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ABSTRACT: Developing sustainable single-cell protein (SCP)
from non-food feedstocks offers a promising strategy to address
the escalating global demand for sustainable nutrition. However,
the lack of industrially robust platforms capable of cost-efficient
multi-substrate assimilation remains a key bottleneck. Here, we dis-
cover a Cyberlindnera jadinii strain, CGMCC34730, which can effi-
ciently utilize diverse non-food carbon sources (e.g., acetate,
ethanol, and xylose) for SCP production. Metabolic analysis reveals
the assimilation mechanisms for these substrates, notably identify-
ing the reductive glycine pathway as central to formic acid (FA) uti-
9/​sc
lization. Scaled-up production in a 5-L bioreactor demonstrates ex
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cellent performance, with ethanol- and acetate-driven cultures
reaching protein contents of 68.60 and 67.34% and volumetric productivities of 8.91 and 7.90 t m–3 y–1, respectively. The resulting
SCP surpasses soybean meal and approaches the quality of fish meal, exhibiting superior essential amino acid indices alongside ele-
vated carbohydrate and B-vitamin contents. Furthermore, we validate a circular bioeconomy model by converting electrochemically
synthesized 13C-labeled acetate into SCP. Techno-economic analysis confirms that acetate-based fermentation offers optimal cost-
effectiveness for industrial deployment. In summary, this GRAS-certified platform establishes a highly efficient and economically viable
route for the sustainable production of high-value SCP from non-food substrates.
KEYWORDS: Cyberlindnera jadinii, single-cell protein, non-food carbon sources, assimilation pathways, techno-economic analysis
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With the global population projected to reach 9.8 billion by
2050, the demand for food protein is expected to surge by
30–50%, reaching 265 million tonnes.1,2 Furthermore, animal
protein demand is projected to reach approximately 600 million
tonnes by 2025, with an additional increase of 300 million
tonnes expected every decade.3 Addressing this structural deficit
requires biotechnological innovations in sustainable biomanufac-
turing that extend beyond traditional agronomic paradigms.4,5

Single-cell protein (SCP), derived from diverse microorganisms,
including yeasts,6–11 fungi,12 algae,13,14 and bacteria,15–18 offers a
nutritionally complete and resource-efficient alternative to con-
ventional animal and plant proteins. SCP production utilizes var-
ious carbon sources, generally categorized as sugar-based
substrates (e.g., glucose in Fusarium venenatum19) or non-sugar
substrates. The sugar-based fermentation competes directly with
the human food supply.1 The non-sugar substrates include
waste streams (e.g., Yarrowia lipolytica on biofuel waste,20

Kluyveromyces marxianus on corn straw,6 Cyberlindnera jadinii
on dihydroxyacetone,7 Pichia pastoris on methanol,10,11 C. jadinii
on ethanol,21 Acetobacterium on acetate,18 and macroalgae22 and
Clostridium autoethanogenum on inorganic carbon.17 Currently,
non-sugar alternatives encounter challenges such as
hydrocarbons in biofuel waste23), high costs associated with sub-
strate pretreatment (increasing costs by 25–40% for corn
straw24), cost-intensive electrocatalytic acetate (HOAc) synthe-
sis with Acetobacterium,18 and safety concerns regarding metha-
nol handling and residue control.25,26 Furthermore, with
respect to CO2-derived SCP, macroalgae systems are limited
by low photosynthetic efficiency (≤3%) and lower protein con-
tent (3–47%).14 Conversely, while C. autoethanogenum
achieves higher protein yields (60–70%), it requires strict
anaerobic conditions and H2-dependent reducing power,
which increases production costs by more than 50% com-
pared with traditional sugar-based aerobic fermentation
systems.27 Overally, for anaerobic bacteria SCP production,
strict anaerobic cultivation leads to excessive energy
https://doi.org/10.1021/acssuschemeng.6c02957
ACS Sustain. Chem. Eng. 2026, 14, 16145−16159

https://doi.org/10.1021/acssuschemeng.6c02957
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c02957?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c02957?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c02957?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.6c02957?goto=supporting-info&ref=pdf
http://pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.6c02957


ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

D
ow

nloaded from
 pubs.​acs.​org/​ascecg/​article-pdf/​14/​36/​16145/​67637709/​sc-2026-02957t.​pdf by U

N
IV ELEC

TR
O

N
IC

 SC
I & TEC

H
LG

Y C
H

IN
A user on 09 O

ctober 2026
expenditure that contributes more than half of total produc-
tion costs, while their biosafety profiles have not been fully
verified.27 Microalgal SCP manufacturing is constrained by
technical and cost barriers such as low photosynthetic efficiency
and fluctuating protein yields.14 Thus, the synergistic selection
of robust microbial hosts and sustainable feedstocks is pivotal
for advancing SCP biomanufacturing.

Among candidate platforms, the GRAS-certified yeast C. jadinii
stands out as a premier chassis, distinguished by a protein content
exceeding 50% (dry weight),28,29 an FAO/WHO-compliant
amino acid profile,8 and a Crabtree-negative phenotype that inher-
ently favors high-density biomass accumulation.30 Beyond con-
ventional sugar-centric paradigms,29,31 the strain’s established
ability to valorize diverse non-food substrates (e.g., dihydroxyace-
tone,7 xylose,32 and glycerol33 suggests a latent capacity for pro-
cessing simpler carbon architectures). This biological
plasticity provides a compelling rationale to reposition C.
jadinii as a specialized platform for C1–C2 feedstocks. By
capitalizing on the low cost of HOAc34 and the energy-dense,
self-sterilizing nature of ethanol (EtOH),28 this approach
would establish a resilient, cost-effective framework for
next-generation non-food biomanufacturing.

Herein, we establish C. jadinii CGMCC34730 as a robust
platform for SCP production. To comprehensively assess this
biomanufacturing strategy, this study first systematically charac-
terizes the capacity of this yeast to efficiently utilize diverse non-
food carbon sources (xylose, glycerol, HOAc, and EtOH).
Subsequent metabolic analysis elucidates the underlying path-
ways, particularly highlighting the role of the reductive glycine
(rGly) pathway in formic acid (FA) co-assimilation. Following
this, we evaluate the scalable fermentation potential, the nutri-
tional quality of the resultant SCP, and the feasibility of circular
bioeconomy implementation using CO2-electrosynthesized
HOAc. Finally, techno-economic analysis (TEA) and life cycle
assessment (LCA) confirm the industrial feasibility of the over-
all process. Collectively, these efforts provide a systematic
framework for assessing the strain’s capability in SCP produc-
tion from non-food carbon sources and the associated techno-
economic viability.

2. MATERIALS AND METHODS

2.1. Plasmids, Strains, and Genes

C. jadinii CGMCC34730 was employed as the host strain for strain
construction, while Escherichia coli Trans1-T1 was utilized for plasmid
construction. The details of all strains and plasmids used in this study
can be found in Table S1. Enzymes involved in the assimilation of FA,
EtOH, and HOAc—including glycine decarboxylase (GCV2), formate-
tetrahydrofolate ligase (ADE3), mitochondrial C1-tetrahydrofolate
synthase (MIS1), alcohol dehydrogenase (ADH2), aldehyde dehydro-
genases (ALD2), and acetyl-CoA synthetases (ACS1 and ACS2)—
were identified through amino acid sequence alignment and annotated
using KEGG and GO databases.35 All gene sequences were obtained by
sequencing the genome of C. jadinii CGMCC34730.

