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One of the greatest feats of metabolism is the ability to synthe-
size reduced compounds from input substrates with varying 
oxidation states. Using reductive metabolism, cells reassem-

ble the output of substrate catabolism for energy-dense bioproduct 
synthesis1. This process is often implemented in both laboratory and 
industry with single organic carbon sources (for example, sugars) as 
inputs due to simplicity2,3. Nonetheless, single substrates naturally 
impose stoichiometric constraints on available carbons, energy and 
redox cofactors, leading to biosynthetic imbalance and subopti-
mal product yield. Thus, genetic rewiring of metabolic pathways is 
required to advantageously shift these stoichiometries4, which pre-
cludes wide application of non-model organisms that lack suitable 
genetic tools5.

Substrate mixtures, on the other hand, present the potential to 
alleviate such stoichiometric constraints in reductive metabolism 
without genetic rewiring. Since each substrate has unique efficien-
cies for carbon, energy and cofactor generation, varying the relative 
amounts of substrates in the mixture allows fine-tuning of carbon-
to-energy-to-cofactor ratios. Furthermore, substrates with different 
entry points to metabolism alleviate protein burdens by providing 
the required components in fewer enzymatic steps. Nevertheless, 
mixed substrate metabolism is epitomized by sequential (for exam-
ple, diauxie) and hierarchical (yet simultaneous) use based on sub-
strate preference6–8, reflecting the evolutionary fitness of cells in 
their native environments9. Despite the recent success of substrate 
mixture batch fermentation using limited substrate pairs (that do 
not trigger catabolite repression)10,11, genetic engineering12,13 and 
directed evolution14–16, the full mixture spectrum remains inacces-
sible and thus unexplored.

In the present study, we report a simple and universal solution 
to overcoming undesirable substrate preferences and improving 
carbon reduction in various organisms. We eliminate catabolite 
repression by controlling the continuous feed rate of preferred 
superior substrates to maintain negligible concentrations in sys-
tems dominated by inferior substrates. Using this method, we 
explored mixed substrate metabolism and therein observed 
enhanced metabolic productivity that exceeds the sum of individual  
substrate productivities.

This substrate cofeeding scheme was applied to two widely 
divergent organisms to optimize reductive metabolism of lipogen-
esis and acetogenesis. We cultured the oleaginous yeast Yarrowia 
lipolytica on acetate and continuously fed limiting quantities of 
glucose, fructose, glycerol or gluconate as ‘dopant’ substrates to 
augment reductive metabolism. In this fed-batch set-up, cells simul-
taneously consumed acetate and the supplemented substrate, with 
acetate remaining as the primary carbon source. In particular, the 
rate of lipogenesis with gluconate doping was twice as fast as that 
of the acetate-only control. Tracing 13C from gluconate revealed 
that obligatory NADPH synthesis by recursive use of the oxidative 
pentose phosphate pathway (PPP) was responsible for the observed 
synergy with acetate.

We then set out to source acetate via acetogenesis, a reductive 
metabolic process starting from CO2. The acetogenic bacterium 
Moorella thermoacetica simultaneously consumes CO2 and glucose 
with the latter providing both ATP and electrons (e−) necessary 
for CO2 fixation, cell maintenance and growth17. However, tracing 
13C-labelled glucose revealed that glucose metabolism dominated 
and e− generation was coupled to undesirable decarboxylation.  
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To shift cellular metabolism towards greater CO2 incorporation, we 
designed a chemostat that continuously supplied limiting glucose 
and ample H2. Under these conditions, CO2 reduction metabolism 
dominated, glucose primarily produced ATP sufficient for cell 
maintenance via pyruvate kinase and carbon-free e− for net CO2 
reduction were supplied by H2. Importantly, with dopant substrate 
glucose, M. thermoacetica rapidly converted CO2 into acetate exclu-
sively, serving as the ideal input for gluconate-doped lipogenesis.

With the aforementioned synergy, we fixed CO2 at 2.3 g per g 
cell dry weight per hour (g gCDW−1 h−1), substantially faster than 
approximately 0.05 g gCDW−1 h−1 of typical photosynthetic sys-
tems18. Using the resulting acetate, we produced lipids at 0.046 g 
gCDW−1 h−1, a more than twofold improvement over the previ-
ously optimized system (approximately 0.02 g gCDW−1 h−1)19. 
Coordinating the glucose-doped acetogenesis and gluconate-doped 
lipogenesis, we converted carbons in the most oxidized, undesir-
able state (CO2) to the reduced, energy-dense state (lipids) with  
38% energy yield. Through synergistic substrate cofeeding, 
we overcame the limitation of ATP- and NADPH-dependent  
biological carbon reduction, paving the path for CO2-derived 
advanced bioproduct synthesis.

Accelerating lipogenesis from acetate by enhancing NADPH 
generation in Y. lipolytica
Lipogenesis requires a balanced supply of acetyl coenzyme A 
(acetyl-CoA), ATP and NADPH at an approximately 1:1:2 ratio. 
Single substrates, such as glucose and acetate, can provide all three 
building blocks for lipids19–21. However, lipid synthesis from ace-
tate, despite acetate’s direct contribution to acetyl-CoA and ATP, is 
slower compared to that from glucose22 (Fig. 1a). This is because in 
Y. lipolytica, NADPH generation is mainly through oxidative PPP, 
which takes a series of ATP-intensive reactions to arrive at, starting 
from acetate23.

