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Abstract

Species of bacteria from the genus Cupriavidus are known, in part, for their ability to produce

high amounts of poly-hydroxybutyrate (PHB) making them attractive candidate bioplastic

producers. The native production of PHB occurs during periods of metabolic stress, and the

process regulating the initiation of PHB accumulation in these organisms is not fully understood.

Screening an RB-TnSeq transposon library of Cupriavidus basilensis 4G11 allowed us to

identify two genes of an apparent, uncharacterized two component system which, when omitted

from the genome, are capable of increased PHB productivity in balanced, non-stress growth

conditions. We observe average increases in PHB productivity of 56% and 41% relative to the

wildtype parent strain, upon deleting each of two genes individually from the genome. The

increased PHB phenotype disappears, however, in nitrogen-free unbalanced growth conditions

suggesting the phenotype is specific to fast-growing, replete, non-stress growth. Bioproduction

modeling suggests this phenotype could be due to a decreased reliance on metabolic stress

induced by nitrogen limitation to initiate PHB production in the mutant strains. Such strains may

allow for the use of single stage, continuous bioreactor systems, which are far simpler than PHB

bioproduction schemes used previously. Bioproductivity modeling suggests that omitting this

regulation in the cells may increase PHB productivity up to 24% relative to the wildtype

organism when using single stage continuous systems. This work furthermore expands our

understanding of the regulation of PHB accumulation in Cupriavidus, in particular the initiation of

this process upon transition into unbalanced growth regimes.

Introduction

Bioderived plastics offer a potentially sustainable and renewable alternative to conventional

petroleum-derived plastics. Widespread production and use of bioproduced plastics remain

limited, in part, by low productivies1–3. Species of the bacterial genus Cupriavidus exhibit the

highest productivities of natural or recombinant poly-hydroxybutyrate (PHB) producing
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organisms4. While it is possible to attain very high PHB productivities using a variety of

organisms through sophisticated multistage bioreactor or feeding regimes5–7, these systems can

require very high substrate loadings, suffer from low overall substrate utilization, and necessitate

regular shutdown and start-up cycles in-between batches4,5,8,9. Maintaining high substrate

utilization remains important for both economically viable industrial bioplastic production2 and in

resource-constrained, remote and austere bioplastic production and deployment settings10.

PHB is natively produced in Cupriavidus during conditions when the organism is incurring any of

a variety of metabolic stresses and the productivity potential in Cupriavidus is typically

maximized by initiating high PHB productivity via one or several of these stresses after a period

of cell biomass production. This strategy typically requires multi-stage sophisticated

bioprocesses11,12. Though relatively high PHB productivities have been achieved, intracellular

PHB accumulation during non-stressed, balanced growth remains low (~<50% PHB cdw basis)

and thus there remains further potential to increase PHB accumulation in the organism under

non-stress conditions, fast-growing, replete conditions.

We propose overall productivity might be increased further by engineering Cupriavidus to

produce higher amounts of PHB continuously, during periods of balanced growth. Organisms

which produce PHB using recombinant genes to produce PHB do so in an apparently

constitutive manner13. One of the highest productivities achieved in Cupriavidus was achieved

by allowing a slight amount of residual growth, while still maintaining nutrient limited

conditions14, suggesting that growth-associated PHB production is not only possible but is a

promising way to rapidly increase overall PHB productivity. Similarly, elemental mode analysis

suggests the possibility and promise of constitutive PHB bioproduction by Cupriavidus15.
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Only segments of the genetic and metabolic mechanisms regulating PHB production in

Cupriavidus have been elucidated, and engineering genes of the PHB production pathway

(phaCAB) directly has yet to enable growth-associated PHB production in Cupriavidus. This

suggests its productivity is regulated by availability of redox cofactors14 and/or determined by

regulatory elements16–18.

Enforcing growth-associated bioproduction has been a strategy for increasing productivity for a

number of products and host/chassis organisms19 and for PHB productivity in Synechosystis20.

This generic strategy considers only augmentation of metabolic genes and often requires

tenuous and unreliable manipulation of many genes in a single strain. This analysis can also

indicate that growth-coupled production of a particular product is simply not possible given the

metabolic systems considered. Alternatively, eliminating native regulatory genes from the

genome has been shown to increase PHB productivity in Cupriavidus during conditions of

minimized oxygen stress21.

In this work, we aim to genetically engineer PHB producing Cupriavidus basilensis 4G11, for

constitutive bioproduction of PHB. The multiply-regulated nature of PHB synthesis16–18,21

suggests a whole-genome wide search for engineering targets is appropriate for gene targets

regulating PHB productivity or associated gene-expression, whose absence could enable

growth-associated PHB productivity. For this reason, we chose to screen an existing RB-TnSeq

transposon library of Cupriavidus basilensis 4G1122 for mutants exhibiting constitutive

bioproduction of PHB. C. basilensis 4G11 is closely related to the well-studied and industrially

relevant PHB producing strain C. necator H16; with 79.5% of C. basilensis 4G11 proteins having

one or more homologs in C. necator H16 (figure S1). C. basilensis 4G11 was originally isolated

from subsurface groundwater at the Field Research Center at Oak Ridge National Laboratory

which contains legacy contaminants originating from the production of nuclear materials23.
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We adapted and used a FACS-based screen for intracellular PHB which utilizes BODIPY

493/503 dye24 (figure 1), and developed a culture pre-conditioning protocol which significantly

suppressed/eliminated PHB productivity (figure S2). PHB productivity in candidate mutants was

then measured directly in these same conditions and shown to be higher, suggesting a role for

these genes in regulating the onset of PHB production in Cupriavidus, and showing that the

elimination of these genes may enable constitutive PHB bioproduction.

Results

Development of Screen to Minimize/Suppress PHB Production in Wildtype Organism

In our screen, we sought mutants which accumulate differentially more PHB in non-stress,

highly replete, fast growing conditions; conditions in which wildtype species of Cupriavidus and

other PHB accumulating organisms accumulate very little, if any, PHB. To assess this specific

phenotype, we developed a method for culturing C. basilensis 4G11 which reliably suppressed

intracellular PHB accumulation to a minimal amount. This method resulted in cells in culture that

were in a fast-growing, nutrient-replete state, as we see from the reproducible near-complete

suppression of intracellular PHB (figure S2). This was achieved through frequent passaging of

cultures, maintaining minimal culture OD, maximizing nutrient concentrations and maintaining

saturated dissolved oxygen conditions. This method for suppressing intracellular PHB was used

prior to both RB-TnSeq library screens as well as before and during quantification of PHB

productivity in candidate mutants. In practice, this minimized potential background PHB, and

served as a non-stressed, nutrient-replete state in which we performed PHB quantification in

candidate mutants for constitutive PHB bioproduction.

Screening RB-TnSeq Libraries for High-Producing Mutants
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We performed forward genetic screens on a pre-existing C. basilensis 4G11 RB-TnSeq library22

for increased PHB productivity under both PHB-suppressed replete conditions (as described in

the previous section), and in conditions inducing high PHB accumulation; through incubation in

medium in which all nitrogen had been omitted after a period of initial cell growth in

nitrogen-replete medium (figure 1). We identified eight candidate genes whose transposon

insertion mutant strains showed increased enrichment when screened for increased intracellular

PHB in either replete, fast-growing conditions or nitrogen-starved conditions (Table S1). Several

genes identified were genomically co-localized, suggesting possible inter-operonic expression

and/or related metabolic function; specifically RR42_RS17055 and RR42_RS17060 form two

genes of an apparent two-component histidine kinase/response regulator system, while

RR42_RS18960-RR42_RS18970 are genes involved in membrane asymmetry maintenance.