2.2. Reagents and Chemicals

Primers were synthesized by Sangon Biotech (China). PCR reactions
were conducted using KOD plus Neo and KOD FX201 DNA polymer-
ases (Toyobo, Japan). Restriction enzymes and ligases for plasmid con-
struction were obtained from New England Biolabs (USA). The
assembly of multiple DNA fragments for plasmid construction was per-
formed using the ClonExpress MultiS One-Step Cloning Kit (Vazyme
Biotech, China). Plasmid isolation and DNA purification were carried
1614
out using the kits from Biomed Biotechnology Company Limited
(China).

The 13C-FA (Sigma-Aldrich, 279404-1G) was purchased from
Sigma-Aldrich. The NaH13CO3 (Aldrich, S331496-1 g) was purchased
from Aldrich. The mass spectrometry-grade ammonium HOAc, ammo-
nium hydroxide, and acetonitrile were purchased from Sigma.
Additional reagents, including analytical standards, were obtained from
Aldrich. All vitamins were purchased from Sangon Biotech (Shanghai,
China).

2.3. Medium and Growth Conditions

C. jadinii CGMCC34730 and its mutants were typically cultured in
Yeast Extract Peptone Dextrose (YPD) medium (20 g/L peptone,
20 g/L glucose, and 10 g/L yeast extract) or Yeast Extract Peptone
Xylose (YPX) medium. Solid media for C. jadinii CGMCC34730 were
prepared by adding 15 g/L agar to the corresponding liquid medium.
Growth on diverse carbon sources was evaluated in the Delft
medium supplemented with different carbon sources (HOAc, FA,
EtOH, glycerol, xylose, and glucose). The Delft consists of 7.5 g/L
(NH4)2SO4, 14.4 g/L KH2PO4, 2.1 g/L K2HPO4, 0.5 g/L
MgSO4·7H2O, 1 mL/L vitamin solution (0.05 g/L biotin, 0.2 g/L
p-amino benzoic acid, 1 g/L nicotinic acid, 1 g/L Calcium pantothe-
nate, 1 g/L pyridoxine-HCl, 1 g/L thiamine-HCl, and 25 g/L myo-
inositol at pH 6.5) and 2 mL/L trace metal solution (15.0 g/L
EDTA sodium salt, 4.5 g/L ZnSO4·7H2O, 0.84 g/L MnCl2·2H2O,
0.3 g/L CoCl2·6H2O, 0.3 g/L CuSO4·5H2O, 0.4 g/L
Na2MoO4·2H2O, 4.5 g/L CaCl2·2H2O, 3 g/L FeSO4·7H2O, 1 g/L
H3BO3, and 0.1 g/L Potassium Iodide at pH 4.0).

To evaluate the effect of FA on growth, the engineered strains were
inoculated in Delft medium with FA (1 g/L and 2 g/L) and different
carbon sources (20 g/L glucose, 10 g/L and 30 g/L EtOH, 20 g/L
xylose, 20 g/L glycerol, and 3 g/L HOAc), and 200 mg/L of either
G418 or Zeocin, followed by overnight incubation. This process was
repeated three times. The cultures were washed twice with PBS (pH
7.2). The resulting cells were then inoculated in the same medium at
an OD600 of 0.05 and cultured at 30 °C for 3 to 4 days until reaching
the stationary growth phase. Cultivation was performed in a 40-mL
bottle at 30 °C under shaking.

The fed-batch fermentation was performed in a 5-L bioreactor
(Bailun-5JG, Shanghai, China) with an initial working volume of 2 L
of minimal medium. The medium composition was as follows:
14.4 g L–1 KH2PO4, 0.5 g L–1 MgSO4·7H2O, supplemented with
trace metal and vitamin solutions. The cultivation was initiated by
inoculating the bioreactor to an initial optical density at OD600 of
1.5. The fermentation process was controlled at a constant temper-
ature of 30 °C. The dissolved oxygen (DO) level was maintained at
30% saturation by cascading the agitation speed from an initial
250 rpm to a maximum of 950 rpm, with a constant aeration rate
of 2 NL min–1. The pH was automatically maintained at 5.0 through
the addition of NH3·H2O (aqueous ammonia). During the fed-
batch phase, a DO-stat feeding strategy was employed.
Specifically, the feeding of 25% EtOH or HOAc was dynamically
coupled to the DO signal; a sharp rise in DO indicated substrate
depletion and automatically activated the feed pump.

2.4. Genetic Manipulation

The primers used in this study, synthesized by Sangon Biotech
(China), are listed in Table S2. All gene sequences are in Table S3.
Expression cassette components, such as promoters, genes, and termi-
nators, were amplified using high-fidelity KOD FX201 DNA polymer-
ase (Toyobo, Japan). Plasmid construction from two fragments was
performed via digestion and ligation. Restriction enzymes and ligases
were obtained from New England Biolabs (USA). Plasmid construc-
tion from multiple fragments was performed using the ClonExpress
MultiS One-Step Cloning Kit (Vazyme Biotech, China). Plasmid isola-
tion and DNA purification were carried out using kits from Biomed
Biotechnology Company Limited (China). Gene knockout of C. jadinii
https://doi.org/10.1021/acssuschemeng.6c02957
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CGMCC34730 was performed using a homologous recombination
method as described in previous studies.36,37 In this system, the com-
mercial plasmid pPICZalpha A was used as the backbone to construct
gene knockout vectors of C. jadinii CGMCC34730, namely
pPICZalpha A-kan 3, pPICZalpha A-Zeocin, and pPICZalpha A-
Hygromycin B. The kan/zeocin/Hygromycin B (HygB) resistance
gene was driven by the GAP promoter and CYC1 terminator from
C. jadinii CGMCC34730 (pGAP: kan/zeocin/HygB:Tcyc1). Flanking
homologous sequences of the target gene were inserted upstream and
downstream of the antibiotic resistance expression cassette. The con-
structed plasmids were then used as templates for PCR amplifica-
tion to generate fragments containing the upstream homologous
arm, the resistance gene expression cassette, and the downstream
homologous arm (Figure S1). The recombinant C. jadinii
CGMCC34730 strains were obtained by electrotransforming
(750 V, 800 Ω, 25 μF) these fragments into C. jadinii
CGMCC34730 cells using the lithium acetate method.38

All modified genotypes were confirmed by colony PCR and
sequencing. Further details on the preparation of competent cells and
colony PCR are available in Supplementary Method 1.

2.5. 13C Metabolite Tracer Analysis

The methods for the 13C metabolite tracer analysis were adapted from
a previous study.39 For the analysis of 13C-labeled amino acids and
metabolites within the central metabolic pathway, C. jadinii
CGMCC34730 was first cultured in Delft with 10 g/L of unlabeled
EtOH and FA as the carbon source for approximately 36 h, reaching
the exponential growth phase. The cells were washed twice with PBS
(pH 7.2) and transferred to Delft with 1 g/L 13C-labeled FA and
10 g/L 12C-EtOH at an OD600 of 0.05 and incubated until the expo-
nential growth phase. The resulting cell culture was washed with PBS
and incubated in fresh Delft with 1 g/L 13C-labeled FA and 10 g/L
12C-EtOH until the exponential growth phase was reached again.
This process was repeated for three generations. The 4th generation
of cells incubated with 13C-FA and 12C-EtOH (OD600 ≈ 0.53) was pel-
leted by centrifugation at 8000 × g and 4 °C for 3 min. The cells were
then resuspended in a cold mixture of 300 μL methanol at –20 °C, 300
μL chloroform at –20 °C, and 250 μL water at 4 °C. After vortexing,
the supernatant was transferred to a pre-cooled 1.7 mL screw-cap tube,
and 500 μL of pre-cooled glass beads were added. Cell lysis was per-
formed using a homogenizer (SCIENTZ-48LT, SCIENTZ Co.,
China) at 70 Hz, oscillating for 30 s with 15-second intervals, at
4 °C. The lysed cells were centrifuged at 10,000 × g and 4 °C for
10 min. The supernatant was flash-frozen with liquid nitrogen and
lyophilized. Finally, the samples were reconstituted in 50 μL of a
50:50 methanol-water mixture for analysis.