We aimed to enhance acetate-to-lipid conversion by better sup-
plying NADPH. Since glucose can flow more directly into oxida-
tive PPP than acetate, we provided both acetate and glucose to a  
Y. lipolytica batch culture. Consistent with the widely accepted phe-
nomenon of catabolite repression24, cells consumed glucose only at 
first (Supplementary Fig. 1). To overcome this selective preference 
(that is, diauxie), we devised a fed-batch system, where instead the 
same amount of glucose was continuously supplied over the course 
of fermentation to an acetate culture (Fig. 1b). The feed rate was 
kept slow to maintain negligible glucose concentrations in the reac-
tor. In this set-up, despite constant introduction of glucose, we 
observed steadily decreasing acetate and no glucose in the reactor, 
suggesting simultaneous consumption of the two carbon sources  
(Fig. 1c). Furthermore, the fed-batch cofeeding strategy enhanced 
both growth and lipid production in Y. lipolytica significantly com-
pared to the acetate-only control (Fig. 1d,e).

Using the same fed-batch system, we also tested supplementing 
other substrates (fructose, glycerol and gluconate) that enter metab-
olism near oxidative PPP as metabolic ‘dopants’ to provide NADPH 
(Fig. 2a). In all cases, we observed simultaneous consumption of 
acetate and the supplemented substrate (Supplementary Fig. 2).  
As with glucose, cell growth and lipid production were enhanced 
(Supplementary Fig. 3) despite the supplemental substrates con-
stituting only small fractions of carbons (Fig. 2b). To distinguish 
whether the increase in lipid production was due to cellular metab-
olism enhancements or simply having more cells in the culture, we 
determined specific growth rates and productivities. Substrate dop-
ing nearly doubled both the specific growth rate (Fig. 2c) and the 
specific lipid productivity during the nitrogen-replete growth phase 
(Fig. 2d). In the nitrogen-depleted lipogenic phase, glucose, fruc-
tose and glycerol cofeeding only modestly enhanced specific pro-
ductivity, while gluconate cofeeding significantly outperformed all 
other conditions (Fig. 2e).
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Fig. 1 | Continuous glucose cofeeding relieves repression of acetate in Y. lipolytica. a, Acetate can efficiently support acetyl-CoA and ATP generation 
through the TCA cycle but not NADPH generation, which requires many enzymatic steps and ATP. Glucose, on the other hand, can produce NADPH 
more directly through oxidative PPP. b, Since glucose batch feeding suppresses acetate consumption, glucose was continuously supplemented in small 
quantities to the acetate culture. c, Despite the continuous feeding of glucose, its concentration in the reactor remained at 0 and acetate concentration 
decreased. Thus, the fed-batch system enabled simultaneous consumption of acetate and glucose. d,e, Biomass (d) and lipid production (e) were faster 
and higher with glucose ‘doping’ compared to the acetate-only control. c–e, The centre and error bars represent the mean ± s.e.m. (n = 3 biologically 
independent samples).
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Recursive NADPH generation via the pentose cycle
To understand the mechanism of accelerated lipid production, we 
aimed to elucidate how continuous gluconate supplementation 
rewires metabolism. Tracing the carbons from [U-13C6]-gluconate 
by liquid chromatography–mass spectrometry (LC–MS), we 
observed that the 13C atoms were confined to the PPP and upper 
glycolysis (Fig. 3a and Supplementary Table 1). Gluconate enters 
metabolism as 6-phosphogluconate (6PG), which can go only in 
the oxidative direction through oxidative PPP because the com-
bined thermodynamics of glucose-6-phosphate dehydrogenase and 
6-phosphogluconolactonase (ΔG°´ = −29 kJ mol−1) strongly favours 
the flow of 6PG further into the PPP25. This causes gluconate to 
obligatorily generate NADPH via 6PG dehydrogenase, which is 
probably responsible for the acceleration of lipogenesis. On the 
other hand, metabolites in the tricarboxylic acid (TCA) cycle, as 

well as fatty acids, were completely unlabelled, indicating exclu-
sive contribution of lipogenic acetyl-CoA and ATP from acetate  
(Fig. 3a and Supplementary Table 1). These labelling data suggested 
the partitioned usage of metabolism, where acetate primarily pro-
vided acetyl-CoA and ATP while gluconate primarily provided 
NADPH to meet the metabolic demands of lipogenesis.

To further validate the hypothesis that gluconate enhances lipo-
genesis through NADPH supplementation, we performed meta-
bolic flux analysis using the labelling data, substrate uptake rates 
and lipid production rate. The flux distribution that best fitted all 
these measurements revealed a strong flux through the oxidative 
PPP NADPH-generating steps (Fig. 3b and Supplementary Table 2).  
Interestingly, phosphoglucose isomerase operated in the reverse 
direction converting fructose 6-phosphate (F6P) to glucose 6-phos-
phate (G6P). Flux analysis also revealed that the gluconeogenic,  
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oxidative PPP and non-oxidative PPP fluxes together form a 
metabolic cycle, which we termed the ‘pentose cycle’ (Fig. 3b and 
Supplementary Table 2). Akin to the TCA cycle, the pentose cycle 
recursively oxidized the carbons from gluconate into CO2 while pre-
serving the electrons as NADPH for lipogenesis, maximizing the 
dopant substrate’s role as an NADPH provider.