The identified collocated genes also exhibited consistent gene fitness (figure S3) in several

previously conducted stress exposure or defined nutrient auxotrophy assays22 further implicating

their related and/or dependent gene function25.

Assaying Candidate Mutants for Constitutive PHB Productivity

We generated markerless whole-gene deletion mutants for identified genes to quantify their

PHB productivity. We utilized genetic and conjugation methods developed previously for

Cupriavidus necator18,26. Similar to Cupriavidus necator, C. basilensis 4G11 was found to be

gentamicin resistant (data not shown). For this reason, to make deletion mutants we utilized

suicide vectors based on the pMQ30 backbone27 containing a kanamycin resistance marker in

place of the gentamycin resistance marker on the original pMQ30 plasmid. We removed the

heterologous kanamycin resistance using the sacB gene and sucrose counterselection. These

mutants constitute, to our knowledge, the first markerless deletion mutants in this species.
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We assayed these mutants for PHB productivity under fast-growing replete conditions. We

found two mutants which consistently accumulated high amounts of PHB (figure 2) in this

balanced-growth condition; a deletion mutant of the gene RR42_RS17060 which exhibited an

average 56% higher PHB productivity relative to the wildtype parent strain, and a deletion

mutant of the neighboring gene RR42_RS17055 which exhibited an average 41% higher PHB

productivity relative to the wildtype parent strain. While mutants in other genes exhibited

increased PHB productivity in single subcultures, no other genes assayed exhibited consistent

productivity increase across subsequent subcultures as these two genes did.

This phenotype of mutants in these two genes appears to be specific to high-growth, non-stress,

replete conditions. The PHB accumulation advantage disappears in ΔRR42_RS17055 and

ΔRR42_RS17060 upon allowing replete, defined medium growth/incubations to continue to

stationary phase, and when the same cells are subsequently incubated in defined minimal medium

containing no added source of nitrogen (figure S4). The wildtype organism accumulates more PHB

than either mutant upon reaching stationary phase after a 24 hour growth period in replete, defined

medium, and more than the ΔRR42_RS17060 mutant after a subsequent 24 hour incubation in

nitrogen free, defined medium.

RR42_RS17060 is annotated as a hybrid histidine kinase and RR42_RS17055, annotated as a

LuxR family transcription factor, is likely the cognate response regulator for the histidine kinase

as it contains a response regulator domain within its coding region (figure 3). Similar fitness

patterns between these two genomically adjacent genes (figure S3) suggest they likely form a

two-component signal sensing and transduction system (TCS). RR42_RS17055 also contains a

DNA binding domain, suggesting it likely regulates transcription of genes it regulates in

response to signals sensed by the histidine kinase. Gene annotations do not suggest any

information about the external stimulus that the system responds to, or the genes it regulates
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the expression of. Promoter alignments of these two genes and the two additional genes which

exhibit cofitness do not yield consensus sites indicative of potential operator sequences (data

not shown).

Productivity Modeling Indicates TCS Mutants May Increase PHB Productivity

We built and interrogated a PHB kinetic model for two purposes: to confirm our hypothesis that

this increase in PHB could be due to a decrease in reliance on unbalanced growth for the

initiation of PHB production, and to decipher potential increases in PHB productivity that might

be realized using these strains in a continuous bioproduction system.

We adapted a PHB production model developed previously15 which has been utilized to model

PHB production dynamics in C. basilensis 4G1128. This kinetic model considers cell biomass

growth, production of PHB, consumption and cell growth inhibition of key metabolites acetate

and nitrogen (in the form of ammonium chloride). It models the coupling of nitrogen

concentration and PHB productivity through the key model parameter KPIN, which represents the

sensitivity and reliance of PHB accumulation to the nitrogen concentration for both wildtype and

mutant strains. Our model fit for this parameter of the wildtype parent strain was nearly the

same as predicted in a previous study utilizing the same growth medium through different

culturing conditions28. We further recapitulated similar cell and PHB substrate yield values to

known, previously calculated values (table S2).

In fitting the KPIN parameter to our cell growth and PHB production data from single deletion

mutants of the RR42_RS17055-17060 two component system, we found this parameter to be

much higher in these mutant strains than it was in the wildtype (table S2). This larger value of

the parameter might be interpreted as our mutants’ decreased reliance on nitrogen limitation

metabolic stresses to initiate PHB accumulation. While our adaptation of this model assumes
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PHB accumulation is only coupled to nitrogen concentration, it is known that many metabolic

stresses and nutrient deficiencies can initiate PHB production in the closely related Cupriavidus

necator15, and this may also be the case for C. basilensis 4G11 as well. The higher value of KPIN

suggests that the two single deletion mutants (RR42_RS17055,  RR42_RS17060) have PHB

production metabolisms that are less coupled to nitrogen limitation or, perhaps more generally,

to metabolic stress or nutrient deficiency, though this remains to be further explored or

demonstrated.

We next developed a continuous bioproduction model to ascertain relevant and realistic

bioproduction increases that might be realized by our single strain deletion mutants. We

modeled PHB productivity of the wildtype strain and the ΔRR42_RS17060 using key model

parameters carried forward from the previous analysis. We modeled PHB production in a

single-stage continuous system as this system has the distinct advantage of being simpler in

configuration and operation than many of the more sophisticated multi-stage systems required

to achieve high PHB productivity in native non growth-associated wildtype Cupriavidus

necator6,11. In our simulated continuous system the mutant is capable of 24% higher PHB

productivity, generating a maximum of 0.541 g/L/hr in optimized conditions (figure 4a),

compared to 0.437 g/L/hr produced by the  wildtype C. basilensis 4G11 (figure 4b) in optimized

conditions. Maximum mutant PHB productivity also exceeds wildtype productivities modeled

over a range of dilution rates for both single and two-stage continuous systems (figure S5).

Also, we observe an increase in the range of dilution rates and feed ammonia concentrations

that  would allow for near-optimal PHB productivity, relative to the wildtype organism.

Discussion

In this work we use a forward genetic screen alongside a novel replete-condition PHB

productivity assay to identify two genes whose omission from the genome results in increased
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PHB productivity under non-stress conditions. These increases in productivity may translate to

benefits in larger bioproduction settings given the possible use of simpler reactor configurations

and operating needs relative to other multi-stage, batch configurations investigated previously.

Also, an apparent decrease in necessary reliance on metabolic stress may simplify operational

burden of far simpler reactor systems such as single stage continuous systems.