Analysis was conducted using an LC-MS system comprising an
Agilent 1290 Infinity II UHPLC system in tandem with timsTOF
Pro2 (Bruker). Extracted metabolites were dissolved in 100 μL of
50% methanol for analysis. Chromatographic separation was achieved
on an ACQUITY UPLC BEH Amide column (100 mm × 2.1 mm,
1.7 μm). The mobile phase A consisted of 15 mM ammonium acetate
and 0.3% NH3·H2O in water, and the mobile phase B consisted of
15 mM ammonium acetate and 0.3% NH3·H2O in 9:1 acetonitrile/
water. The flow rate was 0.3 mL/min. The column was washed with
95% mobile phase B for 1 min, followed by a linear gradient to
50% over 8 min, held at 50% for 3 min, then a linear gradient back
to 95% over 0.5 min, with a final 1.5 min at 95%. A 5 μL sample was
injected for each analysis.

For 13CO2 experiments, the Delft medium with 10 g/L of unlabeled
EtOH was supplemented with 1 g/L 12C-FA and 0.5 g/L NaH13CO3.
Other sample preparation and analysis methods were identical to the
13C-FA experiments. For all 13C-labeled experiments, the samples pre-
pared with Delft medium supplemented with unlabeled formic acid or
NaHCO3 were used as negative controls. All final 13C incorporation
data were corrected for natural isotopic abundance using the
AccuCor2 algorithm of Bruker TASQ software.40 The specific 13C
1614
incorporation was calculated based on formula 1. The n represents
the number of carbon atoms in the metabolite, and the Si denotes
the relative fraction of each isotopologue. The Fractional
Contribution (FC) represents the average carbon labeling, which quan-
tifies the mean percentage of isotopic labeling (e.g., 13C incorporation)
per carbon atom in a metabolite.40 Corrected Isotopologue Abundance
represents the natural isotope abundance-corrected relative abundance
(si) of a specific isotopologue (e.g., M + 1, M + 2), expressed as a per-
centage.40 An example of labeling for glucose-6-phosphate is shown in
Figure S2.

FC=
∑ni= 0isi

n
(1)

2.6. Whole-Genome Sequencing and Data Analysis

Whole-genome sequencing of C. jadinii CGMCC 34730 was per-
formed following culture in Delft with 1.5 g/L FA and 10 g/L
EtOH. Genomic DNA extraction was performed using the
NucleoBond HMW DNA kit (MN NucleoBond, Germany,
740160.20) to obtain high-quality genomic DNA from samples, with
concentration and purity assessed via Qubit 4.0 (Thermo, Q33226)
and integrity evaluated through 0.75% agarose gel electrophoresis.
For library construction and sequencing, the whole genome DNA
was randomly fragmented to an average size of 200–400 bp, followed
by end-repair, 3’adenylation, adapter ligation, and PCR amplification.
The purified library was qualified using the Qubit 4 fluorometer and
its length assessed via 2% agarose gel electrophoresis before sequencing
on the Illumina NovaSeq 6000 platform with 300 bp reads at Sangon
Biotech (Shanghai, China). Post-sequencing, raw reads were filtered
using Trimmomatic (v0.36) to remove adapters and low-quality reads,
yielding clean reads. Genome assembly was conducted with SPAdes
(v3.15),41 and gaps were filled using Gapfiller (v1.11).42 Gene predic-
tion and annotation were performed using GeneMark (Version 1.10),
with functional annotation based on protein-coding genes utilizing
the euKaryotic Ortholog Groups (KOG) and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) databases.43 The
Comprehensive Antibiotic Resistance Database was queried to identify
antibiotic resistance genes, while the Pathogen Host Interactions
Database (PHI-base)44 was used to locate target genes for drug inter-
ventions. Additionally, the Carbohydrate-Active enZYmes Database
(CAZy)45 was utilized to annotate genes encoding carbohydrate-
active enzymes. Details of processes are provided in Supplementary
Methods 2.

GenomeScope 2.0 was used to estimate genome size, repetitiveness,
and heterozygosity by fitting a mixture of negative binomial distribu-
tions to the k-mer spectrum, whereas Smudgeplot (https://github.-
com/KamilSJaron/smudgeplot) was used to visualize genome
structure and infer ploidy based on heterozygous k-mer pairs.46 These
tools take the k-mer spectrum as input, perform a nonlinear least-
squares optimization to fit a mixture of negative binomial distributions,
and output estimates for genome size, repetitiveness, and heterozygosity
rates.46 The analysis revealed a triploid genome, which was character-
ized by a plot with three major peaks and a low frequency of putative
error k-mers (0.151%).

2.7. Transcriptome Profiling

Biological triplicates of strain CGMCC34730 were cultured in Delft
medium containing 1 g/L FA and 10 g/L EtOH or only 10 g/L
EtOH (control group). Cells were harvested during the logarithmic
phase (OD600 ≈ 0.53), flash-frozen, and subjected to total RNA extrac-
tion using TRIzol. High-quality RNA (OD260/280 = 1.8–2.2, OD260/230
≥ 2.0, RQN ≥ 6.5, 28S:18S ≥ 1.0) was used for Illumina Stranded
mRNA library preparation, including polyA selection, fragmentation,
double-stranded cDNA synthesis, end repair, adapter ligation, and
PCR amplification. Libraries were sequenced on the NovaSeq X Plus
platform (2 × 150 bp). Raw reads were processed with Fastp, aligned
https://doi.org/10.1021/acssuschemeng.6c02957
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to the reference genome (GSA: CRA031663) via HISAT2, and assem-
bled with StringTie.47 Differentially expressed genes were identified
using DESeq2 (|log2FC| ≥ 1, FDR < 0.05) and
DEGseq (|log2FC| ≥ 1, FDR < 0.001), respectively, followed by
GO/KEGG enrichment (Bonferroni-corrected P < 0.05) and alterna-
tive splicing analysis with rMATS.48 Details of processes are provided
in Supplementary Methods 3.

2.8. Hierarchical Clustering Tree Construction

To elucidate the genetic diversity and broad genotype-phenotype rela-
tionships between C. jadinii CGMCC 34730 and wild strains, a hierar-
chical clustering tree with average linkage was constructed based on
biallelic SNPs. A total of 451,302 biallelic segregating sites identified
across the 20 C. jadinii strains were utilized to infer their phylogenetic
relationships.49 Inter-strain pairwise identity-by-state (IBS) metrics
were computed employing the SNPRelate package. A hierarchical clus-
tering algorithm was implemented on the resultant distance matrix
through the pvclust package. To evaluate cluster stability, bootstrap val-
idation with 1000 resampling iterations was conducted using pvclust,
generating approximately unbiased (AU) P-values to quantify node
support probabilities across the dendrogram. Diploid (2n) strains were
characterized by a 1:1 SNP ratio, whereas triploid (3n) strains showed
a 1:2 SNP ratio. Aneuploidy was identified when these expected ratios
were disrupted, and this was further validated by changes in coverage
depth, which indicate alterations in chromosome number. Strains
maintaining consistent SNP ratios along with proportional coverage
were considered euploid, while those exhibiting noticeable deviations
were classified as aneuploid.49

2.9. Techno-Economic Analysis

Techno-economic analysis (TEA) is a systematic methodology
employed to evaluate the economic viability and technical feasibility
of single-cell protein (SCP) production using EtOH and HOAc as
feedstocks. The analysis was conducted based on the annuity method,
which is particularly suited for assessing the long-term economic sus-
tainability of bioprocesses by annualizing capital costs over the pro-
ject’s lifespan. Key technical assumptions, scale-up parameters, and
comprehensive mass and energy balance data used in the modeling
are detailed in Tables S4–S8. The analysis primarily focused on the
inside battery limit (ISBL) costs, which encompass direct capital
investments for process equipment, installation, and piping within
the production facility. To account for the full project scope, outside
battery limit (OSBL) costs, including infrastructure, warehousing,
and site development, were also incorporated into the total capital
expenditure (CapEx). Furthermore, operational expenditures (OpEx),
such as raw materials, utilities, and labor, were estimated based on
the process simulations and current market prices. This systematic
TEA framework allows for the identification of key cost drivers and
the assessment of the potential for cost reduction through process opti-
mization and economies of scale. The Equipment cost is calculated
using Formula 2.