Preferential use of glucose leads to excessive decarbo­
xylation in CO2-fixing M. thermoacetica
Acetogenesis is a reductive metabolic process that produces ace-
tate from CO2. In acetogenic organisms, the reductive acetyl-CoA 
pathway incorporates CO2 as the carbonyl and methyl components 
of the acetyl group26 (Fig. 4a). The methyl branch of this pathway 
requires ATP, which acetogens may recover by acetate production. 
This ATP conservation contributes to efficient autotrophic CO2 
fixation27; however, autotrophic culture conditions, which derive 
energy solely from inorganic sources (for example, oxidation of H2), 
result in slow metabolism and low culture density28,29.

Since glycolysis effectively produces ATP and the e− necessary 
for operating the reductive acetyl-CoA pathway, we cofed CO2 and 
[U-13C6]-glucose to M. thermoacetica and looked for signs of CO2 
incorporation. If acetate were the only product, we would expect up 
to 100% carbon yield, that is, three acetate molecules per glucose29. 
On the other hand, with potential other products (for example, 
pyruvate) or biomass components (for example, Ser/Gly, Asp and 
Glu), net CO2 use becomes feasible since some pathways gener-
ate reducing agents without CO2 production or fix more CO2 than 
the amount produced (Supplementary Fig. 4). Since net CO2 use 
depends on the types and fractions of fermentation products, we 
quantified cell growth, the secreted molecules and their carbon 
yields relative to glucose consumption (Fig. 4b). We observed the 
activity of the reductive acetyl-CoA pathway since the produced 
acetate accounted for 77% of glucose carbons, exceeding what is 
possible via glycolysis (67%). However, since the glucose carbon 
consumption rate approximately matched the total carbon output  

rate of major products (that is, biomass, acetate and formate 
accounted for 93%), we did not observe net CO2 use.

We hypothesized that our observed carbon yield was due to insuf-
ficient reducing agents available for new CO2 use and cells preferen-
tially consuming glucose over CO2. To trace the fate of 13C-glucose 
carbons and to visualize metabolic pathway use, we measured 13C 
enrichment in cellular metabolites with LC–MS. Unlabelled CO2 
was provided in the headspace and CO2 remained mostly unlabelled 
(Supplementary Fig. 5). The carbons of glycolytic intermediates 
were ≥90% labelled except for pyruvate, which was approximately 
50% labelled (Fig. 4c and Supplementary Table 3). The lower label-
ling in pyruvate was due to reversible pyruvate:ferredoxin oxidore-
ductase (PFOR), which can form pyruvate by combining unlabelled 
CO2 and the acetyl group derived from the reductive acetyl-CoA 
pathway. With phosphoenolpyruvate (PEP) remaining mostly 
labelled, the contrasting pyruvate labelling indicated that pyru-
vate kinase (PEP + ADP → pyruvate + ATP) was forward-driven to  
produce ATP.

Interestingly, serine, glycine and other amino acids derived 
from pyruvate and TCA cycle intermediates were also half-labelled 
(Fig. 4c and Supplementary Table 3). These labelling data sug-
gested shared usage of central metabolism, where glucose and CO2 
jointly contributed to the TCA cycle (and thus to non-aromatic 
amino acid biosynthesis). However, because glycolysis and the PPP 
(and thus the synthesis of nucleotide ribose rings and aromatic 
amino acids) were driven mainly by glucose, cells incorporated 
more carbons from glucose. Therefore, despite the simultaneous 
consumption of CO2 and glucose, lack of observable net CO2 fixa-
tion was the result of cells prioritizing ATP production and cell 
growth. Prioritizing ATP production involves faster glycolysis 
via faster glucose uptake. This substrate hierarchy favouring glu-
cose subsequently led to excessive pyruvate decarboxylation via 
PFOR (Fig. 4d and Supplementary Table 4), which, together with 
CO2-producing biosynthetic pathways (Supplementary Fig. 6),  
outpaced CO2 incorporation.
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Accelerating acetate production from CO2 by decoupling e− 
supply from decarboxylation
Since undesirable decarboxylation is coupled to the PFOR step for 
e− generation from glucose (two e− generated per CO2 released), we 
aimed to limit the function of glucose as an e− source by decreasing 
PFOR flux and stimulating net CO2 incorporation (four e− required 
per CO2 fixed). On the other hand, sufficient ATP is still required 
from glucose through pyruvate kinase to avoid slow metabolism 
and sustain CO2 reduction. We note that acetate production via 
the reductive acetyl-CoA pathway does not consume ATP, lead-
ing to cell maintenance (that is, housekeeping) being the only ATP 
requirement for converting CO2 to acetate (Supplementary Fig. 7). 
Hence, we implemented glucose-limiting culture environments in 
a chemostat to reduce the rate of glycolysis such that it supplies 
the required ATP but overall decarboxylation is slowed (Fig. 5a). 
To compensate for the decreased e− availability, cells were provided 
with H2 as a carbon-free e− source that yields reducing agents with-
out CO2 generation. In addition, low dilution rates (< 0.1 h−1) were 
selected to minimize biomass formation and maximize cell resi-
dence time in the reactor.

