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Abstract

Cupriavidus necator H16 is a facultative chemolithotroph capable of using CO:2 as a carbon
source, making it a promising organism for carbon-negative biomanufacturing of petroleum-
based product alternatives. In contrast to model microbes, genetic engineering technologies are
limited in C. necator, constraining its utility in basic and applied research. Here, we developed a
genome engineering technology to efficiently mobilize, integrate, and express synthetic genetic
elements (SGEs) in C. necator. We tested the chromosomal expression of four inducible
promoters to optimize an engineered genetic landing pad for tunable gene expression. To
demonstrate utility, we employed the SGE system to design, mobilize, and express eight
heterologous inorganic carbon uptake pathways in C. necator. We demonstrated all inorganic
carbon uptake systems upregulated intracellular bicarbonate concentrations under heterotrophic
conditions. This work establishes the utility of the SGE strategy for expedited integration and
expression of heterologous pathways and enhances intracellular bicarbonate concentrations in C.

necator.

Keywords: Cupriavidus necator, Genome engineering, Chromosomal integration, Inducible

promoter, Inorganic carbon uptake, CCM
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Introduction

The global challenge of mitigating climate change has intensified the search for sustainable
methods of producing materials traditionally derived from petroleum. These materials, such as
plastics, synthetic fibers, and chemicals, are essential in modern society but contribute
significantly to greenhouse gas (GHG) emissions through the energy-intensive polymerization
processes, petroleum extraction and refining, and incineration!. Biomanufacturing, a process in
which biological systems are utilized to produce valuable compounds from renewable resources,
offers a promising alternative to conventional fossil fuel-based production methods>*. Further,
recent studies have demonstrated there is potential to offset carbon emissions in the process of
producing bio-based alternatives by employing microbes capable of utilizing GHGs, such as CO2

and CHa, as carbon sources>®°.

The facultative chemolithotroph Cupriavidus necator is a promising candidate for
carbon-negative biomanufacturing’-8. Initially recognized for its native ability to produce and
accumulate high titers of polyhydroxybutyrate (PHB), C. necator has since been engineered to

produce a wide range of high-value compounds®'3

. This metabolic versatility combined with its
ability to use CO2 as a carbon source make it a promising candidate organism for sustainable
bioproduction. However, compared to model organisms (e.g., Escherichia coli), C. necator
physiology is less understood, and its genetic toolkit remains limited®!. Expanding this toolkit is
a crucial step toward advancing C. necator as an industrial microbe. Specifically, advancing C.
necator as a biomanufacturing chassis requires tools for efficient design, mobilization, and
chromosomal integration of synthetic genetic elements (SGEs). Achieving robust heterologous
expression of multi-gene pathways, such as those involved in metabolic diversification, demands

integration technologies capable of accommodating large genetic constructs with minimal

workflow complexity.

Currently, the most utilized chromosomal integration method in C. necator consists of
selection and counter-selection for homologous recombination (HR) driven crossover events?%2!,
Although this method is adept for generating marker-free genomic integrations, it is less
conducive to rapid prototyping of metabolic pathways due to the lengthy generation timeline and
limited frequency of recombination, which subsequently limits throughput. Four rounds of re-

streaking are typically required to confirm the double-crossover, which amounts to a minimum
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of 10 days from conjugation if colonies form with the typical incubation of 2 days. The method
is also limited by the length of the integration cargo due to decreased integration efficiency for
larger (>5 kb) fragments??. Further, transposition-based methods are versatile but can lead to site-
dependent expression variability due to the influence of local genomic context on gene
expression and disruption of essential genetic elements?*>4, These limitations in the current
genetic toolkit for C. necator highlight the need for more efficient chromosomal integration
tools. Adapting a landing-pad based integration strategy for C. necator could significantly
enhance our ability to optimize both heterologous and native metabolic pathways by accelerating

the design-build-test-learn cycle?>26.