Equipment cost = ref cost∗
scale

ref scale

� �scaling factor

(2)

The biorefinery is projected to have an annual SCP production
capacity of 37100 tons, with this capacity determined based on com-
prehensive techno-economic modeling that accounts for equipment
sizing, raw material availability, and economic constraints. The capital
expenditure (CapEx) and operational expenditure (OPEX) estimates
were derived from published literature and market prices at the time
of writing (Tables S7 and S8). Equipment costs were scaled according
to the implementation size using a power law relationship relative
to the base price.50 All costs were adjusted to 2025 CNY to account
for inflation and mitigate the impact of currency exchange rate
fluctuations.
1614
2.10. Life Cycle Assessment

The goal of this life cycle assessment (LCA) was to quantify and
compare the environmental impacts associated with the production
of single-cell protein (SCP) using EtOH or HOAc as feedstocks.
The study was conducted in accordance with the ISO 14044 standard,
employing a cradle-to-gate system boundary. This boundary encom-
passes all stages from raw material extraction (including the
production of the carbon sources) to the synthesis of the final SCP
biomass at the factory gate. The functional unit was defined as 1 kilo-
gram (kg) of dry SCP biomass produced. The environmental impact
assessment was performed using the CML 2002 baseline methodol-
ogy,51 which calculates a set of standardized environmental impact
indicators. A comprehensive life cycle inventory (LCI) detailing the
material and energy flows for the production of 1 kg of SCP is pro-
vided in Figure 5c. The analysis specifically focused on the global
warming potential (GWP), reported in kg of CO2-equivalent (kg
CO2-eq), among other impact categories. For scenarios 2 and 4,
the cut-off approach was applied, assigning zero environmental
burden to the waste feedstock entering the system boundary.
Regarding biogenic carbon, the carbon contained in the final SCP
biomass was treated as neutral; it was not deducted from the GWP
calculation, adhering to the ISO 14067 standard for short-lived food
and feed products. Background data for upstream processes (e.g.,
electricity generation, chemical production) were sourced from the
Ecoinvent v3.9 and the Hydrergydatabase. All LCA modeling, calcu-
lations, and impact assessments were carried out using the openLCA
software version 2.2.

2.11. Cellular Composition Analysis

The harvested microbial cells for amino acid analysis were freeze-dried
using a vacuum freeze-dryer. The lyophilized yeast samples were sub-
jected to acid hydrolysis prior to amino acid quantification using an
amino acid analyzer. Essential amino acid index (EAAI) was used to
evaluate the nutritional quality of proteins according to Formula 3.
Notably, tryptophan content was determined following alkaline hydro-
lysis of the samples. The carbohydrate content was quantified using the
sulfuric acid-anthrone method.52 The obtained samples were analyzed
for crude protein content (GB/T 6432-2018), crude fiber (GB/T
6434-2022), B vitamins (GB 5009.84-2016, GB 5009.85-2016, GB
5009.210-2013, GB 5009.154-2013 and GB 5009.285-2022), and crude
fat (GB/T 14772-2008).

EAAI=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a1
A1

×
a2
A2

×⋯×
an
An

n

r
(3)

where an and An are the contents of EAAs in the sample and refer-
ence protein, respectively, and n = 9. Amino acid composition is
expressed as grams per 100 g of dry protein. The EAAI was calculated
using the essential amino acid reference pattern for adults recom-
mended by the FAO (2013).

2.12. Crude Protein and Amino Acid Test

Crude protein content was determined via the Kjeldahl method.53

(1) Sample preparation: 0.2 g of freeze-dried cells was weighed and
transferred into a digestion tube. A mixed catalyst (3.6 g potassium sul-
fate and 0.4 g copper sulfate) and 10 mL concentrated sulfuric acid
were subsequently added. A blank control was prepared simulta-
neously. (2) Sample digestion: All sealed digestion tubes were placed
on a graphite digester for gradient temperature digestion. Small funnels
were fitted for digestion when fewer than 10 samples were tested. For
10 to 20 samples, a waste extraction hood was installed, and empty
digestion tubes filled with 10 mL concentrated sulfuric acid were sup-
plemented to standardize the total tube number to 20. (3) Kjeldahl
determination: Distillation was initiated after the digestion tubes fully
cooled. Reagent availability was checked beforehand, and cooling water
https://doi.org/10.1021/acssuschemeng.6c02957
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as well as instrument power were turned on. The device was preheated
through two rounds of empty-tube distillation, with 30 mL dilution
water, 20 mL boric acid and 10 mL alkali solution added for a 5-minute
distillation duration. The blank sample was assayed first to correct system-
atic and reagent-derived errors, followed by the detection of experimental
samples, wherein 40 mL of alkali solution was applied while other param-
eters remained unchanged. Consecutive sample testing was carried out
without inter-tube cleaning. The distillate was promptly titrated with
0.1 mol/L standard hydrochloric acid solution until the pale gray-red titra-
tion endpoint appeared.

Amino acids were quantified using a post-column derivatization
method.54

(1) Sample acidification: An aliquot of m mg sample was weighed,
and 10 mL of 1:1 analytical grade hydrochloric acid (approximately
6 mol/L) was slowly added. The mixture was purged with nitrogen
for 15 min using a nitrogen evaporator, and the tube was then sealed.
(2) High-temperature hydrolysis: The sealed sample tubes were placed
in an oven and hydrolyzed at 110 °C for 24 h, followed by cooling and
uncapping. (3) Deacidification: The hydrolyzed sample was diluted to
a constant volume of 100 mL. Exactly 2 mL of the diluted solution was
transferred and dried completely at 60 °C using a rotary evaporator for
deacidification. (4) Instrumental analysis: Firstly, 2.0 mL of 0.02 mol/L
hydrochloric acid was accurately added to the dried residue, mixed
thoroughly by vortexing, and filtered through a 0.22 μm aqueous mem-
brane prior to injection. Amino acids were separated on a cation-
exchange column and subjected to post-column derivatization with
ninhydrin; the derived products were determined by a visible light
detector to quantify amino acid concentrations. The analytical param-
eters were set as follows: separation column size, 4.6 mm ID ×
60 mm; packing resin, Hitachi-specific cation exchange resin; limit of
detection, 2.5 pmol; detection wavelengths, 570 nm and 440 nm; col-
umn temperature, programmed from 55 to 65 and then to 77 °C; reac-
tion temperature, 135 °C; injection volume, 20 μL; detection
instrument, Hitachi LA8080. The amino acid content was calculated
by the Formula 4:

Content %ð Þ= c∗v
m

∗
100 (4)

where c is the determined amino acid concentration of the test solu-
tion, v refers to the fixed volume of the hydrolyzed sample solution,
and m is the weighing mass of the raw sample.
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2.13. Intracellular NADH Assay

NADH quantification in C. jadinii CGMCC34730 was performed on
biological triplicates pre-cultured in Delft medium containing 20 g/L
carbon source (xylose, glucose, EtOH, HOAc, or glycerol) supple-
mented with 1 g/L FA. Cells were harvested during the early and late
exponential phases, with cultures in unsupplemented Delft medium
serving as controls. Cell pellets were resuspended in 600 μL sterile
ddH2O and mechanically lysed by adding 250 μL ice-cold glass beads
(Ø 0.5 mm), followed by homogenization using a SCIENTZ-48LT
homogenizer (SCIENTZ Co., China) under the following conditions:
70 Hz oscillation frequency, 30-second cycles with 15-second intervals,
at 4 °C. NADH levels in lysates were quantified using the Amplite
NADH Assay Kit (AAT Bioquest, USA) following manufacturer proto-
cols and established methods.55 This fluorometric assay employs an
enzymatic cycling reaction for specific NADH detection and signal
amplification. Briefly, lysates and NADH standards (serial dilutions;
standard curve in Figure S3) were loaded (50 μL/well) into black
96-well plates; reaction mixtures were incubated at room temperature
for 60 min (light-protected), and fluorescence was measured kinetically
(30 min) using a BioTek Synergy H1 microplate reader (Agilent, USA)
at λex/λem = 540/590 nm.
1614
3. RESULTS AND DISCUSSION

3.1. C. jadinii CGMCC34730 Isolation and Carbon Source
Characterization

In this study, a C. jadinii strain was isolated from soil and depos-
ited at the China General Microbiological Culture Collection
Center (CGMCC) under accession number CGMCC34730.
Analysis of ploidy and genome structure using GenomeScope
2.0 and Smudgeplot46 revealed that C. jadinii CGMCC34730
possesses a triploid genome (Figure 1a). Hierarchical clustering
based on biallelic SNPs resolved the C. jadinii population into
three evolutionary clades (Classes I-III, Figure 1b). Notably,
C. jadinii CGMCC34730 clustered within Class I, a genetic
cluster containing both diploid and triploid strains, indicative
of substantial ploidy variation, whereas Class III appeared
strictly diploid. This polyploid state coincided with robust phe-
notypic performance: the triploid C. jadinii CGMCC34730
exhibited a 22% increase in cell density (OD600 = 52.5) com-
pared to the diploid reference strain ATCC 15239 (OD600 =
43.1) in YPX medium (Figure S4a), underscoring its potentially
superior capacity for industrial biomass accumulation.
To characterize the growth phenotype of C. jadinii

CGMCC34730, we cultured the strain in Delft medium supple-
mented with various carbon sources. It exhibited broad meta-
bolic versatility, achieving robust growth on EtOH (OD600
43.2 ± 1.7), HOAc (37.9 ± 0.6), glycerol (39.1 ± 3.1), xylose
(33.6 ± 0.5), and glucose (33.6 ± 1.3) (Figure 1c). Notably,
the maximum optical densities on EtOH and HOAc were signif-
icantly greater than those on the other substrates. These traits
highlight the potential of C. jadinii for fermentation processes
utilizing unconventional feedstocks. Furthermore, FA exhibited
a stimulatory effect on the growth of C. jadinii CGMCC34730
in Delft medium containing either xylose or EtOH compared
to the control conditions (Figure 1d,e). Specifically, the addi-
tion of 2 g/L FA enhanced the maximum OD600 by 30% com-
pared to that of cultures grown on 20 g/L xylose alone
(Figure 1d). Similarly, adding 1-2 g/L FA increased the maxi-
mum OD600 by 10 and 30% relative to cultures grown on 10
or 30 g/L EtOH alone, respectively (Figure 1d). This phenom-
enon was not observed in other media (Figure S4b–d). A plau-
sible explanation lies in the dynamic regulation of NADH during
EtOH and xylose assimilation.56–58 FA co-utilization reduces
NADH accumulation in during xylose or ethanol assimilation
C. jadinii CGMCC34730 (Figure S3). This suggests that the
reducing equivalents generated during substrate assimilation
may support FA assimilation and CO2 fixation. These findings
suggest that C. jadinii CGMCC34730 possesses the potential
for FA utilization when co-cultured with specific carbon sources.

3.2. Metabolic Pathways for the Utilization of Various
Carbon Sources

The C. jadinii CGMCC34730 strain exhibits a remarkable abil-
ity to utilize a wide range of non-food carbon sources. This met-
abolic versatility is attributed to the presence of specific,
functional catabolic pathways within its cellular machinery. To
date, key pathways have been identified for the assimilation of
xylose (via the xylose reductase and xylitol dehydrogenase path-
way),58 EtOH (via alcohol dehydrogenase and aldehyde dehy-
drogenase),28 HOAc (via acetyl-CoA synthetase),28 and
glycerol (via glycerol kinase and glycerol-3-phosphate dehydro-
genase)59 (Figure 2). Through comprehensive protein
sequence alignment, we have successfully identified and
https://doi.org/10.1021/acssuschemeng.6c02957
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Figure 1. Ploidy analysis and carbon source characterization of isolated C. jadinii CGMCC34730. (a) GenomeScope k-mer analysis confirming the
ploidy of C. jadinii CGMCC34730. k-mer frequency distribution displays three distinct major peaks with a low estimated sequencing error rate
(≈0.151%), consistent with a triploid genome. (b) Hierarchical clustering of 21 C. jadinii strains including CGMCC34730 based on biallelic
SNPs. Symbols indicate ploidy: diploid strains (light blue circles) and the triploid CGMCC34730 (yellow triangle). Strains cluster into three groups:
Class I (blue), Class II (red), and Class III (dark green). Scale bar represents genetic divergence; branches are statistically supported (AU P-values >
0.95). (c) Growth profile of C. jadinii CGMCC34730 on xylose, HOAc, glycerol, EtOH, and glucose. Arrows denote pulsed HOAc feeding (4.3 g L–1

per pulse; 20 g L–1 cumulative concentration). (d, e) Effect of FA on xylose-dependent (d) and EtOH-dependent (e) growth. Unless otherwise noted,
C. jadinii CGMCC34730 was cultivated in Delft medium at 30 °C and 180 rpm. Data represent mean ± s.d. (n = 3 biologically independent
samples).
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annotated the homologous enzymes responsible for these met-
abolic functions in the CGMCC34730 genome, as detailed in
Table S3.