Using this glucose doping system, productivities and yields at 
various fractions of e− derived from glucose versus H2 were obtained 
(Fig. 5b). In this plot, we also included batch results with or with-
out H2 in the headspace (Supplementary Table 5). Interestingly, the 
presence of H2 decreased the glucose consumption rate, shifting 
carbon substrate preferences towards CO2 (Supplementary Fig. 8). 
At steady state, acetate concentration in the effluent from the che-
mostat could exceed 13 g l−1. With decreasing fractions of e− from 
glucose, the acetate production rate could be more than 80 times 
as fast as the glucose feed rate, and the carbon yield monotoni-
cally increased to >80 g acetate produced per g glucose consumed. 
This high yield indicated that the overwhelming majority of acetate 
and biomass was derived from CO2 rather than glucose. While cell 
growth rates were slow in the chemostat (growth rate = dilution 
rate), acetate production remained fast (Fig. 5b). Importantly, we 
found that, at 2% of e− from glucose, glucose doping simultaneously 
enabled a very high yield (>50 g acetate per g glucose) and substan-
tial acetate productivity (>9 mmol gCDW−1 h−1, approximately 1/3 
of the maximum observed productivity).

Across the glucose + H2 energy landscape, CO2 fixation rates 
peaked at 52.7 mmol gCDW−1 h−1 (2.3 g gCDW−1 h−1) (Fig. 5c). 
Such high rates implied that we not only decreased CO2 generation 
from pyruvate decarboxylation but also increased the reductive ace-
tyl-CoA pathway flux. Furthermore, the maximum rate occurring 
between the two extremes (glucose only and H2 only) demonstrated 

that the CO2 fixation rate is determined by a balance between reduc-
ing agents and ATP supplied via H2 and glucose, respectively. Thus, 
using controlled glucose doping, we decoupled e− supply from 
decarboxylation, shifted cellular metabolism towards favouring 
CO2 use over glucose and achieved rapid and continuous CO2 con-
version into acetate.

Coordination of ‘doped’ acetogenesis and lipogenesis
Coordinating acetogenesis and lipogenesis allows CO2-to-acetate-
to-lipid conversion. Interestingly, the observed acetate and fatty acid 
productivities from glucose and gluconate doping (V12) exceeded 
not only the measured productivities with individual substrates 
(V1 or V2), but also the expected productivity for the two sub-
strates combined (V1 + V2) (Fig. 6a). The expected productivity was 
extrapolated linearly from the combination of supplemental glucose 
feeding with CO2 + H2 batch fermentation for acetogenesis and the 
combination of supplemental gluconate feeding with acetate batch 
fermentation for lipogenesis (Supplementary Note).

We attributed the observed synergy (V12 > V1 + V2) to comple-
mentary substrate cofeeding. While our 13C labelling experiments 
showed the roles of glucose and gluconate in ATP and cofactor syn-
thesis, respectively, we sought to define the theoretical framework that 
illustrates the feasibility of this synergy. To this end, stoichiometric 
analysis of the different fates of individual substrates was combined 
with experimentally measured rates of single-substrate acetogen-
esis and lipogenesis. The maximum carbon, ATP and e− attainable 
with mixed substrates were then evaluated for the two processes (see 
Supplementary Note). We identified that ATP and NADPH genera-
tion by glucose and gluconate doping relieved the limiting ingredi-
ents for acetate and lipid synthesis, respectively, and, in conjunction 
with the primary substrates, better balanced the energy and cofactor 
ratio requirements for reduced bioproduct synthesis (Fig. 6b).

In terms of organic carbon yield, the integrated acetogenesis-
lipogenesis process converted 1 g of glucose to approximately 13 g of 
lipids (0.154 g lipids per g acetate × approximately 82 g acetate per g 
glucose) by extensive CO2 use. Increasing the mass transfer rates of 
gases improves H2 (and CO2) use efficiency; it has been reported that 
approximately 95% of supplied H2 can be used by commercial CO2-
fixing microbes30,31. By continuously converting CO2 and H2 to lipids 
via coordinated acetogenesis and lipogenesis, 38% of energy from 
H2 was stored as lipids and 14% as yeast biomass (Fig. 6c). Nearly all 
carbons (approximately 99%) in lipids originated from CO2.

To further explore the potential of our synergistic cofeeding 
approach, we applied the stoichiometric analysis to other acetyl-
CoA-derived products and determined the gains in productivities 
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(Fig. 6d and Supplementary Note). Similar to the results for fatty 
acids, the model predicted synergy between the substrate pair in 
producing other reduced compounds, such as poly-3-hydroxybu-
tyrate (PHB) and isopentenyl pyrophosphate (IPP, the precursor of 
isoprenoids), leading to increases in productivities over the extrap-
olated sum (V12 > V1 + V2). Therefore, our synergistic substrate 
cofeeding strategy may stimulate conversion of CO2 into a wide 
array of advanced bioproducts.

Discussion
One of the greatest biotechnological challenges is engineering 
metabolism. Current engineering efforts often focus on funnelling 
metabolic fluxes through product synthesis pathways via assem-
bling various gene pools and knocking out competing pathways 
with existing genetic tools32. In addition, most processes start from 
sugars as the sole substrate, which inherently causes some metabolic 
intermediates to be out of balance and surplus components to be 
wasted because of the differences in chemical properties between 
substrate and product. This further necessitates the use of genetic 
engineering for flux rewiring to achieve industrially relevant pro-
duction metrics. Such approaches set a limit on the choice of micro-
bial hosts based on genetic manipulability; existing strategies are 
not generalizable to all organisms.