As a potential chassis for carbon-negative biomanufacturing, C. necator can fix carbon
through the Calvin-Benson-Bassham (CBB) cycle, with ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) catalyzing the key carboxylation reaction. However, Rubisco’s
carboxylation efficiency is limited by its inability to effectively discriminate between CO2 and
02, leading to competing oxygenation?’. While the C. necator Rubisco exhibits higher specificity
for CO2 over Oz relative to other Rubisco homologs, this comes at the cost of a lower catalytic
rate (Kcat), resulting in slow growth under atmospheric CO2 levels?®2°, In contrast, cyanobacteria
and some chemolithotrophs have Rubisco species exhibiting higher carboxylation rates, which
they achieve using CO2-concentrating mechanisms (CCMs) that increase the CO2-to-Ox2 ratio in
close proximity of Rubisco®’. CCMs typically involve inorganic carbon (Ci) uptake systems,
such as bicarbonate transporters and CO2-to-HCOs3" vectorial conversion complexes, to increase
intracellular Ci levels3!*2, Recent studies have shown that expressing the Halothiobacillus
neapolitanus DAB2 and cyanobacterial SbtAB Ci uptake systems in C. necator can enhance
intracellular bicarbonate levels under ambient CO2 concentrations, illustrating the potential for
future engineering of C. necator s carbon fixation pathways for improved autotrophic

growth3334,

In this study, we adapted the SGE mobilization scheme from Patel & Oh et al. (2022) for
C. necator-specific expression and utilized it to chromosomally integrate and express a range of
Ci uptake systems in C. necator (Figure 1)>. We tested the chromosomal expression of four
inducible promoter systems, previously only characterized in C. necator episomally3>*¢. By

leveraging an engineered high COz-requiring (HCR) phenotype, we assessed the ability of these
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Ci uptake systems to increase intracellular bicarbonate concentrations and restore growth under
ambient COz levels. This novel characterization of four Ci uptake systems in C. necator under
heterotrophic conditions contributes to future CCM engineering efforts. Ultimately, we anticipate
that our technology will accelerate the optimization and diversification of genetic modifications

and metabolite production in C. necator.

Results
Testing SGE mobilization scheme in Cupriavidus necator

To develop an efficient chromosomal integration strategy in C. necator, we tested the broad host
range SGE mobilization approach developed in Patel & Oh et al. (2022)?. The integration
methodology comprised of three main steps: (1) conjugation-mediated random transposition of a
landing pad cassette into the host genome, (2) identification of genomic sites conducive to
ectopic expression, and (3) targeted integration of SGEs at identified sites (Figure 1). The pLP
vector drives random transposition of the landing pad cassette into the genome via activity of the
Mariner family Himar transposase. Within the landing pad, a T7 RNA polymerase (T7 RNAP)
circuit drives GFP expression (Figure 2A). The T7 RNAP circuit transcriptionally and
translationally regulates T7 RNAP expression with a TetR repressor and theophylline riboswitch.
Expression levels from the T7 RNAP circuit are controlled by the concentration of the respective

inducers, anhydrotetracycline (aTc) and theophylline.

Conjugation and transposition of the landing pad cassette into wild-type C. necator was
successful, exhibiting transconjugation frequencies of ~4.2 x 107 (Figure 2B). Following
transposition, we analyzed ~10,000 clones of the transposed population for GFP expression from
the landing pad using flow cytometry. This fluorescence serves as a proxy for gene expression
from the inserted locus, and aids in identifying genomic safe harbors for robust and tunable gene
expression. The transposed population demonstrated broad fluorescence distributions evidenced
by an elevated coefficient of variation (CV) (Figure 2C). We hypothesized that the high CV is a
result of variable gene expression observed across population due to locus-dependent context
effects?32>3738 To further characterize these context effects, we analyzed three individual clones

on the plate reader and with flow cytometry. Although each clone demonstrated different
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absolute levels of fluorescence, the fold change between uninduced and induced expression was

consistently ~4-fold (Figure 2C, D).

In the absence of aTc and theophylline, the population exhibited moderate fluorescence
levels of 1.3 x 102 A.U. (Figure 2C), indicating an elevated level of basal expression. We
hypothesized the elevated basal expression was an artifact of inefficient repression from either or
both forms of negative regulation. Clones treated with only aTc and clones treated with only
theophylline demonstrated similar levels of fluorescence (Figure 2E), indicating the elevated
basal expression was not strongly attributed to one form of regulation over another. We further
subjected clones to increasing concentrations of one inducer, while keeping the concentration of
the other inducer constant. From this experiment, we observed a) 1.8-to-2.5-fold increase in
normalized fluorescence between no aTc and 100 ng/mL aTc conditions and b) 2.6-to-3.9-fold
increase between no theophylline and 1 mM theophylline conditions (Figure 2E). These results
show that both forms of regulation individually repress T7 RNAP activity inefficiently. Further,
our observations of the TetR repressor align with a previous study in C. necator that reported
similar incomplete repression of expression from TetR/Prrsc-teto systems™. These findings indicate
a need to modify the landing pad system to achieve tighter repression and greater dynamic range

in C. necator.