There is typically an inherent tradeoff between overall productivity and substrate utilization in

producing microbial PHB29, and it is possible to achieve high PHB productivities at the expense

of substrate utilization30–32. However there remain application scenarios where a high substrate

utilization and yield must be simultaneously maintained; in particular when substrate costs are

high and in remote and austere environments such as long term missions in space where

access to feedstock material might be limited. In this work we fit an empirical substrate mass

yield of 0.23 g PHB/g acetate (table S2), which coincidentally approximates those of commercial

systems which predominantly use hexoses as substrates33. Though gene mutations identified in

this paper may offer productivity increases to commercial systems without sacrificing substrate

utilization, it remains unclear whether further improvements (through further metabolic

engineering, optimizing cultivation conditions, etc.) will be needed for other production settings.

Methods for continuous, constitutive production of PHB in Cupriavidus have been proposed and

sought previously11. In one instance PhaB was engineered to be NADH-dependent to couple

with a recombinant NADH dependent glucose-6-phosphate to provide  NADH demand34 and

allow for fermentative, anaerobic PHB production without the need to inhibit biomass formation.

This strategy was however not fully demonstrated, and may still be subject to gene regulatory

constraints not considered. Many other metabolic systems previously shown to impact PHB

accumulation in species of Cupriavidus were regulatory systems. This includes

phosphoregulation17,35, the PhaR protein that binds upstream of and transcriptionally regulates
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the phaCAB operon16,36, PHB granule associated phasins21,36,37, and the stringent response18,38.

The accumulation of PHB in Cupriavidus thus appears to be regulated in multiple ways and a

comprehensive understanding of its regulation remains unknown, including any regulators which

may sit atop known regulatory machinery in a regulation hierarchy. In this work we find another

regulatory element capable of impacting PHB productivity, though the full scope of its regulatory

sensing and action remains unknown. Knowing the regulon and metabolite(s) it responds to

may allow for a more comprehensive understanding of the regulation of PHB synthesis in this

and other organisms. Such knowledge may also suggest more effective methods with which to

engineer increased PHB productivity, through deregulating the onset of PHB synthesis, in this

and related organisms.

The two genes identified in this screen demonstrated to increase balanced-growth productivity

are not functionally characterized. They likely comprise a two-component system responsible for

sensing a metabolic signal and transducing a response signal through altering gene

transcription. RR42_RS17060 is annotated as hybrid histidine kinase and contains domains

associated with both histidine kinase activity and a response receiver/regulator in the same

CDS (figure 3). The adjacent gene RR42_RS17055 also contains a response regulator domain,

as well as an HTH DNA binding motif. A similar phenotype of knockout mutants of these genes

suggests they are part of the same signal cascade. Two other genes share similar fitness

phenotypes with these genes (figure S3) in an array of other assays performed previously22,

though annotations of these genes do not readily indicate the cellular function this apparent

system may be directly regulating, nor how this regulation may be otherwise impacting PHB

accumulation in replete, high growth rate conditions. Additionally, the increased PHB

accumulation phenotype exhibited by these two mutants is apparently specific to fast-growing,

non-stress conditions. The disappearance of the increased PHB accumulation phenotype (figure

S4) in more limiting and stress conditions suggests that the regulatory differences invoked by
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the two component system may be specific to the early onset of PHB accumulation in the

organism and may be yet another part of the complex regulation of PHB accumulation in this

and other species of Cupriavidus.

Cofitness analysis, made possible by another study using this same RB-TnSeq library22,

indicates two other genes which show consistent fitness patterns with genes comprising this

apparent two component system (figure S3). One gene is annotated as a Serine/Threonine

Protein Phosphatase; RR42_RS04895. While the specific function or signal of the protein

encoded by this gene remains unknown, this class of proteins is known to participate in

phosphoregulation, through protein dephosphorylation activity, of stress-related signal

cascades39. Similarly, the interaction partners or specific function of RR42_RS02045, annotated

as a GTPase remain unknown. Notably, protein sequence homologs exhibiting >84% homology

to all four proteins (the two collocated apparent TCS genes, Ser/Thr Protein Phosphatase, and

GTPase) also exist in the genome of the well studied closely related notable PHB producer C.

necator H16, suggesting these genes may also play a role in regulating the onset of PHB

production in this organism as well.

Previously it was demonstrated that CrbR (part of the CrbR/CrbS two-component system)

regulates expression of genes involved in acetyl-CoA metabolism in Pseudomonas

fluorescens40, and the LuxR family transcription factor encoded by RR42_RS17055 is 34%

homologous to CrbR in P. fluorescens. We find putative operator sites upstream of the acs

(Acetyl-CoA Synthetase) gene, a gene in the CrbR regulon of P. fluorescens, across diverse

species of Cupriavidus (figure S6). However, the same sites cannot be identified upstream of

either RR42_RS17055 or RR42_RS17060. Furthermore, there is low whole-protein sequence

homology between RR42_RS17060 and CrbS of P. fluorescens, further suggesting the two

systems are not homologous.
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RR42_RS17055-RS17060 also exhibit protein homology to VsrB and VsrC (60.1% and 62.1%

identity, respectively) of Ralstonia solanacaerum ATCC 11696 across > 97% of the length of the

protein coding sequences. These proteins also share strong domain and positional homology

(data not shown) to the TCS genes identified in this study. VsrBC has been shown to regulate

EPS I exopolysaccharide biosynthesis through regulating expression of genes of the EPS I

gene cluster in Ralstonia solanacaerum AW41–43 and EPS I-derived exopolysaccharides have

been shown to be the primary mechanism enabling plant virulence activity in the organism. It is

not known whether C. basilensis 4G11 can colonize plant tissue, though other closely related

species of Cupriavidus are known to do so44,45. VsrC binds a particular operator site with the

consensus sequence GCGGGGGAA upstream of the EPS I biosynthesis gene cluster  in R.

solanacaerum AW and, in conjunction with XpsR, activates expression of the EPS I locus41,43.

We were unable to identify this operator site in the homologous upstream region of the EPS I

gene cluster in C. basilensis 4G11, or in other closely related species of Cupriavidus. Despite

this, RR42_RS17055-RS17060 may be the VsrBC two-component system, perhaps binding at a

different operator site sequence in C. basilensis 4G11 than that identified in R. solanacaerum

AW, though we were unable to identify any candidate sites. VsrBC is not known to directly

regulate PHB accumulation in Cupriavidus or any other species of bacteria, to our knowledge. If

these genes are responsible for activating EPS I, eliminating either of these genes may facilitate

such a carbon metabolism flux redirection toward PHB biosynthesis, yielding the phenotypes we

observe. Alternatively, RR42_RS17055-RS17060 may regulate both EPS I

expression/biosynthesis and PHB accumulation simultaneously.