In the present study, we presented the potential of synergistic 
substrate cofeeding as a generalizable method and a more effective 
starting point for bioproduct synthesis. Importantly, we overcame 
the difficulties that arise due to organisms’ preferential substrate 
use. Controlled continuous feeding of a preferred substrate as 
a metabolic dopant did not inhibit the consumption of the less 
favoured substrate. Using this approach, we enhanced the use of 
CO2 and acetate, which are typically the end products of metabo-
lism and therefore least preferred by organisms. This was demon-
strated in both M. thermoacetica and Y. lipolytica, two organisms 
with distinct metabolism and genetic manipulability, using various 
substrate pairs (glucose and H2/CO2 as well as acetate and gluco-
nate). Correspondingly, we expect this design to be widely appli-
cable to other substrates and organisms.

Surprisingly, substrate cofeeding synergistically enhanced prod-
uct synthesis. In both cases, the total product carbon flux result-
ing from co-utilized substrates exceeded the sum of the individual 
substrate fluxes (V12 > V1 + V2 where V represents the productivity 
on either substrate (subscript 1 or 2) or both substrates (subscript 
12)). However, previous experimental efforts and models describing 
mixed substrate use have shown sublinear productivity enhance-
ments (V12 > V1 or V2 but V12 < V1 + V2) and overlooked this syn-
ergistic effect11,33,34. The synergistic cofeeding scheme reported in 
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this study goes beyond ‘sacrificing’ a secondary substrate to pro-
vide energetic gains for the primary substrate. In our case, we found 
that, under carefully controlled but easy to implement conditions, 
the two substrates can have a distinct mode of interaction, allow-
ing them to balance fluxes across the entire metabolic network, 
thus achieving substantially higher productivities than previous 
mixed substrate fermentation efforts. Importantly, the observed 
substantial enhancements in CO2 and acetate reduction metabolism 
required only minor addition of ‘valuable’ glucose and gluconate, 
and the productivity gain outweighed the ‘cost’ of the dopants.

To understand how the dopant substrates achieve such effi-
ciency in enhancing reductive metabolism, we also elucidated the 
underlying mechanisms. Our stoichiometric analysis of metabolic 
requirements and burdens suggested that glucose and gluconate 
as dopant substrates could indeed complement ATP and NADPH 
generation, alleviating the limitations seen in acetogenesis and lipo-
genesis, respectively. Tracing 13C-labelled glucose and gluconate 
revealed that nearly all of glucose and gluconate were used locally 
within glycolysis and the PPP. Hence, cells used these substrates 
almost exclusively for ATP and NADPH production, respectively. 
We identified pyruvate kinase (PEP + ADP → pyruvate + ATP) 
in M. thermoacetica and the pentose cycle (6PG → ribose 5-phos-
phate (R5P) → F6P → G6P → 6PG + 2 NADPH) in Y. lipolytica to be 
important cofactor-generating steps. In particular, activating pyru-
vate kinase by cofeeding glucose solved the challenge of slow CO2 
fixation, which is due to ATP-limited metabolism in autotrophic 
fermentation31,35. Activating the pentose cycle by cofeeding gluco-
nate solved the challenge of limited NADPH production through 
oxidative PPP in acetate-fed cells. Therefore, we rewired metabo-
lism without genetic engineering through synergistic cofeeding.

Akin to the widespread application of dopants in the electron-
ics industry to enhance material properties, we envision the use 
of dopant substrates in synergistic cofeeding becoming valuable 
in a wide array of biotechnological applications. Our demonstra-
tion of CO2/H2-to-acetate-to-lipids conversion at high productiv-
ity (up to 2.3 g gCDW−1 h−1 CO2 fixation) and energetic efficiency 
(38% energy yield) serves as an exemplary renewable energy storage 
strategy, which uses substrates that do not interfere with the food 
supply. Since acetate is closely related to acetyl-CoA, a focal point 
in many metabolic pathways, other acetate-based processes apply-
ing proper doping substrates could enable rapid synthesis of a wide 
repertoire of bioproducts, such as fatty acid-derived oleochemicals36 
and mevalonate pathway-derived natural products37. By coupling 
this to glucose-doped acetogenesis, CO2 could become the initial 
feedstock for all subsequent acetate-driven processes, benefiting 
both the environment and carbon economy. With process optimi-
zation and scale-up, the productivities reported in this study could 
potentially enable these CO2-based biosynthetic processes to be 
market-competitive. Therefore, the findings presented in this arti-
cle contribute to various fields ranging from fundamental metabolic 
control theory to metabolic engineering to CO2 use.

Finally, metabolic enhancement by cofeeding superior substrates 
is not limited to CO2- and acetate-based fermentations. The imbal-
ance of carbon building blocks, cofactors and energy with regard 
to the desired product requirement can also be seen in many other 
single-substrate bioconversions. In these cases, identification of 
complementary substrates and implementation of controlled dop-
ant substrate cofeeding would optimally coordinate pathway use for 
superior biosynthesis. Consequently, substrates previously consid-
ered infeasible for industrial bioprocesses because of limited pro-
ductivity may be well suited as economically and technologically 
viable feedstocks38.