Optimizing SGE mobilization scheme for optimal expression in Cupriavidus necator

We adapted the landing pad for C. necator-specific expression by replacing the T7 RNAP circuit
with inducible promoters that have previously been characterized in C. necator for episomal
expression. Specifically, we tested the widely used cross-species arabinose (AraC/ParaBap) and
rhamnose (RhaRS/PrnaBap) inducible promoter systems, as well as the C. necator-derived
salicylate (NahR/PHis_rsosi2s) and benzoate (BenM/PHis_rs09790) inducible systems®¢. Both the
arabinose and rhamnose inducible systems have a large dynamic range when expressed
episomally from the pBBR1 broad host range origin in C. necator and are the benchmarking
standard for evaluating new inducible promoters®>3640, The salicylate and benzoate inducible
promoters have been reported to mediate inductions of 292- and 403-fold in C. necator,
respectively?®. Further, the benzoate induced absolute normalized fluorescence was reported to

be >11-fold higher than AraC/PaaBap when expressed from the pBBR1 origin in C. necator?®.

5

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.

The published version of the article is available from the relevant publisher.



151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171

172
173
174
175
176
177
178

179
180

We constructed landing pad variants with these inducible promoters driving GFP reporter
expression (Figure 3A) and introduced them into wild-type C. necator and the AH16_A006
restriction enzyme (RE) AphaCAB background. The ARE background is commonly used in
metabolic engineering applications, because deletion of the H16 40006 restriction enzyme-
encoding gene has been demonstrated to increase electroporation efficiency by ~1,600-fold in
comparison to electroporation efficiency into wild type C. necator*'. Further, removing the
phaCAB operon prevents PHB accumulation prevalent under nutrient limitation*>#, Landing pad
integrant populations were analyzed with flow cytometry to observe the fluorescence distribution
of each system. All induced systems were treated with 5 mM of the respective inducer based on
previous studies in C. necator*-°. In both backgrounds, the arabinose inducible system
demonstrated the strongest activation of gfp with 165- and 118-fold induction in wild type and
AREAphaCAB, respectively (Figure 3B and S1). The rhamnose inducible system demonstrated
the lowest uninduced expression leading to 135- and 86-fold induction in wild type and
AREAphaCAB, respectively. The salicylate inducible system demonstrated 58- and 63-fold
induction, and the benzoate inducible system demonstrated 5- and 40-fold induction in wild type
and ARE AphaCAB, respectively. For the salicylate and benzoate inducible systems, we also
observed that the maximum ODeoo was greater in induced clones than in uninduced clones
(Figure S2), and fluorescence levels of the induced clones decreased ~5-8 hours post induction
(Figure S3). These results suggest that C. necator metabolizes sodium salicylate and sodium
benzoate, thereby depleting the media of available inducer, as previously observed in Hanko et

al. (2020).

We proceeded to screen the AREAphaCAB.ParaapLLP and AREAphaCAB.PrhasapLP
populations for clones with landing pad integration into a locus accommodating dynamic
expression. Screening 192 clones per population revealed four candidates with high GFP
expression for each landing pad variant (Figure 3C). These candidates were evaluated across a
range of inducer concentrations, confirming minimal uninduced expression and substantial
dynamic range (Figure 3D). Clones demonstrated a maximum of 46- and 33-fold induction for

the arabinose and rhamnose systems, respectively.

We further identified the genomic sites of ParaBap landing pad integration for 7 clones

from the AREAphaCAB.ParaapLP population (Table S1). Whole genome sequencing revealed
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that clones varied in integration site and landing pad copy number. Integration sites were
observed in TA dinucleotides across the two chromosomes and the pHG1 megaplasmid.
Multiple integration events of the ParaBaApLP were observed in 4 of the 7 clones, with a maximum
of 3 copies identified in a single clone. These results highlight the role of context effects and
copy number in determining amplitude and variability of expression levels from the landing pad.
Further, the strain with the highest fold change in fluorescence in response to l-arabinose
induction, from a single integration site, had the landing pad in the coding region of a SDR
(short-chain dehydrogenases/reductases) family NAD(P)-dependent oxidoreductase on
chromosome 1, 2 Mb downstream of the origin of replication. Together, these results guided the
selection of clones for further study, prioritizing those with single-site integrations and high

induction dynamic range.