To date, no engineering or interrogation of two component systems has been done in species of

Cupriavidus for the purposes of increasing PHB or deciphering any TCS-related aspects of the

native regulation of PHB synthesis/mobilization. However, overexpression of the native E. coli

13

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 20, 2022. ; https://doi.org/10.1101/2022.09.19.508597doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.19.508597
http://creativecommons.org/licenses/by-nc-nd/4.0/


AtoSC two component system activating fatty acid biosynthesis genes in an E. coli mutant

expressing C. necator phaCAB genes resulted in increased overall PHB titer and per-cell PHB

accumulation30, linking native fatty acid metabolism to heterologous PHB production in the

organism. More generally, TCS system engineering has resulted in bioproduction benefits for

other products in other organisms as well such as the elimination of gacS-gacA system in P.

putida resulting in an increased conversion of para-coumarate to indigoidine46. The successful

leveraging of two component system engineering for bioproduction increase, and the

identification of a two component system shown to impact PHB productivity in this study

suggests these systems may be leveraged further in Cupriavidus to increase PHB productivity in

both native and recombinantly producing organisms and to further elucidate the complex

regulation of PHB productivity in these organisms47. While further molecular regulatory and

mechanistic information about this two component system remains to be elucidated, utilizing

these mutations to engineer bioproducing strains may allow for simpler, single stage continuous

bioreactor settings to produce PHA using bacterial hosts. Similarly, engineering this system may

relieve the constraint of needing to invoke nitrogen limitation or other stress, and the reliance on

complicated, multistage bioreactor systems necessary for this, allowing instead the use of

simpler continuous systems to achieve similar or greater PHA productivities.

Conclusion

We identify genes encoding a two component system (RR42_RS17060; a hybrid histidine

kinase and RR42_RS17055; a LuxR family transcription factor with a response regulator

domain) capable of impacting PHB accumulation in C. basilensis 4G11. When each gene is

individually omitted from the genome, these mutants are capable of producing higher amounts

of PHB in balanced growth conditions (56% and 41% higher, respectively for ΔRR42_RS17060

and ΔRR42_RS17055). The absence of this phenotype in unbalanced growth conditions

suggests these genes may impart their impact early in the process of initiating PHB
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accumulation in the cells and are yet another regulatory element shown to have an impact on

PHB accumulation in species of Cupriavidus. Bioproduction modeling suggests mutants of

these genes may be less sensitive to dependence on nitrogen limitation and possibly other

metabolic stress than the wildtype organism to initiate PHB accumulation. Simulating PHB

accumulation in an optimized simple, single stage continuous bioproduction setting suggests

these mutants may enable PHB production increases of 24% over the wildtype parent strain.

Methods

Strains, Medium, Growth Conditions

Cupriavidus basilensis 4G1123 and previously-generated RB-TnSeq library generated for this

organism22 were both maintained in R2A complex medium for general culture maintenance and

storage. Experiments were performed in defined DM9 medium48 containing 2 g/L sodium

acetate as the sole source of carbon and 1 g/L NH4Cl as the sole source of nitrogen, unless

otherwise noted. Cultures containing the C. basilensis 4G11 RB-TnSeq library22 were grown in

medium containing 100 ug/mL kanamycin sulfate (Millipore Sigma part number 60615-5G).

Cultures were grown and incubated at 30oC shaking at 250 rpm in Ultrayield flasks. Cultures

containing C. basilensis 4G11 RB-TnSeq library were carried out in 2.5L containing 1L of culture

volume. Experiments measuring PHB productivity were carried out in 250 mL Ultrayield flasks

containing 60 mL of culture volume. Oxygen saturation was verified in all growing conditions

using a Fisherbrand Traceable Dissolved Oxygen Pen (part number 15-078-199). Cultures

incubated in nitrogen-free medium were first grown for 24 hours in replete DM9 medium

containing 1 g/L NH4Cl, after which cells were washed three times in DM9 containing 0 g/L

NH4Cl and resuspended in the same medium. These cultures were then incubated an additional

24 hours to allow for PHB accumulation.

Culturing in Balanced Growth Conditions to Suppress PHB Production
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It was found that frequent subcultures, maintaining an elevated growth rate, was able to

suppress PHB accumulation in C. basilensis 4G11 (figure S2). This procedure was carried out

by culturing cells in fresh medium and incubating for 4-5 generations before passaging the cells.

This process was repeated with the culture OD600 value being kept perpetually below a value of

0.1, which we found to be the OD at which bulk PHB accumulation begins in our growing

conditions (data not shown). This protocol was used to prepare RB-TnSeq library cells for

subsequent screening, and to measure PHB productivity of subsequently generated markerless

deletion mutant strains.

Culturing in Unbalanced Growth Conditions to Maximize PHB Production

Cells were inoculated into replete DM9 medium and incubated for 24 hours at 30oC shaking at

250 rpm, yielding stationary phase culture. Cells were then washed three times with DM9

medium in which the NH4Cl had been omitted (N-free DM9 medium). Each wash used 45 mL of

N-free medium and was done by centrifuging the cells at 15,317 x g at 4oC for 10 minutes. Cells

were then resuspended in Nitrogen-free DM9 medium and incubated for an additional 24 hours

at 30oC, shaking at 250 rpm.

Screening C. basilensis 4G11 RB-TnSeq Libraries

C. basilensis 4G11 RB-TnSeq cells were grown as described above, to prepare replete-grown,

low PHB cells in order to screen for putative constitutively producing PHB producing mutants.

The cells were then stained using BODIPY 493/503 dye (Invitrogen/ThermoFisher Scientific,

part number D3922) to stain intracellular PHB24. Stained cells were then analyzed and sorted on

a Sony SH800 cell sorter, using the instrument's 488 nm excitation laser and FITC detection

channel and performed in the instrument’s ‘semi-purity’ mode. Gates were constructed around

the entire cell population based on forward scattering/side scattering bivariate plots (gate 1).

Mutant populations were collected and analyzed from this gate to control for any bias the cell
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sorter may impart on strain enrichment outside of fluorescence, as done previously49. Two other

gates were also constructed representing (separately) the 5% most (gate 2) and 5% least (gate

3) fluorescent populations. To sort populations in which PHB accumulation had been

suppressed (the ‘low’ PHB population), >5M cytometric events were collected which satisfied

gate 1 + gate 2 (most fluorescent, highest PHB). In sorting populations which had been

incubated in Nitrogen-free medium (the ‘high PHB’ population), >5M cytometric events were

collected which satisfied gate 1 + gate 2 (most fluorescent, highest PHB) and, separately, >5M

cytometric events which satisfied gate 1 + gate 3 (least fluorescent, lowest PHB). Cell fractions

were sorted into 10 mL of DM9 medium containing 100 ug/mL kanamycin sulfate, transferred to

50 mL total volume of culture and grown until early log phase. 50 mL of this culture was

collected and centrifuged at 15,317 x g at 4oC for 10 minutes. Supernatant was decanted and

cells were transferred to a 1.5 mL Axygen 1.5 mL microtube (Axygen part number MCT-150-C).

The cells were then centrifuged at 21,130 x g for two minutes at room temperature in a

benchtop microcentrifuge (model number 5424, Eppendorf). The supernatant was decanted by

aspiration and the cells were resuspended in 300 μL of a buffer consisting of 20 mM Tris- HCl

(Fisher BioReagent part number BP2475-500), 2 mM sodium EDTA (Millipore Sigma part

number E5134-50G), 1.2% Triton X-100 (Millipore Sigma part number X100-5ML), herein

referred to as buffer ELB. The cell suspension was then stored at -80oC until DNA extraction

was performed.