Methods
Strains and culture conditions. Y. lipolytica strains based on the ACC-DGA 
strain (MTYL065)39 were pre-cultured at 30 °C in 14 ml test tubes containing 

yeast extract–peptone–dextrose media (20 g l−1 glucose, 20 g l−1 peptone and 
10 g l−1 yeast extract). After 24 h, 1 ml of culture was transferred to a shake flask 
containing 40 ml of acetate media (50 g l−1 sodium acetate, 1.7 g l−1 yeast nitrogen 
base without amino acids and ammonium sulfate and 1.34 g l−1 ammonium 
sulfate). The shake flask culture was carried out for 24 h to adapt the cells to 
acetate. Afterwards, the cells were pelleted at 18,000g for 5 min, washed once with 
acetate media and used for inoculation at an initial optical density OD600 of 0.05 
for all Y. lipolytica experiments.

Mixed substrate batch cultures were carried out in shake flasks with 40 ml of 
acetate media except that 6 mol% of the total carbon from acetate was replaced with 
the supplemental substrate (glucose, fructose, glycerol or gluconate). Continuous 
fed-batch supplementation cultures were carried out in 250 ml bioreactors 
(Applikon Biotechnology) with a 150 ml working volume. Acetate media were used 
under batch conditions while the supplemented substrate was continuously fed at 
a rate of 0.13 mmol C h−1. For the acetate-only control, the supplemented substrate 
was replaced with acetate and fed at the same rate to ensure that cells had equal 
amounts of carbon substrate throughout all conditions. All bioreactor cultures 
were carried out at 30 °C, pH 7.0 (controlled with 10 wt% sulfuric acid) and 
0.2 l min−1 air sparging. The dissolved oxygen levels were controlled at 20% during 
the growth phase and approximately 2% during the lipogenic phase for optimal 
lipid production and minimal citrate excretion4. For the gluconate 13C tracing 
experiments, natural gluconate in the supplementation feed stream was replaced 
with [U-13C6]-gluconate (99%; Cambridge Isotope Laboratories).

In all Y. lipolytica experiments having gluconate as a substrate, an ACC-DGA 
strain overexpressing its native gluconate kinase under the TEFin promoter was 
used. The expression of TEFin-gluconate kinase was performed through genome 
integration. This was to ensure that gluconate uptake and incorporation into 
central carbon metabolism was not inhibited by inadequate levels of the kinase. 
All other experiments were performed using the same ACC-DGA strain with an 
empty control vector integrated into the genome. Overexpressing gluconate kinase 
did not have any appreciable effects on the strain’s capability to produce lipids on 
acetate, as shown in Supplementary Fig. 9.

M. thermoacetica (catalogue nos. 39073 and 49707; ATCC) were cultured in 
Balch-type tubes containing culture medium with 8 g l−1 glucose, 7.5 g l−1 NaHCO3, 
7 g l−1 KH2PO4, 5.5 g l−1 K2HPO4, 2 g l−1 (NH4)2SO4, 0.5 g l−1 MgSO4 • 7H2O, 0.3 g l−1 
cysteine, 0.02 g l−1 CaCl2 • 2H2O, 1% (v/v) trace minerals (ATCC MD-TMS) and 
1% (v/v) vitamins (ATCC MD-VS) at 55 °C, pH 6.8. Cysteine scavenged residual 
dissolved oxygen in the medium40. The headspace was pressurized to either 170 kPa 
with CO2 or 240 kPa with 80:20 H2/CO2. For the 13C tracing experiments, natural 
glucose was replaced with [U-13C6]-glucose (99%; Cambridge Isotope Laboratories) 
and the headspace was pressurized to 170 kPa with natural CO2. The Balch-tube 
cultures were incubated inside a strictly anoxic glovebox with magnetic stirring.

For the bioreactor experiments, M. thermoacetica (catalogue no. 49707; ATCC) 
was cultured in a strictly anoxic vessel with pH and temperature control set to 6.6 
(using 10 M sodium hydroxide) and 55 °C. Low-glucose, but otherwise identical 
culture media, were fed as follows (media glucose concentrations and feed rates): 
0.25 g l−1 at 11.5 ml h−1; 0.25 g l−1 at 9.1 ml h−1; 0.25 g l−1 at 6.9 ml h−1; 0.25 g l−1 at 
4.3 ml h−1; 0.25 g l−1 at 2.3 ml h−1; 0.25 g l−1 at 1.2 ml h−1; and 0.13 g l−1 at 1.2 ml h−1. 
The rate of effluent was the same to keep the culture volume constant at 135 ml. 
H2 and CO2 were mixed at 60:40 and sparged into the culture at 200 ml min−1. The 
headspace pressure was maintained at 130 kPa. All the data and conditions are 
shown in Supplementary Table 5.

Metabolite extraction and measurement. To extract metabolites, Y. lipolytica cells 
were collected during the exponential and lipogenic phases. Cells were filtered 
on 0.45 µm nylon membrane filters and immediately transferred to a pre-cooled 
40:40:20 acetonitrile/methanol/water solution. After 20 min at −20 °C, the filters 
were washed and the extracts were moved to Eppendorf tubes. The samples were 
then centrifuged for 5 min and the supernatants were dried under nitrogen.

