will reasonably take years, GSMMs can help identify critical components 
to be investigated. Another element that is overlooked in the current C. necator literature is 
the definition of the biomass objective function. It is often remarked that the composition of 
biomass can vary dramatically under different environmental conditions (Zuñiga et al., 2016). 
It is reasonable to think that PHA accumulation heavily influences biomass composition, 
however this aspect is never touched upon in scientific literature on C. necator models. One 
important limitation experienced by the authors while dealing with existing GSMMs in relation 
to PHAs is the lack of modeling of monomers other than 3HB and their incorporation in the 
polymer. There is potential in the setup of a modeling strategy to account for different 
monomers and estimate their proportion according to feedstock composition. In general, the 
potential of GSMMs to guide culturing or genetic engineering approaches in C. necator seem 
to be underexplored. 

From a practical standpoint, a gradual albeit still limited transition from descriptive to predictive 
models can be appreciated. In early studies, in silico modelling had the main purpose of 
explaining central metabolism activity underlying observed microbial growth and PHA 
production while verifying the agreement with experimental data. In these cases, the focus 
was therefore on testing model validity (Franz et al., 2011; Katoh et al., 1999).  With the 
progressive improvement of the models, they were also used to identify critical pathways, flux 
bottlenecks (and subsequently, the best candidates for genetic modifications) and the 
response to perturbations (Lopar et al., 2014; Alagesan et al., 2018; Unrean et al., 2019; Sun 
et al., 2020). Only recently, the predictive value of metabolic models has begun to be explored 
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more systematically, also thanks to the introduction of novel techniques (Unrean et al., 2019; 
Janasch et al., 2022). For example, they were used to identify the best process parameters 
and substrate ratios before process setup, with the aim of saving time and resources avoiding 
repeated trial-and-error experiments (Duvigneau et al., 2020; Sun et al., 2020). Notably, very 
few works attempt to quantify the impact of the adoption of metabolic models, for example by 
comparing product yields with and without process optimization (Janasch et al., 2022). Given 
the wide establishment of GSMMs and akin models in other areas of metabolic engineering 
and bioprocessing, there is thus ample potential and unexplored territory for their application 
in the future. 

Interestingly, most investigations involving reduced networks are focused on heterotrophic 
growth, while only a couple of works deal with modeling of chemolithotrophic or mixotrophic 
processes (Table 4). Chemolithotrophic growth involving gaseous carbon and energy sources 
has an additional limitation in correctly estimating the gas-liquid transfer, which is highly 
dependent on process parameters such as temperature, pressure, reactor and agitation 
system employed. The kinetic model proposed by Mozumder and collaborators for 
chemolithotrophic PHA production is a first step towards the development of accurate 
modeling strategies for this application. The establishment of efficient bioconversion 
processes from CO2 to PHA would be significantly aided by the possibility to simulate gas 
consumption kinetics in a variety of scenarios. Therefore, integration of these kinetics with 
metabolic models is desirable. 

Model Approaches Strain Application Advantages of 
model 

Reference 

Metabolic network of 
central carbon 
metabolism and PHA 
formation on lactate; 
state equations to 
describe substrate 
and product kinetics 

Least-
squares 
mass Flux 
balance 
analysis 

H16 Investigation of 
production of PHA 
from sugars via 
lactate employing a 
mixed culture of C. 
necator and L. 
delbrueckii 

Well describes 
mixed culture 
dynamics in a 
batch reactor 

Katoh et al., 
1999 

Metabolic network of 
heterotrophic central 
carbon metabolism 
and PHA formation; 
cybernetic variables 
to describe enzyme 
activity; state 
equations to 
describe substrate 
and product kinetics 

Elementary 
mode 
analysis 
Yield space 
analysis 
Hybrid 
cybernetic 
modeling 

H16 Investigation of 
PHA production 
from fructose in 
batch and a 
continuous 
bioreactors 

Well describes 
PHA dynamics in 
batch and 
continuous 
reactors; accounts 
for PHA 
consumption 
allowing for more 
accuracy 

Franz et al., 
2011 

Metabolic network of 
heterotrophic central 
carbon metabolism 
and PHA formation; 
state equations to 
describe substrate 
and product kinetics 

Elementary 
mode 
analysis 
Yield space 
analysis 

DSM 545 Five-stage 
continuous 
cultivation for PHA 
production from 
glucose 

Well describes 
PHA synthesis and 
microbial growth 
dynamics in 
continuous 
multistage reactor 

Lopar et al., 
2013 

Metabolic network of 
heterotrophic central 
carbon metabolism, 
glycerol uptake, and 
PHA formation 

Elementary 
mode 
analysis 
Yield space 
analysis 

DSM 545 Two-stage 
continuous 
cultivation for PHA 
production from 
glycerol 

Identifies metabolic 
regimes that best 
explain observed 
biomass and PHA 
yields from 

Lopar et al., 
2014 
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glycerol; suggests 
metabolic 
engineering targets 
to improve PHB 
production from 
glycerol 

Metabolic network of 
central carbon 
heterotrophic 
metabolism and 
isopropanol 
formation; cybernetic 
variables to describe 
enzyme activity; 
state equations to 
describe substrate 
and product kinetics 

Elementary 
mode 
analysis 
Yield space 
analysis 
Hybrid 
cybernetic 
modeling 

Re2133/p
EG7c 
(Grousse
au et al., 
2014) 