Productivity Screening

Screening mutants was done by growing cells as described previously. For replete-grown,

PHB-suppressed cultures, samples were collected and analyzed at the end of the 4th, 5th and

6th subcultures/passages. 1 mL samples were collected for PHB analysis, centrifuged at 21,130

x g for two minutes at room temperature in an Eppendorf Centrifuge 5424, and dried overnight

at 90oC. Dried pellets were then stored at -20oC. Pellets were processed similar to methods
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described previously50; 500 μL of concentrated H2SO4 (Millipore Sigma, part number 339741)

was added to the pellets and the mixture was heated at 90oC for 30 minutes in a stationary dry

bath, vortexing briefly every 10 minutes. The samples were then allowed to cool at room

temperature for 30 minutes, after which 500 μL of 5 mM H2SO4 was added and the mixture was

vortexed thoroughly. 1 mL samples were also collected for analysis of supernatant acetate

before and after each subculture, to assess the amount of acetate consumed. These samples

were also  centrifuged at 21,130 x g for two minutes at room temperature in an Eppendorf

Centrifuge 5424, filtered through a 0.2 μm PVDF syringe filter (Pall, part number 4406) and

stored at -20oC until analysis. Digested samples for PHB analysis as well as filtered

supernatants for acetate analysis were analyzed using a Shimadzu Prominence HPLC system

equipped with a Biorad HPX 87H chromatography column (Bio-rad Laboratories Inc, part

number 1250140) and a diode array detector for UV detection. Both acetate and crotonic acid

(the product of the above-mentioned PHB acid digestion) were analyzed at 206 nm. Cell dry

weight enumerations were done by passing 45 mL of culture over a pre-dried and pre-weighed

0.22 μm filter followed by two successive washes of 5 mL of milli-Q water. The filters were then

dried overnight, allowed to cool to room temperature for one hour and weighed again.

Promoter Alignment, Candidate Operator Motif Identification and Motif Instance Search

Previously, it was demonstrated that the Acetyl CoA-Synthetase (acs) gene is regulated by the

CrbR transcription factor/response regulator in Pseudomonas fluorescens40. The putative

LuxR-regulated acs homolog in the C. basilensis 4G11 genome was identified as the gene with

the highest corresponding protein homology to acs from Pseudomonas fluorescens:

RR42_RS13380. 70 bp upstream of the RR42_RS13380 start codon was aligned to genomes

from species in the genus Cupriavidus. From the set of aligning sequences, one representative

sequence was taken from each species (11 species total, shown in SI file

‘RS13380_upstream.txt’ and aligned sequences were inputted to the STREME motif/position
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weight matrix identification tool51. Motifs were identified using default parameters and settings.

Among candidate motifs identified, one contained a clear inverted repeat motif sequence to

which LuxR family transcription factors in Gammaproteobacteria are known to bind52. This motif

was then used as input to the FIMO motif instance search tool53 in order to search for motif sites

within the C. basilensis 4G11 genome. The FIMO tool was run using default parameters,

yielding a list of individual candidate instances of the identified motif in the C. basilensis 4G11

genome.

Whole Proteome Synteny Mapping and TCS Protein Alignment of Cupriavidus basilensis

4G11 and Cupriavidus necator H16

Computing proteome synteny between C. basilensis 4G11 and C. necator H16 was done within

KBase54, for which the public static narrative can be accessed at

https://doi.org/10.25982/123676.7/1880128 (DOI: 10.25982/123676.7/1880128). Briefly, the

genomes of both species (RefSeq accession NC_008313 for C. necator H16 and RefSeq

accession NZ_CP010536 for C. basilensis 4G11) were uploaded and subsequently used to

create a protein synteny plot (figure S1) using the ‘Compare Two Proteomes’ app. Protein

alignments between RR42_RS17055 and RR42_RS17060, and their respective homologs in

the C. necator H16 genome (see figure 3) were aligned using the ‘Pairwise Align’ function in the

Geneious Prime software (version 2022.2.2, https://www.geneious.com). Default values and

parameters were used for this analysis.

Batch Growth, Productivity Modeling and Parameter Fitting

We start by assuming that the data can be fit with a previously validated model15 and that O2 is

always saturated and can thus be neglected in our modeling. We parameter fit each individual

subculture of the ΔRR42_RS17055 and ΔRR42_RS17060 mutants from replete-grown
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subculture screening experiments (figure 2, Table S3, Table S4), assuming each subculture is a

batch system.
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for PHB.

From these equations, the concentrations of acetate and nitrogen (as NH4) are
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Initial and final concentrations of acetate, cells, PHB, and nitrogen (as NH3) were used to fit
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of three batch runs (subcultures 4, 5, and 6) was performed simultaneously. Iterative parameter

fitting was run to minimize the following error function using the generalized reduced gradient

nonlinear solver function in Microsoft Excel, where cAC, cX, and cPHB represent the concentration

of each of three constituent system components sodium acetate, cell biomass and PHB,

respectively.
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Specific growth rates were constrained to be <0.693 hr-1 consistent with that observed

previously28.

Continuous Productivity Modeling

All bioreactor models assume well-mixed gas and liquid phases that are exchanged at fixed

liquid- and gas-phase dilution rates. In the liquid phase, we consider relevant dissolved

constituents which can impact bioproduction55; CO2, dissolved O2, bicarbonate anions (HCO3
-),

carbonate anions (CO3
2-), protons (H+), hydroxide anions (OH-), sodium cations (Na+), chloride

anions (Cl-), acetate anions (H3C2O2
-), acetic acid (H3C2O2H), ammonia (NH3), ammonium

cations (NH4
+), microbes (X), and PHB (monomer: C4H6O2).

We consider both a single reactor system and a two-reactor system in which the reactors are

connected in series. Equation development for the single reactor is equivalent to that of the first

reactor in the two-reactor system. In all following equations, the subscript “ ” refers to the𝑛

reactor ( has a value either of 1 or 2), and the subscript “ ” refers to a given species. The𝑛 𝑖

reactors are well-mixed and open such that they satisfy mass conservation, given generally for

the liquid phase as:

𝑑𝑐
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and for the gas phase as:
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where is the concentration; is the partial pressure; is the net volumetric rate of𝑐
𝑛,𝑖

𝑝
𝑛,𝑖

𝑅
𝑛,𝑖

formation and consumption due to microbial growth (X), acid/base reactions (A–B), liquid or gas

flow (LF/GF), gas/liquid mass transfer (G–L), and pH control (pH) for species in reactor ; is𝑖 𝑛 𝑅

the gas constant; is the operating temperature; and is the ratio of liquid to gas volume in𝑇 𝑉
𝐿𝐺,𝑛

reactor (which we assume to be equal to 2 in all cases).𝑛

Microbial Growth and PHB generation

Microbial growth and PHB generation occur in the well-mixed liquid phase and are responsible

for the production of more cells and PHB, and the consumption or production of several

chemical species. These reactions are compiled in . Following Mozumder et al.1,2,𝑅
𝑋,𝑛,𝑖

𝑅
𝑋,𝑛,𝑋

= µ
𝑋,𝑛

𝑐
𝑛,𝑋

𝑅
𝑋,𝑛,𝑃𝐻𝐵

= µ
𝑃𝐻𝐵,𝑛

𝑐
𝑛,𝑋

𝑅
𝑋,𝑛,𝑖

= α
𝑋,𝑖

µ
𝑋,𝑛

𝑐
𝑛,𝑋

+ α
𝑃𝐻𝐵,𝑖

µ
𝑃𝐻𝐵,𝑛

𝑐
𝑛,𝑋

(10)

where and are the specific growth rate of cells and the specific accumulation rate ofµ
𝑋

µ
𝑃𝐻𝐵

PHB, and and are stoichiometric coefficients relating biomass growth and PHBα
𝑋

α
𝑃𝐻𝐵

accumulation to the consumption or production of other species, as defined below. We set

if the species is consumed in the reaction. Growth kinetics are described with theα < 0

inhibition-modified Monod (Andrews-Haldane) model:
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where is the maximum specific growth rate, and and are the half-saturationµ
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coefficient and inhibition coefficient for species . We modify Mozumder et al.2 to describe PHB𝑖

accumulation:
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𝑃𝐼𝑁( ) (12)

where is the (maximum) PHB-to-biomass ratio and is the PHB inhibition𝑓
𝑃𝐻𝐵,(𝑚𝑎𝑥)

𝐾
𝑃𝐼𝑁

coefficient for nitrogen.