In the mid-exponential phase, the M. thermoacetica cultures were collected 
from Balch-type tubes using syringes inside the anaerobic glovebox. Immediately 
after, cellular metabolism was quenched and metabolites were extracted by quickly 
transferring filtered cells (on a 0.2 µm nylon membrane filter) to plates containing 
pre-cooled 80% acetonitrile on ice41. After 20 min at 4 °C, the membrane filters 
were washed and the metabolite extracts were moved to Eppendorf tubes. The 
supernatants were obtained after 5 min of centrifugation and lyophilized.

Dried samples were resuspended in high-performance liquid chromatography 
(HPLC)-grade water for the LC–MS analysis. These samples were analysed on a 
Dionex UltiMate 3000 UPLC system (Thermo Fisher Scientific) with a  
ZIC-pHILIC (5 µm polymer particle) 150 × 2.1 mm column (Merck) coupled to a 
Q Exactive Orbitrap Mass Spectrometer (Thermo Fisher Scientific) by electrospray 
ionization. With 20 mM ammonium carbonate, 0.1% ammonium hydroxide as 
solvent A and acetonitrile as solvent B, the chromatographic gradient was run at a 
flow rate of 0.150 ml min−1 as a linear gradient from 80% B to 20% B between 0 and 
20 min, a linear gradient from 20% B to 80% B between 20 and 20.5 min and 80% 
B held from 20.5 to 28 min. The temperature of the column and autosampler tray 
was 25 °C and 4 °C, respectively. The mass spectrometer was operated in polarity 
switching mode scanning a range of 70–1,000 m/z. The resolving power was set 
to 70,000 for the 13C labelling experiments. With retention times determined by 
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authenticated standards, the resulting mass spectra and chromatograms were 
identified and processed with the MAVEN software v.682 (ref. 42). To obtain 
the labelling information of cellular bicarbonate and acetate, the labelling of the 
carbamoyl group was obtained by comparing (that is, computing the inverse 
Cauchy product) citrulline to ornithine, and the labelling of the acetyl group was 
obtained by comparing N-acetylglutamate to glutamate.

Substrate uptake and product secretion measurement. For Y. lipolytica, 1 ml 
of culture was taken at each time point for media and CDW analysis. The cells 
were centrifuged at 18,000g for 10 min and the supernatant was subsequently 
extracted, filtered (0.2 µm syringe filters) and analysed using HPLC. The cell pellet 
was then washed once with 1 ml water to remove residual media components and 
dried in a 60 °C oven until its mass remained unchanged. This mass was taken to 
be the CDW per ml of culture. As for lipids, a small volume was extracted from 
the culture such that it contained approximately 1 mg of CDW. The supernatant 
was discarded after centrifugation at 18,000g for 10 min; 100 μl of an internal 
standard containing 2 mg ml−1 methyl tridecanoate (Sigma-Aldrich) and 2 mg ml−1 
glyceryl triheptadecanoate (Sigma-Aldrich) in hexane was added to each sample. 
Transesterification was then carried out in 500 μl 0.5 N sodium methoxide 
solutions with continuous vortexing at 1,200 r.p.m. for 60 min. Afterwards, 40 μl 
of 98% sulfuric acid was added to neutralize the pH and 500 μl of hexane was used 
for extraction. Additional vortexing at 1,200 r.p.m. for 30 min was carried out and 
centrifugation at 6,000g for 1 min was performed to remove cellular debris. The top 
hexane layer was used for analysis on a gas chromatography with flame ionization 
detector (GC-FID) system (Agilent). All Y. lipolytica specific rate data were 
normalized to the lipid-free CDW, which was the difference between the measured 
CDW and the lipid titre.

For media analysis in M. thermoacetica cultures, small aliquots of the cultures 
were collected with syringes inside the anaerobic glovebox during their exponential 
phase. Filtered media samples (0.2 µm syringe filters) were analysed using a YSI 
Biochemistry Analyzer (Xylem Analytics) for glucose and HPLC for acetate and 
formate along with other potential products (for example, lactate and ethanol). 
Culture density was measured by spectrophotometry (0.45 gCDW l−1 OD660

−1) at 
the time of sampling. The rates of substrate uptake and product secretion were 
determined using the rates at which substrates, products and culture density change 
over time. The carbon output rate for biomass was determined using the growth 
rate and elemental biomass composition of CH2.08O0.53N0.24 (ref. 43). The net CO2 
fixation rates were calculated based on the measured acetate and biomass carbon 
production rates less the corresponding measured glucose carbon consumption 
rates. The fraction of e− derived from H2 was inferred from the fraction of acetate 
and biomass carbons generated from net CO2 fixation since the average oxidation 
state of acetate and biomass carbons is nearly the same as that of glucose.

For HPLC, a 10 μl sample was injected into an Agilent 1200 HPLC system 
coupled to a G1362 Refractive Index Detector (Agilent Technologies). An HPX-
87H column (Bio-Rad Laboratories) was used for separation with 14 mM sulfuric 
acid as the mobile phase flowing at 0.7 ml min−1. For GC-FID, 1 μl of sample was 
injected at a split ratio of 50:1 into an Agilent 7890B GC-FID system coupled 
to a J&W HP-INNOWax capillary column (Agilent Technologies). The column 
was held at a constant temperature of 200 °C with helium as the carrier gas 
(1.5 ml min−1). The injection and FID temperatures were set to 260 °C.