Identifying inorganic carbon uptake systems that elevate intracellular inorganic carbon

concentrations in C. necator

Having validated the SGE technology with dynamic expression profiling of inducible systems,
we next applied this framework to evaluate heterologous Ci uptake systems. These systems,
sourced from diverse organisms, were tested for their capacity to enhance intracellular dissolved
inorganic carbon (DIC) levels in C. necator, leveraging the SGE method for precise and high-
throughput assessment. Six Ci uptake systems were identified from the literature for expression
in C. necator (Table 1)*-%, Heterologous expression of these diverse complexes have been
demonstrated to increase intracellular DIC levels in E. coli***¢. Additionally, previous studies
have also shown H. neapolitanus DAB2 and Cyanobacterial SbtA to increase intracellular
concentrations of bicarbonate in C. necator and therefore we included these systems as positive

controls3334,

To establish a functional readout for Ci uptake activity of the candidate Ci systems in C.
necator, we engineered an HCR phenotype. Bicarbonate is an essential substrate, not only in
facilitating the CBB cycle, but also in core metabolic processes such as the TCA cycle,
nucleotide, and lipid synthesis*’. At atmospheric CO2 concentrations (~0.04%), the spontaneous
hydration of COz2 does not supply sufficient levels of bicarbonate to sustain these central

reactions. Carbonic anhydrases (CAs), which catalyze COz-bicarbonate conversion, help meet
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this demand. Previous studies identified four CAs in C. necator, and deleting the CA can gene

was shown to induce an HCR phenotype33-3448,

We leveraged this phenotype to determine if the candidate Ci uptake systems could
increase intracellular bicarbonate to levels sufficient for growth in HCR C. necator under
ambient air conditions (Figure 4A). The can deletion mutant was constructed in the
AREAphaCAB background and successful deletion was confirmed by clonal PCR screens using
primers that amplify across the locus (Figure 4B)?*4°, Growth assays supported prior findings,
showing that the can knockout failed to grow under atmospheric CO2 but thrived in elevated CO2
(Figure 4C). To enable chromosomal integration of the Ci candidates, we transposed the
arabinose inducible landing pad (ParaBaADLP) into the HCR AREAphaCAB Acan strain. We
isolated a clone demonstrating 13-fold induction in fluorescence as the background strain for Ci
uptake system expression (Figure 4D). This clone was confirmed to have a single copy of the

arabinose inducible landing pad in chromosome 1 (Table S1).

Landing pad expression of inorganic carbon uptake systems recover high COz-requiring

phenotype in C. necator

To integrate the Ci uptake system candidate pathways into the landing pad, the respective SGEs
were assembled into the pPath vector. The pPath vector harbors the serine recombinase, PhiC31,
which can catalyze recombinase mediated cassette exchange (RMCE) between pairs of
noncomplementary attP and attB recognition sites?>>°. Transformation of the pPath vector,
followed by induced transcription of the PhiC31 integrase, drives the attB-site flanked SGEs to
displace the attP-site flanked GFP reporter in the landing pad.

pPath-Ci uptake system plasmids were conjugated into the AREAphaCABAcanParapapLP
strain, where Ci uptake systems were integrated into the landing pad via PhiC31 integrase
mediated cassette exchange (Figure 5A, B). Integrated strains were then subjected to titrated
concentrations of arabinose between 0 and 15 mM and cultured overnight under ambient CO2
concentrations. Growth measurements were taken 22 hours post induction with a plate reader. All
Ci uptake system-expressing strains demonstrated growth, indicating that the expression of these

uptake systems increased intracellular bicarbonate concentrations to levels required for
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anabolism (Figure 5C). The induction condition demonstrating the maximum ODsoo was 1 mM
arabinose for strains expressing the H. neapolitanus Dab2 and SbtA homologs, and 5 mM
arabinose for strains expressing Am. ferrooxidans-, At. ferrooxidans-, H. crunogenus-,
Sulfurovum sp. AR-, and T. ruber-derived Ci uptake systems. The highest ODeoo for all strains
were comparable to the ODeoo of the ancestral AREAphaCAB strain. These findings first
provided evidence that candidate Ci uptake system expression from the landing pad at these
induction conditions were sufficient for restoring Acan growth to levels comparable to the native
presence of can. Moreover, treatment with higher concentrations of inducer did not significantly
enhance or diminish ODeoo in comparison to the optimal inducer concentrations. Given that
ParaBaD-driven GFP expression from the landing pad did not plateau at these arabinose
concentrations in the AREAphaCAB background (Figure 3D), this constancy of OD at higher
inducer concentrations suggested that further increase in intracellular bicarbonate concentration
did not improve heterotrophic growth and slight excess in bicarbonate was not detrimental to
growth. Overall, these results indicated that the tested Ci uptake systems were sufficient at

meeting the metabolic demand for bicarbonate under heterotrophic conditions.