Biomass and PHB Yield on Acetate

To determine experimental yields of biomass and PHB on acetate, we first calculated the

theoretical yields following the stoichiometric and energetic approach we developed previously3.

To determine the theoretical yield of biomass on acetate ( ), we follow the stoichiometry and𝑌
𝑋/𝐴𝑐
',𝑡ℎ𝑒𝑜

energetics of acetate assimilation and oxidation. Acetate is first activated to acetyl-CoA via:

𝐶
2
𝐻

3
𝑂

2
− + 2𝐴𝑇𝑃 + 𝐻𝑆𝐶𝑜𝐴 + 𝐻+ → 𝐶

2
𝐻

3
𝑂𝑆𝐶𝑜𝐴 + 2 𝐴𝐷𝑃 + 𝑃

𝑖( ) + 𝐻
2
𝑂 (13)

We modify the equation for biomass production from acetyl-CoA developed by Fast and

Papoutsakis56:
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0. 5𝐶
2
𝐻

3
𝑂𝑆𝐶𝑜𝐴 + 4𝐴𝑇𝑃 + ∆γ

2 𝑁𝐴𝐷𝐻→𝐶𝐻
1.77

𝑂
0.49

𝑁
0.196 (14)

where is the difference in the degree of reduction between acetyl-CoA ( ) and biomass (∆γ γ = 4

). We note that this equation, as written, is neither atomically nor charge balanced, so itγ = 4. 2

should be taken to only represent the energy carrier demand of biomass formation. The

required energy for acetate activation and acetyl-CoA conversion to biomass is provided by the

catabolic reactions of the TCA cycle and by oxidative phosphorylation:

𝐶
2
𝐻

3
𝑂

2
− + 3𝑁𝐴𝐷+ + 𝐹𝐴𝐷 + 2𝐻

2
𝑂 + 𝐴𝑇𝑃 →

        2𝐶𝑂
2

+ 2𝐻+ + 3𝑁𝐴𝐷𝐻 + 1𝐹𝐴𝐷𝐻
2

+ 𝑃
𝑖

+ 𝐴𝐷𝑃

(15)

𝑁𝐴𝐷𝐻 + 𝐻+ + 1
2 𝑂

2
+ 𝑃

𝑂( ) 𝐴𝐷𝑃 + 𝑃
𝑖( )→𝑁𝐴𝐷+ + 𝐻

2
𝑂 + 𝑃

𝑂( )𝐴𝑇𝑃 (16)

Note that equation (8) includes acetate activation to acetyl-CoA prior to its oxidation in the TCA

cycle. We use a ratio of 2.5 for NADH and 1.5 for FADH2 following our previous report3.𝑃/𝑂 

Combining these equations, and including NH4
+ consumption to balance the nitrogen content of

biomass, we obtain:

1. 16𝐶
2
𝐻

3
𝑂

2
− + 0. 96𝐻+ + 0. 196𝑁𝐻

4
+ +  1. 26𝑂

2
→ (17)

             𝐶𝐻
1.77

𝑂
0.49

𝑁
0.196

+ 1. 31𝐶𝑂
2

+ 1. 72𝐻
2
𝑂

Hence, we use a theoretical molar yield of biomass on acetate of ~0.865 mol mol-1 (~0.36 g g-1).

We use the same approach to calculate the molar yield of PHB on acetate but substitute the

biomass-forming equation with the PHB-forming equation, which is given by:
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2𝐶
2
𝐻

3
𝑂𝑆𝐶𝑜𝐴 + 𝑁𝐴𝐷𝐻 + 𝐻+ → 𝐶

4
𝐻

6
𝑂

2
+ 2𝐻𝑆𝐶𝑜𝐴 + 𝑁𝐴𝐷+ (18)

The overall stoichiometry is:

2. 8125𝐶
2
𝐻

3
𝑂

2
− + 2. 8125𝐻+ + 1. 125𝑂

2
→ (19)

𝐶
4
𝐻

6
𝑂

2
+ 1. 625𝐶𝑂

2
+ 2. 625𝐻

2
𝑂

corresponding to a theoretical molar yield of PHB on acetate of ~0.356 mol mol-1 (~0.51 g g-1).

To fit experimental yields of biomass and PHB on acetate, we defined a fractional value, , as:θ
𝑌

θ
𝑌

=
𝑌

𝑋/𝐴𝑐
𝑒𝑥𝑝

𝑌
𝑋/𝐴𝑐
𝑡ℎ𝑒𝑜 =

𝑌
𝑃𝐻𝐵/𝐴𝑐
𝑒𝑥𝑝

𝑌
𝑃𝐻𝐵/𝐴𝑐
𝑡ℎ𝑒𝑜 (20)

We assume these two ratios are equal on the basis that the metabolic processes producing

PHB and cell biomass utilize the same source of carbon (acetate), and the same energy

substrate-producing pathways (TCA cycle, oxidative phosphorylation). The production

efficiencies of biomass and PHB should thus be nearly equivalent relative to their

pathway-constrained maxima.

Hence, in our model, we calculate and according to:α
𝑋,𝑛,𝑖

α
𝑃𝐻𝐵,𝑛,𝑖

α
𝑋,𝐴𝑐

= 1

θ
𝑌
𝑌

𝑋/𝐴𝑐
𝑡ℎ𝑒𝑜

(21)

26

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 20, 2022. ; https://doi.org/10.1101/2022.09.19.508597doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.19.508597
http://creativecommons.org/licenses/by-nc-nd/4.0/


α
𝑋,𝑁𝐻

4

= 0. 196

α
𝑋,𝐻

= α
𝑋,𝐴𝑐

− α
𝑋,𝑁𝐻

4

α
𝑋,𝑂

2

= 1
2 0. 49 + 2α

𝑋,𝐶𝑂
2

+ α
𝑋,𝐻

2
𝑂

− 2α
𝑋,𝐴𝑐( )