While FA oxidase exists in C. jadinii species,60 the FA assim-
ilation pathways involved remain uncharacterized. Here, we
observed that co-feeding FA with either xylose or EtOH signif-
icantly enhanced the growth of C. jadinii CGMCC34730
(Figure 1d,e), suggesting a metabolic capability not previously
reported for this species. To elucidate the underlying pathways,
we conducted 13C-labelling experiments using 1 g/L 13C-FA in
Delft medium with 10 g/L EtOH. Isotopic analysis revealed
broad carbon incorporation, with enrichment exceeding
20% in nine amino acids (glycine 20.1%, serine 55.1%, etc.)
and more than 18% in fourteen central metabolites (acetyl-
CoA 80.8%, pyruvate 18.3%, etc.), including key intermediates
in the TCA cycle (Figures 3a,b and S5a,b). The low glycine
enrichment (20.1%) versus serine (55.1%) may result from
mitochondrial glycine export to the cytosol and its conversion
to serine.61 These patterns confirm the active flux of FA-
derived carbon into both amino acid biosynthesis and core
energy metabolism. Furthermore, transcriptomic profiling
1615
revealed significant upregulation of key genes involved in FA
metabolism (e.g., ENO, GCV1-3, ADE3, MIS1, and GPM2) dur-
ing FA co-utilization (Figure S6), indicating a reinforcement of
central carbon metabolism.
Based on 13C-labelling and transcriptomic data, we propose

two potential FA assimilation pathways in C. jadinii
CGMCC34730: the mitochondrial reductive glycine (rGly)
pathway and the cytoplasmic glyoxylate-serine cycle (GSC)
(Figures 2 and S7). We next integrated 13CO2-labelling, tran-
scriptomic, and gene knockout analyses to distinguish between
these mechanisms. Experiments using NaH13CO3/

12C-EtOH
in Delft revealed 13C incorporation into glycine (2.0%), serine
(1.0%), and TCA cycle metabolites (Figures 3c,d and S5c,d),
suggesting rGly pathway activity. This finding was supported
by transcriptomic profiling, which showed substantial upregula-
tion of rGly genes—specifically GCV1, GCV2, and GCV3 (14.2-
to 18.8-fold) and CHA1 (2.2-fold)—under FA conditions
(Figure S6). Furthermore, strains with a partial deletion of
GCV2 or a complete deletion of GCV1, which encode compo-
nents of the glycine cleavage system, exhibited severe growth
delays during the co-utilization of FA with EtOH or xylose
https://doi.org/10.1021/acssuschemeng.6c02957
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Figure 2. Metabolic pathways for the assimilation of FA, HOAc, EtOH, glycerol, and xylose in C. jadinii CGMCC34730. Colored arrows delineate
specific metabolic routes: reductive glycine pathway (purple); XR-XDH xylose assimilation pathway (blue); EtOH and HOAc assimilation pathways
(orange); and glycerol assimilation pathways (olive green). Percentages denote fractional 13C-labeling enrichment of metabolites. Numbers adjacent
to gene symbols indicate the fold-change in transcript abundance in response to FA. Metabolite abbreviations: G3P, glycerol 3-phosphate; DHAP,
dihydroxyacetone phosphate; GAP, glyceraldehyde 3-phosphate; Xu5P, xylulose 5-phosphate. Enzyme abbreviations: Fdh1, formate dehydrogenase;
CjXly1, xylose reductase; CjXly2, xylitol dehydrogenase; CjXks1, xylulose kinase; Tpi1, triose phosphate isomerase; CjTkl1, transketolase; CjGut1,
glycerol kinase; CjGut2, mitochondrial glycerol-3-phosphate dehydrogenase; Adh2, alcohol dehydrogenase; Ald2, cytoplasmic aldehyde dehydroge-
nase; Acs1/Acs2, acetyl-CoA synthetase; Cha1, catabolic L-serine (L-threonine) deaminase; Shm1, mitochondrial serine hydroxymethyltransferase;
Mis1, mitochondrial C1-tetrahydrofolate synthase; and Gcv1/Gcv2/Gcv3, mitochondrial glycine decarboxylase complex.
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(Figure S8a–f). This phenotype may be attributed to the func-
tion of the rGly pathway in balancing cellular cofactor, specifi-
cally by consuming excess NADH generated from EtOH and
xylose metabolism.56–58 Results confirmed that the ΔGCV
strain accumulated substantial amounts of NADH when grown
on EtOH or xylose (Figure S3). In contrast, the strain with a
partial deletion of ADE3 (CJ-ΔADE3) exhibited no growth
retardation or NADH accumulation (Figure S3), and showed
growth kinetics comparable to the wild-type control
(CGMCC34730). The low targeted editing efficiency in this
strain may arise from three factors: it exhibits strong non-
homologous end joining (NHEJ) yet weak homologous recom-
bination (HR), wherein NHEJ preferentially repairs DNA
double-strand breaks and inhibits precise HR-mediated edit-
ing;62 as polyploids bear multiple target gene alleles on homol-
ogous chromosomes, editing tools cannot knock out all alleles
simultaneously and thus produce chimeric transformants with
partial gene disruption;63 additionally, abundant wild-type
alleles compete for limited homologous repair templates, drasti-
cally diminishing uniform recombination across all gene cop-
ies.63 Collectively, the 13C-labeling patterns consistent with
rGly pathway activity, robust transcriptional expression of path-
way genes, and growth phenotypic data obtained from rGly
1615
pathway gene knockout strains demonstrate that the rGly path-
way plays a critical role in NADH regulation during the co-
utilization of FA with xylose or EtOH. More broadly, these fin-
dins highlight potential evolutionary constraint in eukaryotic FA
assimilation. Among yeasts, S. cerevisiae is limited to the less effi-
cient GSC pathway,39 whereas P. pastoris has evolved an
oxygen-tolerant rGly pathway,64 indicating restricted evolution-
ary adaptability. Bacterial systems, however, have overcome
these constraints more effectively: Cupriavidus necator achieves
a biomass yield of 2.9 gCDW/mol-FA via its rGly pathway,65

and Vibrio natriegens can grow autotrophically on FA alone
using a serine cycle.66 These comparisons highlight that eukary-
otes, despite possessing rGly or GSC pathways, remain funda-
mentally constrained in converting FA to biomass at high
efficiency, likely due to suboptimal redox coupling and compart-
mentalization challenges absent in prokaryotes.

3.3. C. jadinii CGMCC34730 as a Versatile Platform for SCP
Production from Non-Food Carbon Sources

To assess the potential of C. jadinii CGMCC34730 as a plat-
form for SCP production across different scenarios, we assessed
its capacity to convert C2-C5 substrates into SCP in shake flask
fermentation. The results indicated that cells utilizing C2
https://doi.org/10.1021/acssuschemeng.6c02957
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Figure 3. 13C-isotopic analysis of the metabolites in CGMCC34730 during FA fermentation. (a) 13C-FA labeled amino acids. (b) 13C-FA labeled
central metabolites. (c) NaH13CO3 labeled amino acids. (d) NaH

13CO3 labeled central metabolites. For
13C labeling experiments, C. jadinii was pre-

cultured for three generations in Delft medium with 10 g/L 12C-EtOH with either 1 g/L 13C-FA (a,b) or 0.5 g/L NaH13CO3 (c,d) before being
subcultured in the same medium at 30 °C and 180 r.p.m. until middle log phase for analysis. The full names of abbreviations are summarized in
Table S13. All data represent the mean ± s.d. (n = 3 biologically independent samples). Metabolite abbreviations: Met, methionine; Pro, proline;
Thr, threonine; Ala, alanine; Gly, glycine; Asp, aspartic acid; Ser, serine; Try, tryptophan; Glu, glutamic acid; Asn, asparagine; Phe, phenylalanine;
Lys, lysine; Arg, arginine; Orn, ornithine; Cit, citrulline; Val, valine; Ile, isoleucine; Pyr, pyruvate; α-KG, alpha-ketoglutaric acid; ATP, adenosine tri-
phosphate; F6P, fructose 6-phosphate; R5P, ribose 5-phosphate; FAD, flavin adenine dinucleotide; 2-PG, 2-phosphoglycerate; 3-PG, 3-phospho-D-
glycerate; F-1,6-BP, fructose 1,6-bisphosphate; PEP, phosphoenolpyruvic acid; G6P, glucose-6-phosphate; NADH, reduced nicotinamide adenine
dinucleotide; NADP, nicotinamide adenine dinucleotide phosphate; and NADPH, Nicotinamide adenine dinucleotide phosphate (reduced form).
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substrates, specifically EtOH and HOAc, exhibited superior pro-
tein contents, reaching 62.6 and 60.9%, respectively (Figures 4a
and S9). While supplementation with FA as an auxiliary carbon
source increased SCP production in shake flasks (yielding
increases of 10.9 and 4.8% for EtOH and HOAc, respectively),
this enhancement was not observed during scale-up fermenta-
tion (data not shown). The absence of SCP accumulation and
biomass growth during FA-EtOH co-fermentation in a 5-L bio-
reactor likely stems from suboptimal process conditions, pri-
marily oxygen transfer limitations due to the high respiratory
demands of SCP biosynthesis and substrate oxidation,67

coupled with inhibitory effects from elevated EtOH concentra-
tions that may suppress dehydrogenase activity and disrupt FA
utilization.68 Consequently, subsequent scale-up fermentations
focused exclusively on EtOH and HOAc as the sole carbon
sources.