Discussion

In this study, we advanced the state-of-the-art in genome engineering in C. necator by
developing an efficient and reliable SGE mobilization scheme that allows tunable expression of
chromosomal-based pathways. Utilizing this approach, we demonstrated the chromosomal
expression of eight heterologous Ci uptake systems and demonstrated their ability to increase
intracellular bicarbonate concentration in C. necator, which can support future efforts to
reconstitute bona fide CCMs. This work helps facilitate the development of chromosomal
integration strategies in C. necator, marking a shift from traditional HR-mediated methods to

more versatile and efficient approaches’-2%-132,

The SGE mobilization technology addresses several shortcomings and limitations faced
with the selection/counterselection method. First, the landing pad-based strategy minimizes
heterologous expression workload and accelerates integrant generation timelines in comparison
to the homologous recombination-enabled selection/counter-selection method. Following landing

pad integration, our C. necator strains are ready for chromosomal integration ‘off-the-shelf”,
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with the post conjugation workflow being reduced by 75% to a single round of selection with a
timeline of two days. This comparative conservation of eight days enables more rounds of
integration and testing within the same timeframe, making this method more adept for pathway
diversification and optimization. Additionally, our landing pad design enables identification of
integration loci accommodating robust cargo expression, beyond the handful of previously
characterized sites!®. By assessing promoter activity in the integration locus with a GFP reporter
prior to cargo integration, our system allows empirical selection of favorable integration sites
that demonstrate a dynamic range in expression. To develop marker-less integrations that do not
require additional transformations, future work could focus on developing self-excising
recombination cassettes. Second, chromosomal integration via PhiC31 RMCE overcomes
fragment size limitations observed with HR-mediated integration methods in organisms with low
endogenous HR efficiency??. Serine recombinases are not constrained by host factors and
mediate site-specific recombination between defined attP and attB sequences, with precedent of
integrations as large as 133 kb in Drosophila®. This mechanism is compatible with large
fragment integrations because it is independent of homology processing and endogenous
machinery. To realize multi-pathway integrations with orthogonal landing pads, it will be integral
to expand the repertoire of available integrase-att site pairs and characterize RMCE activity of

known integrases in C. necator.

Characterization of inducible promoters from the C. necator chromosome demonstrate
that characterizations conducted on plasmid-based systems cannot be directly extrapolated to
chromosomal contexts. The inducible promoters we express at 1 to 3 copies were previously
characterized on the medium copy ori, pPBBR1 (~40 copies per cell)*33%33. We observed a smaller
fold-change in induction with our chromosomally expressed inducible promoters in comparison
to these previous plasmid-based studies. We hypothesize that this reduced fold change in
induction arises from the multiplicative scaling effect, where induced expression levels are
amplified more than uninduced levels in higher-copy systems, resulting in a greater apparent
fold-change compared to lower-copy systems. We also showed that expressing heterologous
pathways from different genomic locations has a significant effect on absolute expression level.
Given that carbon-negative biomanufacturing applications will utilize more physiologically
relevant chromosomal gene expression due to factors such as stability and inability to use

antibiotics in commercial-scale processes, our findings illustrate the importance of characterizing
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genetic parts in a chromosomal context™. Strategies such as utilizing RBSs with greater
ribosomal affinity and introducing multiple chromosomal copies of a given gene can be

implemented to further increase expression.

Further, while this manuscript was in review, Federici et al. published CIFR (clone-
integrate-flip-out-repeat), a complementary homologous recombination-independent genome
integration method demonstrated in three gram-negative bacteria, including C. necator’’. Both
the CIFR workflow and our approach utilize transposon-driven random genomic integration for
an empirically informed selection of integration sites. On the other hand, the CIFR workflow
employed an integrase excision scheme to achieve iterative genomic integration of cargo with
minimal integration of unwanted genetic material, while our approach utilized a landing pad
scheme for accelerated and higher throughput testing of various pathway candidates. We believe
that integrating these two strategies could allow for a more efficient and accessible genome

integration approach in C. necator and other gram-negative bacteria.