α
𝑋,𝐶𝑂

2

= 2α
𝑋,𝐴𝑐

− 1

α
𝑋,𝐻

2
𝑂

= 1
2 4α

𝑋,𝐴𝑐
+ 3α

𝑋,𝑁𝐻
4

− 1. 77( )

and

α
𝑃𝐻𝐵,𝐴𝑐

= 1

θ
𝑌
𝑌

𝑃𝐻𝐵/𝐴𝑐
𝑡ℎ𝑒𝑜

α
𝑃𝐻𝐵,𝑁𝐻

4

= 0

α
𝑃𝐻𝐵,𝐻

= α
𝑃𝐻𝐵,𝐴𝑐

α
𝑃𝐻𝐵,𝑂

2

= 2α
𝑃𝐻𝐵,𝐴𝑐

− 4. 5

α
𝑃𝐻𝐵,𝐶𝑂

2

= 2α
𝑃𝐻𝐵,𝐴𝑐

− 4

(22)
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α
𝑃𝐻𝐵,𝐻

2
𝑂

= 2α
𝑃𝐻𝐵,𝐴𝑐

− 3

Growth rate dependence on pH and salinity

We modify our previously developed model to describe the effects of pH and salinity on

microbial growth3:

µ
𝑚𝑎𝑥,𝑋,𝑛

= µ
𝑜𝑝𝑡,𝑋

ρ 𝑝𝐻
𝑛( )ν(𝑐

𝑛,𝑁𝑎
)

µ
𝑚𝑎𝑥,𝑃𝐻𝐵,𝑛

= µ
𝑜𝑝𝑡,𝑃𝐻𝐵

ρ 𝑝𝐻
𝑛( )ν(𝑐

𝑛,𝑁𝑎
)

(23)

where and are the specific growth and PHB accumulation rates at optimalµ
𝑜𝑝𝑡,𝑋

µ
𝑜𝑝𝑡,𝑃𝐻𝐵

conditions, and and are functions describing the impacts of pH and Na+ρ(𝑝𝐻) ν(𝑐
𝑁𝑎

)

concentration on the growth rate. Following our previous work3, we write as:ρ(𝑝𝐻)

(24)

Here, is the range of pH over which microbial growth is observed, and the function𝑝𝐻
𝑚𝑖𝑛/𝑚𝑎𝑥

) is:𝑓(𝑝𝐻
𝑛
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𝑓 𝑝𝐻
𝑛( ) =

𝑝𝐻
𝑛
−𝑝𝐻

𝑚𝑖𝑛( ) 𝑝𝐻
𝑛
−𝑝𝐻

𝑚𝑎𝑥( )
𝑝𝐻

𝑛
−𝑝𝐻

𝑚𝑖𝑛( ) 𝑝𝐻
𝑛
−𝑝𝐻

𝑚𝑎𝑥( )− 𝑝𝐻
𝑛
−𝑝𝐻

𝑜𝑝𝑡( )2 (25)

where is the optimal pH for growth. Similarly, we define as:𝑝𝐻
𝑜𝑝𝑡

ν(𝑐
𝑁𝑎

)

(26)

where is the range of Na+ concentration over which growth is impacted, and the𝑐
𝑁𝑎,𝑚𝑖𝑛/𝑚𝑎𝑥

function is given by:𝑓(𝑐
𝑁𝑎

)

𝑓 𝑐
𝑛,𝑁𝑎( ) = 1 −

𝑐
𝑛,𝑁𝑎

𝑐
𝑁𝑎,𝑚𝑎𝑥

−𝑐
𝑁𝑎,𝑚𝑖𝑛

(27)

Acid/base reactions

The acid/base carbon dioxide/bicarbonate/carbonate, acetate/acetic acid, ammonia/ammonium,

and water dissociation reactions shown below occur in the liquid phase and are treated as

kinetic expressions without assuming equilibrium:

CO2(aq) + H2O H+ + HCO3
- K1 (28)⇔

k+1, k-1

HCO3 H+ + CO2
3- K2 (29)⇔
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k+2, k-2

CO2(aq) + OH- HCO3
- K3 = K1/Kw (30)⇔

k+3, k-3

HCO3
- + OH- CO3

2- + H2O K4 = K2/Kw (31)⇔

k+4, k-4

H3C2OOH H+ + H3C2OO- K5 (32)⇔

k+5, k-5

NH4
+ NH3 + H+ K6 (33)⇔

k+6, k-6

H2O H+ + OH- Kw (34)⇔

k+w, k-w

where and are the forward and reverse rate constants, respectively, and is the𝑘
+𝑘

𝑘
−𝑘

𝐾
𝑘

equilibrium constant for the th reaction. For acetic acid and water, we calculate from the𝑛 𝐾
𝑘

van’t Hoff equation using the change of entropy, , and the heat of reaction, , given by:∆𝑆
𝑘

∆𝐻
𝑘

𝐾
𝑘

= exp 𝑒𝑥𝑝 
∆𝑆

𝑘

𝑅( ) exp 𝑒𝑥𝑝 −
∆𝐻

𝑘

𝑅𝑇( ) (35)

For CO2/HCO3
- and HCO3

-/CO3
2- equilibria, we calculate using the empirical relationships𝐾

𝑘

compiled by W.G. Mook that account for salinity-induced impacts on the equilibrium constant4:
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𝑝𝐾
1

= 3670.7
𝑇 − 62. 008 + 9. 7944 ln 𝑙𝑛 𝑇( ) − 0. 0118𝑆 + 0. 000116𝑆2

(36)

𝑝𝐾
2

= 1394.7
𝑇 + 4. 777 − 0. 0184𝑆 + 0. 000118𝑆2

(37)

Where is the medium salinity (in units g/kg water).𝑆

Source and sink terms resulting from these reactions are compiled in , written as:𝑅
𝐴−𝐵,𝑛,𝑖

𝑅
𝐴−𝐵,𝑛,𝑖

=
𝑖

∑ ν
𝑖

𝑘
+𝑘

ν
𝑖
<0
∏ 𝑐

𝑛,𝑖
− 𝑘

−𝑘
ν

𝑖
>0
∏ 𝑐

𝑛,𝑖( ) (38)

where is the stoichiometric coefficient of species for the th reaction and reverse rateν
𝑖

𝑖 𝑘

constants ( ) are calculated from:𝑘
−𝑘

𝑘
−𝑘

=
𝑘

+𝑘

𝐾
𝑘

(39)

Liquid and gas flow

Liquid media flows into and out of the well-mixed liquid phase at a constant dilution date ( ).𝐷
𝑙𝑖𝑞,𝑛

In the first reactor (or lone reactor in the single-reactor system), this results in a feed term

written as:

𝑅
𝐿𝐹,1,𝑖

= 𝐷
𝑙𝑖𝑞,1

𝑐
𝑓,1,𝑖

− 𝑐
1,𝑖( ) (40)
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where is the concentration of species in the feed stream to reactor 1. In the two-reactor𝑐
𝑓,1,𝑖

𝑖

system, we account for two liquid phase flows. First, the effluent from reactor 1 is fed to reactor

2 directly with no processing. Second, an additional feed stream is optionally applied to supply,

for example,  additional N-free substrate that can be converted to PHB. On a volumetric basis,

then, the total liquid flow rate into the second reactor is the sum of the flow rate out of the first

reactor and the additional feed stream flow rate. Hence, the liquid feed term for the second

reactor is written as:

𝑅
𝐿𝐹,2,𝑖

= 𝐷
𝑙𝑖𝑞,1

𝑉
12

𝑐
1,𝑖

− 𝑐
𝑓,2,𝑖( ) + 𝐷

𝑙𝑖𝑞,2
𝑐

𝑓,2,𝑖
− 𝑐

2,𝑖( ) (41)

where is the volumetric ratio of reactor 1 to reactor 2 and is the concentration of species𝑉
12