Headspace gas measurement. After collection of the M. thermoacetica cultures 
from the Balch-type tubes inside the anaerobic glovebox for intracellular and 
extracellular metabolite analysis, the empty Balch-type tubes containing only the 
headspace gas were stored at 4 °C until gas chromatography–mass spectrometry 
analysis. To measure CO2 isotope labelling, 100 µl of the headspace sample were 
collected from each tube with a gastight syringe and injected into a multimode 
inlet, which was maintained at 180 °C, with a split ratio of 10:1. Samples were 
analysed on a 7890A GC system with a 60 m GS-GasPro (0.320 mm diameter) 
column coupled with a 5975C quadrupole mass spectrometer (Agilent 
Technologies). The oven was kept at 90 °C for 3 min before heating to 260 °C at 
45 °C min−1 and held at 260 °C for 1 min.

Flux balance analysis and isotope-tracing flux analysis. The M. thermoacetica 
model based on the published genome-scale metabolic reconstruction44 was 
employed for the constraint-based flux analysis (see Supplementary Note). 
Among the feasible metabolic flux distributions that satisfy steady-state mass 
balance and nutrient availability constraints, optimal solutions that maximize/
minimize objective functions were obtained using the COBRA Toolbox v.2.0 and 
Gurobi solver v.7.0.1 (64 bit)45. To determine CO2 use capability, the objective 
was to maximize CO2 consumption, or equivalently, minimize CO2 production. 
To determine the growth potential using H2 as the energy source, the objective 
was to maximize biomass production (that is, cell growth). The substrate uptake 
and product secretion rate constraints were selected based on experimental or 
previously reported values.

To determine flux distributions, isotopomer mass balance constraints were 
also imposed based on the 13C labelling results. For this purpose, the metabolic 
networks including glycolysis and PPP for Y. lipolytica as well as lower glycolysis, 
TCA cycle, anaplerosis and the reductive acetyl-CoA and Ser/Gly pathways for 

M. thermoacetica were constructed with carbon atom mapping. Labelling of 
the following metabolites was simulated with the elementary metabolite unit 
framework46: for Y. lipolytica, G6P, F6P, 3-phosphoglyceric acid, sedoheptulose 
7-phosphate, 6PG, R5P, PEP and pyruvate (Supplementary Table 1); for M. 
thermoacetica, 3-phosphoglyceric acid, PEP, Ala, acetyl-CoA, Ser, Gly, Asp, Glu and 
CO2 (Supplementary Table 3).

The flux distribution that best simulated metabolite labelling and the uptake/
secretion rates was found by minimizing the variance weighted sum of squared 
residuals between simulation and experiment, as shown in equation (1):
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v and iso(v) denote in vector form the metabolic flux distribution and the simulated 
13C labelling of metabolites as a function of v. vexp and isoexp denote measured fluxes 
and measured metabolite labelling; sv and siso, represent the measurement’s s.d. The 
95% confidence interval for each best-fit flux was obtained by searching for the 
minimum and maximum flux values that increase the minimum sum of squared 
residuals by less than the χ2 cut-off (1 d.f.) of 3.84 (ref. 47).

Reporting Summary. Further information on the research design is available in 
the Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available in the Supplementary 
Files and from the corresponding author upon request.

Code availability
The code for the metabolic flux and free energy analysis is available on the GitHub 
public repository at https://github.com/jopark/moorella_yarrowia. The data that 
support the findings of this study are available in the Supplementary Files and from 
the corresponding author upon request.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection MATLAB 2014a was used to run the linear optimization model and all flux analysis. The custom code in MATLAB used for free energy 
calculation and flux analysis can be found at github.com/jopark/moorella_yarrowia

Data analysis MATLAB 2014a and Microsoft Excel 2016 were used to process and analyze all data. Additionally, MAVEN (http://genomics-
pubs.princeton.edu/mzroll/index.php) was used to process data collected from LC-MS measurements. MATLAB 2014a was used to run 
the linear optimization model and all flux analysis. The custom code in MATLAB used for free energy calculation and flux analysis can be 
found at github.com/jopark/moorella_yarrowia

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The code for metabolic flux and free energy analysis is available on the GitHub public repository: https://github.com/jopark/moorella_yarrowia. The data that 
support the findings of this study are available in the Supplementary Information and from the corresponding author upon request.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size A sample size of 3 biological replicates were chosen for all experiments. As microbial culture experiments are well controlled, 3 biological 
replicates are sufficient. No sample size calculation was performed.

Data exclusions No data were excluded from analysis.

Replication All experiments were repeated at least twice and all attempts at replication were successful.

Randomization All samples were measured randomly on the corresponding instruments. For cell culture, single colonies of strains were selected at random to 
initiate the culture.

Blinding Blinding was not necessary since measurements did not involve bias from the experimentalist.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) All Yarrowia lipolytica strains used in this study was based on the parental strain po1g, which was purchased from Yeastern 
Biotech.

Authentication Each Yarrowia lipolytica strain was confirmed by extracting genomic DNA and confirming the existence of key genes through 
PCR. Their proper morphology was also confirmed on agar plates and under the microscope.

Mycoplasma contamination Yarrowia lipolytica strains were not tested for mycoplasma

Commonly misidentified lines
(See ICLAC register)
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