Advances in genome engineering technologies are essential in performing rapid
functional genomics or fully realizing carbon-negative biomanufacturing using C. necator. For
example, recent studies have successfully demonstrated gene deletions using CRISPR/Cas9 and
transient gene knock downs using CRISPR inference*'3>%6, However, the E. coli genetic toolkit
presents many more tools that can be applied in C. necator to probe a greater variety of genomic
modifications. For example, adaptation of an oligo recombineering technique like MAGE
(multiplexed automated genome engineering) would enable rapid diversification of native
metabolic pathways for directed evolution and pathway engineering>’->8, Additionally,
heterologous pathways could be diversified with MAGE in E. coli and mobilized into the C.
necator genome using the SGE mobilization technology. Such methods could be utilized to
enhance CO: fixation capabilities in C. necator, improving its utility as a host for converting

CO2 to valuable metabolic products.
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Figure 2. Developing SGE mobilization technology in C. necator. (A) Schematic of landing
pad. Coupled conjugation-transposition is used to deliver a landing pad into C. necator genome.
The cmR gene allows chloramphenicol selection of strains with landing pad integration. PhiC31
integrase attP sites flank the pT7-GFP reporter for RMCE in subsequent conjugation of genetic
payload. (B) Transconjugation efficiency of T7 RNAP circuit landing pad population. (C)
~10,000 clones containing the T7 RNAP circuit landing pad in the C. necator H16 background
were pooled and assayed for fluorescence by flow cytometry. Fluorescence distribution of
uninduced (blue) and induced (red, aTc 10 ng/mL + 1 mM theophylline; green, aTc 100 ng/mL +
1 mM theophylline) cells was quantified. Three individual clones were randomly picked and
similarly quantified with and without induction. Mean and coefficient of variation (CV) are
shown to quantify expression strength and variability, respectively. Cell counts represented in the
y-axis were normalized to mode. (D) GFP induction of individual clones was quantified on a
plate reader, fluorescence collected for 20 h after 1 mM theophylline and 100 ng/mL aTc
induction (green) and no induction (blue). (E) Fluorescence in response to increasing
concentration to either aTc or theophylline was collected on a plate reader 20 h after induction.
For each titration experiment, the non-titrated inducer was constant at I mM for theophylline and
100 ng/mL for aTc. Heatmap represents the average value of replicates.
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Figure 3. Landing pad expression optimized for C. necator. (A) Schematic of landing pad
with inducible promoter candidates replacing the T7 RNAP circuit. (B) ~50,000 clones
containing the landing pad variants in the C. necator H16 AREAphaCAB background were
pooled and assayed for fluorescence (FITC-A) by flow cytometry. Fluorescence distribution of
uninduced (gray) and induced (5mM of respective inducer; blue: 1-arabinose; green: 1-rhamnose;
pink: sodium salycilate; orange: sodium benzoate) cells was quantified. (C) 192 random
colonies/population from the AraC/Parasap and RhaR S/Prhapap landing pad populations were
picked and assayed for fluorescence with a plate reader 20 h post induction with 5 mM of
respective inducer. (D) Four clones demonstrating the highest fluorescence were selected from
(C) and subjected to increasing concentrations of the respective inducer. Fluorescence was

assayed 20 h post induction using a plate reader.
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369  Figure 4. Generating a C. necator strain with a high CO: requiring (HCR) phenotype. (A) A
370 landing pad was transconjucated into a C. necator strain exhibiting an HCR phenotype from the
371  deletion of the carbonic anhydrase, can. (B) PCR amplification across the can locus in the H16
372  AREAphaCABAcan background to genotypically determine deletion of the carbonic anhydrase.
373  (C) Growth phenotype of H16 AREAphaCABAcan strain under ambient and elevated (10%)

374  concentrations of COz. (D) AraC/ParaBap landing pad was transconjugated into the H16

375  AREAphaCABAcan background. Fluorescence was measured 20 hours post treatment with 5 mM
376  l-arabinose.
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377
378  Figure 5. Heterologous Ci uptake system expression recover HCR phenotype in

379  heterotrophically cultured C. necator. (A) Ci uptake system candidate pathways assembled
380 into the pPath vector are integrated into the transposed landing pad via PhiC31 integrase activity.
381 (B) Candidate Ci uptake systems were conjugated into the H16 AREAphaCABAcan background
382  transposed with AraC/ParaBaDp landing pad. (C) ODeoo of Ci uptake system candidate carrying
383  HCR strains cultivated at ambient air conditions (0.04% COz), 22 hours post induction with

384 increasing concentrations of l-arabinose. Heatmap represents the average value of replicates.
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389
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391
392

Species Subunit IMG gene ID Length (bp) Reference
Acidimicrobium CM 644951280 4149 4
ferrooxidans
Acidithiobacillus C 642789231 1641
ferrooxidans M 642789232 2478
Hydrogenovibrio C 637785574 1557
crunogenus M 637785573 2472
Sulfurovumsp. strain | C 2620607600 1614
AR M 2620607602 729