Presentation of the 
hybrid cybernetic 
model approach 
using a batch 
culture for 
conversion of 
fructose to 
isopropanol with an 
engineered C. 
necator strain 

Well describes 
isopropanol 
synthesis by an 
engineered strain 
in a batch reactor 

Ternon et 
al., 2014 

Metabolic network of 
central carbon 
metabolism, glycerol 
uptake, and PHA 
formation 

Steady state 
metabolic flux 
analysis 

H16 Integration of 
carbon labeling data 
into the core 
metabolic network 
to study 
heterotrophic and 
mixotrophic growth 
on fructose and 
glycerol 

Well describes 
changes in the 
core carbon 
metabolism in 
heterotrophy vs. 
mixotrophy; 
uncovers role of 
CBB cycle in 
heterotrophy 

Alagesan et 
al., 2018 

Metabolic network of 
chemolithotrophic 
core metabolism, 
hexadecanol 
formation, isobutanol 
formation 

Flux balance 
analysis 
Elementary 
mode 
analysis 
Yield space 
analysis 
 

H16 Chemolithotrophic 
production of 
biofuels and model-
guided genetic 
engineering to 
improve yield 

Identifies potential 
gene targets for 
deletion and 
overexpression to 
maximize biofuel 
production from 
CO2 

Unrean et 
al., 2019 

Metabolic network 
including fructose 
and acetate uptake 
and PHA formation; 
cybernetic variables 
to describe enzyme 
activity; cybernetic 
variables to describe 
enzyme activity; 
state equations to 
describe substrate 
and product kinetics 

Elementary 
mode 
analysis 
Yield space 
analysis 
Hybrid 
cybernetic 
modeling 

H16 Simulation of PHA 
accumulation by co-
feeding fructose 
and acetate 

Simulates the 
effects of different 
ratios between co-
fed substrates on 
PHA productivity 

Duvigneau 
et al., 2020 

Metabolic network of 
central carbon 
metabolism, glycerol 
and nitrogen uptake 
and PHA formation 

Dynamic flux 
balance 
analysis 
(DFBA) 
Thermodyna
mic-based 
flux 
estimation to 
constrain 
DFBA results 

DSM 545 Study of glycerol 
conversion to PHA 
and eEvaluation of 
PHA accumulation 
strategies in four 
batch cultures in 
different conditions 

Well describes the 
energy and redox 
state of the cell in 
PHA production; 
underlines the 
importance of 
uncoupling 
biomass growth 
and PHA 
accumulation for 
best productivity 

Sun et al., 
2020 

Metabolic network of 
central carbon 

Elementary 
mode 

H16 Study of formate 
conversion to PHA 

Identifies 
heterologous 

Janasch et 
al., 2022 
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metabolism, uptake 
of formate and PHA 
formation 

analysis 
Yield space 
analysis 
Max-min 
driving force 
analysis 

and model-guided 
genetic engineering 
to improve yield 

reactions improving 
PHA productivity 
(experimentally 
verified measuring 
PHA accumulation 
increase from 
52.3% to 77.9%) 

 
Table 4. Metabolic modeling approaches developed around potential C. necator industrial applications. 

6. Conclusions 
Currently, there is an ample body of scientific literature involving C. necator which touches on 
several aspects, such as its environmental and metabolic versatility, its potential as a platform 
chemical producer, and the details of its metabolism. However, some areas represent 
interesting starting points for further research. For example, information is still lacking on the 
intra-species variability of the microorganism. For many strains available in cell banks, the 
genome sequence is not publicly available. A few mutants have been characterized in order 
to identify the causative mutations of their phenotypes, but for many others, this 
characterization is still missing. Physiological differences and benchmarks between C. necator 
strains are also underexplored. A thorough understanding of intra-species variability could 
maximize the ability to leverage the potential of this microorganism for biotechnological 
applications. Another important subject is represented by the development of applications 
related to bioeconomy and circular economy. Indeed, many bioprocesses have been 
successfully set up which allow to repurpose waste streams using C. necator, with promising 
results. Notably, processes involving heterotrophic growth are the most frequent in the 
literature, while there is room for the development of chemolithotrophic processes, which could 
be relevant in the context of CO2 capture. Finally, the use of metabolic models for improvement 
of biotechnological processes is well-established for C. necator and in many cases allows to 
identify metabolic bottlenecks or to accurately characterize the biological mechanisms that 
regulate process dynamics. In the authors’ opinion, the use of GSMMs is surprisingly limited, 
in favor of reduced networks. Furthermore, possibly as a result of not being exploited often, 
currently available C. necator GSMMs do not account for aspects such as the variation of the 
biomass equation along with intracellular PHA percentage and the existence of distinct PHA 
precursors and their relation to polymer composition. Importantly, the ability to uptake VFA is 
not completely represented in the models, particularly RehMBEL1391. As PHA synthesis in 
the presence of VFA results in variations in the polymer composition, and as VFA are common 
compounds in carbon-rich waste streams, this represents a point worth expanding on. 
Consequently, as a future perspective, there is potential in the setup of a modeling strategy to 
account for different PHA precursors and estimate their proportion according to feedstock 
composition. In general, GSMMs can be exploited in combination with “-omic” data to develop 
novel culturing or genetic engineering approaches in C. necator. 
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