Fed-batch fermentations were conducted using NH3·H2O as
the nitrogen source, starting with an initial OD600 of approxi-
mately 1.5. C. jadinii CGMCC34730 demonstrated continuous
growth over 28 or 27 h. As detailed in Table S9 and Figure 4b,c,
1615
the resulting biomass concentrations of WL01 (EtOH) and
WL02 (HOAc) were 45.45 ± 0.35 and 39.60 ± 0.42 g
DCW L–1, respectively, with protein contents of 68.60 ± 0.97
and 67.34 ± 0.07%. The corresponding biomass yields were
0.74 ± 0.01 g DCW g–1 EtOH and 0.44 ± 0.01 g DCW g–1

HOAc. Notably, the calculated SCP productivity reached 8.91
± 0.06 and 7.90 ± 0.09 t m–3 y–1, respectively, substantially
exceeding the typical soybean yield of 1.4 × 10–4 t·m–3·y–1.69

These findings confirm the viability of scaled-up SCP production
and highlight the practical potential of this system.69

To assess the potential of WL01 and WL02 as microbial pro-
tein sources for feed formulations, their amino acid composi-
tions were compared with those of soybean meal and
fishmeal.6 Both WL01 and WL02 presented well-balanced
amino acid profiles (Figure S10). The total amino acid contents
of WL01 (52.2%) and WL02 (45.9%) exceeded that of soybean
meal (44.2%). This study observed a significant discrepancy
(more than 16%) between crude protein (Kjeldahl method)
and total amino acid content, primarily attributable to the inclu-
sion of non-protein nitrogen (NPN) in Kjeldahl measurements.
https://doi.org/10.1021/acssuschemeng.6c02957
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As documented by previous studies,53 Kjeldahl nitrogen incor-
porates NPN from nucleic acids (RNA/DNA), chitin, and met-
abolic intermediates. Furthermore, the total essential amino
acid (EAA) content of WL01 (24.0%) was comparable to that
of fishmeal (24.3%), while WL02’s content (18.8%) was slightly
lower; however, both are greater than that of soybean meal
(15.8%). A radar plot visually highlights the superior amino acid
balance of WL01 and WL02 relative to that of soybean meal,
particularly with respect to branched-chain amino acids
(Figure 4d). Additionally, the essential amino acid index
(EAAI) values for WL01 and WL02 were 0.97 and 0.75,
respectively (Table S10), which are superior to that of soy-
bean meal (0.70). Cellular composition analysis further indi-
cated that WL01 and WL02 presented relatively higher
carbohydrate and B-vitamin contents, reinforcing their prom-
ise as SCP resources (Table S11). Comparative analysis dem-
onstrated favorable protein content, biomass, and productivity
for C. jadinii CGMCC34730 relative to established SCP-
producing strains (Table 1). Collectively, these results sup-
port the potential of WL01 and WL02 as competitive protein
sources for feed formulations.

In addition, we present a proof-of-concept for SCP produc-
tion that utilizes CO2 as the sole carbon source. This process
utilizes abundant and readily available HOAc derived from
CO2 via electrolysis.70 The growth profile of C. jadinii
CGMCC34730 cultured on the HOAc-containing electrolyte
was comparable to that on commercial HOAc (Figure S11).
To verify that CO2 serves as the sole carbon source for biomass
Figure 4. Using non-food carbon sources for microbial production of SCP b
carbon sources. All data represent the mean ± s.d. (n = 3 biologically ind
CGMCC34730 over 28 h in a 5-L bioreactor. (c) DCW and cumulative HO
data represent the mean ± s.d. (n = 2 biologically independent samples) (d)
as mass percentages (% w/w), corresponding to grams of amino acid per 10
amino acid content of WL01 and WL02, fishmeal, and soybean meal standar
(5-10-0102) were obtained from China Feed Data. Statistical analysis was pe

1615

c

conversion, C. jadinii CGMCC34730 was cultivated using
electrolysis-derived 13C-labelled HOAc (13CH3

13COOH) as
the exclusive carbon substrate.70 Analysis of the harvested,
lyophilized biomass via Elemental Analyzer-Isotope Ratio
Mass Spectrometer (EA-IRMS) revealed 13CTOC accounted
for 48.8% of the dry biomass (Table S12). This value aligns
with the theoretical TOC of yeast, confirming that the biomass
carbon originates primarily from CO2-derived HOAc. These
results demonstrate the technical feasibility of coupling C. jadi-
nii CGMCC34730 fermentation with electrocatalysis for SCP
production from CO2.

3.4. Economic Feasibility Analysis and Life Cycle
Assessment

We next performed a comprehensive evaluation integrating
techno-economic analysis (TEA) and life cycle assessment
(LCA), a combined framework now recognized as essential
for determining the overall viability of emerging bioprocesses.
To assess the economic and environmental viability of SCP pro-
duction from C2 substrates, we modelled a large-scale process
(Figure 5a) across four baseline scenarios: commercial EtOH
(S1), wastewater EtOH (S2), commercial HOAc (S3), and
wastewater HOAc (S4). The model projects an annual capacity
of over 37,100 tons, representing approximately 2.9% of the
global SCP market and 7.03% of the yeast-derived market.71

Driven by the advantages of waste-derived feedstocks and econ-
omies of scale, S4 achieved the lowest production cost at 3059
CNY/t SCP, substantially below the previously reported values
iomass. (a) Comparison of SCP content in flask cultures using various
ependent samples) (b) DCW and cumulative EtOH consumption of
Ac consumption of CGMCC34730 over 27 h in a 5-L bioreactor. All
Radar chart of essential amino acid composition, with values expressed
0 grams of dry cell weight (g/100 g DCW). Comparison of essential
ds. Data for fishmeal standard (5-13-0045) and soybean meal standard
rformed using a two-tailed Student’s t-test (*P < 0.05, **P < 0.01).
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Figure 5. Techno-economic analysis (TEA) and life cycle assessment (LCA) of single-cell protein (SCP) production using EtOH and HOAc.
(a) Process design and system boundaries for the baseline SCP production scenario. Dashed lines and boxes indicate process inputs; solid lines indi-
cate outputs. (b) Comparative assessment of the levelized cost of SCP production across baseline scenarios (S1–S4). (c) Contribution analysis of the
cradle-to-gate global warming potential (GWP) associated with producing 1 kg of SCP.
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of 9289–11,680 CNY/t SCP.72,73 Significantly, the production
cost of S3 (8466 CNY/t SCP) was lower than that of S1
(10019 CNY/t SCP) in commercial feedstock scenarios. This
economic viability is attributed to the dual advantages of
HOAc: a lower feedstock unit cost and a higher system
throughput (4.84 t h–1) than those of the EtOH-based process
(4.63 t h–1) (Tables S7 and S8). Consequently, these results
demonstrate that producing SCP from HOAc offers clear eco-
nomic competitiveness.