𝑐
𝑓,2,𝑖

in the optional additional feed stream to reactor 2. Note that when the additional feed stream is𝑖

not applied, and such that the right-hand side of eq. (34) collapses to𝐷
𝑙𝑖𝑞,1

𝑉
12

= 𝐷
𝑙𝑖𝑞,2

𝑐
𝑓,2,𝑖

= 0

as expected.𝐷
𝑙𝑖𝑞,2

𝑐
1,𝑖

− 𝑐
2,𝑖( )

For the gas phase(s), we define a feed term according to:

𝑅
𝐺𝐹,𝑛,𝑖

=
𝐷

𝑔𝑎𝑠,𝑛

𝑅𝑇 𝑝
𝑓,𝑛,𝑖

− 𝑝
𝑛,𝑖( ) (42)

Where is the gas-phase dilution rate in reactor .𝐷
𝑔𝑎𝑠,𝑛

𝑛

Gas-liquid mass transfer
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Gas fed to the reactors result in mass transfer to the liquid phase according to:

𝑅
𝐺−𝐿,𝑛,𝑖

= 𝑘
𝐿
𝑎

𝑖
(β

𝑛,𝑖
𝑝

𝑛,𝑖
− 𝑐

𝑛,𝑖
) (43)

where us the volumetric mass-transfer coefficient on the liquid side of the gas/liquid𝑘
𝐿
𝑎

𝑖

interface and is the Bunsen solubility coefficient. We assume is 300 hr-1 following ourβ
𝑛,𝑖

𝑘
𝐿
𝑎

𝑂
2

previous analysis5, which represents an intermediate value of the range observed in standard

bioreactors6,7. To calculate , we use:𝑘
𝐿
𝑎

𝐶𝑂
2

𝑘
𝐿
𝑎

𝐶𝑂
2

=
𝐷

𝐶𝑂
2

𝐷
𝑂

2

𝑘
𝐿
𝑎

𝑂
2

(44)

where and are the diffusivities of O2 and CO2 following Meraz et al.57 to account for the𝐷
𝑂

2

𝐷
𝐶𝑂

2

differences in the mass transfer coefficient8.

We calculate the equilibrium solubility of O2 and CO2 according to the empirical relationship for

the Bunsen solubility coefficient ( ):β

ln 𝑙𝑛 β = 𝐴
1

+ 𝐴
2

100
𝑇( ) + 𝐴

3
ln 𝑙𝑛 𝑇

100( ) + 𝑆 𝐵
1

+ 𝐵
2

𝑇
100( ) + 𝐵

3
𝑇

100( )2⎡⎢⎣
⎤⎥⎦
 (45)

Where and are fitting parameters and is the medium salinity (in units g kg-1 water).𝐴 𝐵 𝑆

pH control
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A feedback control loop is included in the reactor to maintain an optimal pH for microbial growth

by adding 1 M sodium hydroxide solution when appropriate. The manipulated flow rate variable

(units hr-1) is defined as:

𝑟
𝑀,𝑛

= 0 + 𝐾
𝐶

𝐸
𝑛

+ 1
τ ∫ 𝐸

𝑛
𝑑𝑡( ) (46)

where is the controller gain, is the error, and is the controller reset time. The error ( ) is𝐾
𝐶

𝐸 τ 𝐸

defined according to:

𝐸
𝑛

= 𝑝𝐻𝑠𝑒𝑡 − 𝑝𝐻
𝑛

(47)

where is equivalent to . The resulting pH control flow is given by:𝑝𝐻𝑠𝑒𝑡 𝑝𝐻
𝑜𝑝𝑡

𝑅
𝑝𝐻,𝑛,𝑖

= 𝑟
𝑀,𝑛

𝑐
𝑝𝐻,𝑖

(48)

where is 1 M for OH- and Na+.𝑐
𝑝𝐻,𝑖

Model analysis

In the single-reactor system, PHB productivity was calculated simply using:

𝑃
1,𝑃𝐻𝐵

= 𝐷
𝑙𝑖𝑞,1

𝑐
1,𝑃𝐻𝐵

(49)
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In the two-reactor system, we calculated the overall productivity by normalizing to the combined

volume of the reactors, resulting in:

𝑃
2,𝑃𝐻𝐵

=
𝐷

𝑙𝑖𝑞,2
𝑐

2,𝑃𝐻𝐵

1+𝑉
12

(50)

Model Implementation

All equations were solved using the MUMPS general solver in COMSOL Multiphysics 5.4. Model

parameters are listed in Table S2.

Experimental Reagent and Data Availability

All plasmids used in this study are available through Addgene (https://www.addgene.org/, see

table S5 for deposit numbers). All strains used in this study (table S6) are available upon

request. Primers used in this study are listed in table S7. The static narrative (DOI:

10.25982/123676.7/1880128) for generating figure S1 is available at

https://doi.org/10.25982/123676.7/1880128.
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Figure 1: Dual screening strategy utilized in this study to isolate mutants exhibiting increased

PHB accumulation phenotype from C. basilensis 4G11 RB-TnSeq libraries. Cells are repeatedly

subcultured in replete medium to maximally suppress PHB accumulation among the bulk

population, shown along top of the figure. From this population, high-PHB accumulating

(‘constitutively producing’) mutants were selected using two different fractionation methods:

FACS and buoyant density separation. Nitrogen-starved cultures were first grown in replete

medium, followed by an incubation period in nitrogen-free medium in which the bulk population

accumulates high amounts of PHB, shown along the bottom of the figure. From this population,

we separately selected the highest and lowest accumulating PHB mutants.
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Figure 2: Accumulation of PHB in deletion mutants of selected genes during 4-6th subcultures

in balanced-growth conditions. Genes encoding an apparent uncharacterized two-component

system (RR42_RS17055-17060) consistently accumulate more PHB than the wildtype parent

strain in non-stress conditions in which PHB accumulation is suppressed. * denotes statistical

significance (one tailed t-test, n=3, equal variance, p<0.05).
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Figure 3: Genomic region, gene and domain orientation of genes comprising the

two-component system in C. basilensis 4G11. RR42_RS17060 is annotated as a hybrid

histidine kinase due to the presence of both histidine kinase domains and a response regulatory

domain. RR42_RS17055 also contains a response regulatory domain as well as a DNA binding

domain. Gene fitness similarities between the two genes (shown in figure S3) suggest they

transduce the same signal(s) and the expressed proteins interact with each other. The presence

of a DNA binding domain in RR42_RS17055 suggests signal transduction results in changes in

DNA transcription. Colored bars indicate reciprocal amino acid homology between proteins

encoded by these genes and their corresponding homologs encoded in the genome of C.

necator H16. Whole protein homology between the two organisms is 95% and 84% for the LuxR

Family Transcriptional Regulator and Hybrid Sensor Histidine Kinase/Response Regulator,

respectively.
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a. b.

Figure 4: Volumetric PHB productivity of a) ΔRR42_RS17060 mutant and b) wildtype C.

basilensis 4G11 in a simulated single-stage continuous system.
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