T 2620607601 2880
Thermocrinis ruber | TC 2512918850 2283

M 2512918849 2997
Halothiobacillus DabB2 646382590 2484 4
neapolitanus DabA2 646382589 1656
Synechococcusspp. SbtA 637799907 1122 46
PCC7942 SbtB 637799908 315
Cyanobium sp. SbtA 647590134 999
PCC7001 SbtB 647590133 315

Table 1. Inorganic carbon (Ci) uptake system candidates. Identified Ci uptake systems

reported to upregulate intracellular bicarbonate concentrations when expressed in E. coli from
the literature. Systems are found in 1-, 2-, and 3-subunit configurations. For Ci uptake systems

characterized in Schmid et al., 2021, the subunits are annotated as a membrane-spanning protein
(M subunit), a cytoplasmic protein (C subunit), and a tiny subunit (T subunit) that is encoded by
a small gene that can be found between genes encoding the M and C subunits. The 4.
ferrooxidans CM is a fusion protein of the C and M subunits. Subunits are listed in the order that

they are found in the native operon.
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Methods
Plasmid construction:

Detailed information on plasmids is reported in Table S1. To generate inducible system variants,
candidate inducible systems were assembled into the pLP-pcepA-himar-chlorR vector backbone
via Gibson assembly using NEBuilder HiFi DNA assembly master mix (New England Biolabs).
Ci uptake systems were assembled into the pPath-pcepA-integrase v2 vector by Golden gate
assembly using NEBridge Golden Gate Enzyme Mix (Bsal-HFv2) (NEB).

The can gene deletion plasmid was assembled by amplifying 750 bp upstream and 500 bp
downstream of the can locus from C. necator genomic DNA using repliQa HiFi ToughMix
(Quantabio) and Gibson assembly into the pK18msB vector (GenBank Accession # OK423783,
Addgene Plasmid #177839) with NEBuilder HiFi DNA assembly master mix (NEB).

Ci uptake system genes were codon optimized for C. necator expression using the DeNovoDNA
CDS calculator with the C. necator codon usage table>%0. Synthesis of genes encoding inducible
systems and Ci uptake system candidates were performed by Twist Biosciences.
Oligonucleotides were purchased from Integrated DNA Technologies with standard purification
and desalting. Plasmids were transformed into E. coli TransforMax™ EC100D™ pir+ cells
(Bioresearch technologies) and selected on LB agar plates containing the respective antibiotics.

Colonies were screened by PCR and validated with whole plasmid sequencing (Plasmidsaurus).
Media:

E. coli cultures were maintained in Lysogeny Broth (LB)-Lennox medium (LB, 10 g/L bacto
tryptone, 5 g/L sodium chloride, 5 g/L yeast extract). C. necator cultures were maintained in a
media mixture consisting of 50% LB-Lennox medium and 50% minimal salt media (MSM)
(3.746 g/L K2HPO4, 1.156 g/ KH2PO4, 0.962 g/L. NH4Cl, 0.702 g/L NaCl, 66 mg/L citric acid,
16.68 mg/L FeSO4-7H20, 0.1 mg/L ZnClz, 0.03 mg/L MnCl2-4H20, 0.05 mg/L CoCl2-6H20,
0.07 mg/L CuCl2-2H20, 0.12 mg/L NiCl2-6H20, 0.03 mg/L NaxMoO4-2H20, 0.05 mg/L
CrCl3-6H20, 0.3 mg/L H3BOs3, 11 mg/L CaClz, 240 mg/L MgSO4) supplemented with 2 g/L
fructose. C. necator was cultured on LB for agar plates. When antibiotic selection was required,
kanamycin was used at 50 pg/mL for E. coli and 200 ng/ml for C. necator, chloramphenicol was

used at 25 pg/mL for E. coli and 37.4 ng/mL for C. necator, and gentamycin was used at 15

18

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.

The published version of the article is available from the relevant publisher.



422
423
424

425

426
427
428

429

430
431
432
433
434
435
436
437
438
439
440

441

442
443
444
445
446
447
448

449

pg/mL for C. necator. For culturing the auxotrophic E. coli BW19851Aasd, 100 ng/mL
diaminopimelic acid (DAP) was supplemented. For inductions, l-arabinose, I-rhamnose, sodium

salicylate, and sodium benzoate were prepared as 500 mM stock in water.
Growth conditions:

E. coli strains maintaining plasmids containing the heat inducible pcepA4 promoter were cultured
at 30°C to prevent expression of the transposase or integrase. The C. necator AREAphaCABAcan
strain was cultured under 10% CO2 at 30°C in the Incu-Shaker CO2 mini (Benchmark Scientific).