The cost breakdown (Figure 5b) reveals that KH2PO4 and
NH3 constitute over 60% of the total expenses in S2 and S4,
suggesting that media optimization is critical for further cost
reduction. Although electricity accounts for less than 23% of
the total cost, cooling accounts for 46% of the energy consump-
tion due to the substantial metabolic heat generated during fer-
mentation. These findings underscore the importance of
strategic site selection—specifically in regions with low ambient
temperatures, such as northern China—to minimize cooling
loads and enhance economic competitiveness. Under current
market conditions, the production cost of the SCP derived from
S3 is estimated at 8466 CNY/t SCP, which is lower than that of
S1 (10019 CNY/t SCP). Theoretically, transitioning to
wastewater-derived HOAc could reduce costs to 3059 CNY/t
SCP by minimizing raw material expenditures, if pretreatment
and downstream processing loads remain economically viable.
Even when relying on commercial HOAc, the scenario demon-
strates robust economic resilience as the projected cost cre-
ates a competitive buffer against market volatility compared
with animal proteins, such as fishmeal (>18,000 CNY/t
1615
SCP, obtained from market research). Although this current
cost remains higher than that of plant proteins such as high-
protein soybean meal (≥3100 CNY/t, obtained from market
research), the theoretical cost achieved via wastewater-
derived HOAc (3059 CNY/t SCP) or EtOH (3170 CNY/t
SCP) would render this SCP economically competitive even
against these inexpensive plant sources. Furthermore, the cur-
rent cost significantly undercuts other microbial protein
benchmarks. These established platforms include filamentous
fungi valorizing wheat straw (42,224–73,080 CNY/t SCP),
hydrogen-oxidizing bacteria utilizing CO2 and electrolytic
hydrogen (12,992–30,856 CNY/t SCP), microalgae cultivated
on waste gas CO2 (10,556–33,292 CNY/t SCP),
and methane-oxidizing bacteria converting natural gas
(24,360–40,600 CNY/t SCP).74 Crucially, the metabolic plas-
ticity of C. jadinii CGMCC34730 extends beyond C2 sub-
strates to encompass C1–C6 carbon sources, offering
avenues for further cost reduction. For instance, the co-
utilization of corncob residues, an industrial waste with a feed-
stock cost below 500 CNY/t, could theoretically reduce raw
material expenditures,75 thereby amplifying the economic
advantage over mono-substrate-dependent systems.
In addition to economic feasibility, we conducted an LCA to

evaluate the global warming potential (GWP) of producing 1 kg
of SCP. The GWP for the wastewater HOAc scenario (S4) was
5.2 kg CO2-eq (Figure 5c), which was slightly higher than that
of the wastewater EtOH scenario (S2) at 4.7 kg CO2-
eq. Contribution analysis identified electricity consumption as
the primary environmental hotspot, accounting for 47% of the
https://doi.org/10.1021/acssuschemeng.6c02957
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Table 1. Performance Comparison of SCP Production by Different Microbial Chassis Using Non-Food Carbon Sources

microorganism
non-food carbon

sources output reference

Cupriavidus necator H16 CO2 and H2 Crude protein content: 60%
Protein concentration: 13.8 g L–1

Productivity: 2.76 g L–1 d–1

80

Methylotuvimicrobium sanxanigenens CH4 Crude protein content: 34.7%
Biomass: 6.94 g L–1

Productivity: 3.97 g L–1 d–1

81

Hydrogenophaga pseudoflava Z-1107 CO and H2 Crude protein content: 67.2%
Biomass: 0.57 g L–1

82

Clostridium autoethanogenum CO/CO2 Crude protein content: 70∼80%
Biomass: 20∼25 g L–1

17

Microalgae Chlorella vulgaris CO2 Crude protein content: 61.6%
Biomass: 0.62 g L–1

83

Yarrowia lipolytica Oat bran hydrolysate Crude protein content: 45%
Biomass: 9.35 g L–1

Productivity: 1.87 g d–1

84

Yarrowia lipolytica waste cooking oils Crude protein content: 12.6%
Protein concentration: 7.23 g L–1

Biomass: 57.37 g L–1

85

Pichia pastoris methanol and glycerol Crude protein content: 52%
Biomass: 63.37 g L–1

Productivity: 21.12 g L–1 d–1

10

Rhodotorula glutinis vinegar residue Crude protein content: 37.17%
Biomass: 32.14 g L–1

Protein concentration: 8.5 g L–1

72

Kluyveromyces marxianus corn straw Crude protein content: 57.3%
Biomass: 5.3 g L–1

6

Candida utilis dihydroxyacetone Crude protein content: 60.1%
Biomass: 34.8 g L–1

Productivity: 1.3 g L–1 d–1

7

HOAc Crude protein content: 45%
Protein concentration: 1.54 g L–1

EAAI: 76.4%
Yield: 0.38 g DCW g–1

EtOH Crude protein content: 0.54 g protein
(gbiomass)

–1 (≈27 g L–1)
Biomass: 100 gbiomass (kgbroth)

–1

Biomass Yield: 0.65 gbiomass (gethanol)
–1

28

C. jadinii CGMCC34730 EtOH Crude protein content: 68.6%
Biomass: 45.45 g L–1

Biomass productivity: 38.64 g L–1 d–1

EAAI: 97%

this work

Crude protein content: 67.34%
Biomass: 39.60 g L–1

Biomass productivity: 35.04 g L–1 d–1

EAAI: 75%

this workHOAc
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total impact, followed by metabolic respiration (38%). While
this study assumed the use of wind power, further reductions
in emissions could be achieved by transitioning to nuclear
energy or enhancing renewable efficiency.76 Although the car-
bon footprint of S4 is higher than that of soy protein concen-
trate (0.8 kg CO2-eq) and fishmeal (1.5 kg CO2-eq),

77 it
remains lower than that of alternative proteins such as
FeedKind (8.0 kg CO2-eq) and mycoprotein (15–38.4 kg
CO2-eq).

78,79 However, comparing LCA results across differ-
ent studies is complex, as each author adopts different meth-
odological approaches, system boundaries, and assumptions.
Since ex-ante LCA for early-stage technologies heavily relies
on scaling estimates and projections, these results should be
interpreted as indicators of potential future impacts, highlight-
ing the need for continuous methodological refinement and
optimization as the process matures. Overall, the use of
wastewater-derived substrates offers dual benefits: substan-
tially lower costs and carbon footprints than commercial sub-
strates, and environmental performance comparable to that of
1615
established protein sources, thereby supporting circular econ-
omy objectives.

4. CONCLUSIONS

The efficient utilization of non-food substrates by C. jadinii
CGMCC34730 presents a promising alternative to traditional
sugar-based biomanufacturing. In this study, compared with other
carbon sources, C2 substrates demonstrated superior perfor-
mance in supporting SCP production. This metabolic capability
is particularly significant as it facilitates the valorization of electro-
chemically derived HOAc from CO2. Furthermore, the broad
substrate range of C. jadinii CGMCC34730 indicates the poten-
tial for wide applicability in upgrading diverse industrial streams,
including lignocellulosic hydrolysates and corn steep liquor.
TEA confirms the viability and sustainability of C. jadinii
CGMCC34730-based SCP production platform; projected costs
are highly competitive against current market prices, supporting
both scalability and long-term commercial sustainability. Thus,
https://doi.org/10.1021/acssuschemeng.6c02957
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this platform provides a viable, land-independent strategy for con-
verting non-food resources into value-added SCP.
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