Transformation conditions:

For plasmid transformation into E. coli, we used the E. coli electroporation protocol described in
Patel et al., 2022 %. To introduce landing pads and Ci uptake systems into C. necator, respective
constructs were electroporated into the donor strain E. coli BW19851Aasd from Patel et al., 2022
for conjugation %°. Interspecies conjugations were performed by preparing 25 mL late log donor
and recipient strains, washing away selective antibiotics with PBS, mixing equal OD units of
donor and recipient, concentrating the mixture 100x, and spotting 50 pL replicates of the mixture
on solid LB + 100 pg/mL DAP. Conjugations proceeded for 24 hours at 30°C, followed by a 1-
hour incubation at 37°C to induce transposase or integrase expression, and plated on selective
DAP-free medium. Selection and counter-selection steps for can deletion in C. necator
AREAphaCAB background were conducted under 10% CO:z. Conjugations of Ci uptake systems
into C. necator AREAphaCABAcan were conducted under 10% COx.

Calculation of transconjugation frequency:

To calculate the transconjugation efficiency of the landing pad construct into C. necator,
conjugants post 37°C induction were serially diluted and plated on chloramphenicol 37.4 ug/mL
agar plates and non-selective agar plates (Figure 2B). Plates were incubated at 30°C for 48
hours. Colonies were observed for 10° and 1076 dilutions under selective and non-selective
conditions, respectively. Transconjugation frequency was calculated by dividing number of
colony forming units (CFUs) on selective media by number of CFUs on non-selective media

multiplied by the dilution factor.

Flow cytometry analysis:
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Fluorescent measurements were performed with the BD Symphony S6 cell sorter. For
transconjugation populations, colonies on selective DAP-free plates were first lifted and grown
for an hour at 30°C. For individual clones, cell cultures were first grown overnight to saturation.
These cultures were diluted 1:100 into inducer and cultured for an additional 12 hours. Cells
were diluted 1:100 in PBS and loaded into the instrument. Quantification was done with FlowJo
v10. Briefly, the cell population was gated with the forward scatter and side scatter channels,
before quantifying fluorescent intensity in the FITC channel. FITC values were normalized by

background subtraction of the wild type C. necator signal.
Plate reader analysis:

Fluorescent measurements for evaluating the performance of landing pad expression cassettes
were performed on a BioTek Synergy H1 plate reader (Figure 2D-E, 3C-D, 4D, 5C, and S1-4).
C. necator cultures were grown in 50% LB, 50% MSM 2 g/L fructose with the respective
antibiotics overnight at 30°C 225 rpm. Confluent cultures were diluted 1:50 into 50% LB, 50%
MSM 2 g/L fructose in a black well clear bottom 96 well plate (100 pL per well). Absorbance at
ODsoo and GFP fluorescence (485 nm ex, 528 nm em) values were measured kinetically every 20
minutes or for an endpoint <12 hours post induction. Cultures were grown at 30°C under
continuous double orbital shaking at 807 cpm in the plate reader. To quantify cell density -
normalized fluorescence, GFP values were divided by ODsoo values. These values were further
background subtracted using the average GFP/ ODecoo values of wildtype cells. For measuring
growth of Ci uptake system expressing HCR strains, ODs0o was measured kinetically every 20
minutes or for an endpoint <12 hours post induction. ODsoo values were calibrated to ODesoo

measurements at standard 1 cm path length (Figure S5).
Gene deletion:

Gene deletions were performed as previously described in Calvey et al., 2022, with antibiotic

selection and all following steps were conducted under 10% CO2 for the can deletion*?.
Genotyping:

The C. necator wild type and AREAphaCABAcan can locus were genotyped from colony using
repliQa HiFi ToughMix (Figure 4B). Results were analyzed on a 1% agarose gel stained with
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ethidium bromide. Landing pad integration sites were identified by whole genome sequencing

(Plasmidsaurus).
Spotting assay:

The C. necator AREAphaCABAcan was incubated under 0.04% (atmospheric CO2 concentration)
and 10% COz to assess the HCR phenotype (Figure 4C). C. necator AREAphaCABAcan cultures
were grown in 50 % LB, 50% MSM 2 g/L fructose overnight at 30°C 225 rpm. 3 pL of the
culture was spotted on LB agar plates, and separately incubated at 0.04% (atmospheric CO2
concentration) and 10% COz at 30°C for 48 hours.

Abbreviations

aTc - anhydrotetracycline
Ci - inorganic carbon

HCR — high COz-requiring
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