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1. Introduction

Succinic acid is a key platform chemical, identified by the U.S.
Department of Energy as one of the twelve most valuable platform
compounds (Werpy et al., 2004; Bozell and Petersen, 2010). It has extensive
applications in the production of detergents, surfactants, food additives,
antimicrobial agents, and pharmaceuticals (Cok et al., 2014). Furthermore,
succinic acid serves as a precursor for high-value chemicals such as 1,4-
butanediol and tetrahydrofuran, and as a monomer in the synthesis of
biodegradable plastics such as polybutylene succinate (PBS) (Choi et al.,
2015; Ahn et al., 2016). Driven by increasing demand, the global market for
succinic acid is projected to reach USD 205.6 million by 2026, with a
compound annual growth rate (CAGR) of approximately 7% (Lee et al.,
2019).

Succinic acid is primarily produced through chemical synthesis and
biotechnological fermentation. The chemical synthesis involves the
hydrogenation of maleic anhydride, derived from C4 fractions in petroleum
refining (Jansen and van Gulik, 2014). While this method is well-established
and cost-effective, it depends on non-renewable petrochemical resources.
Additionally, chemical synthesis requires extreme conditions such as
elevated temperatures and pressures, resulting in high energy consumption,
environmental pollution, and complex by-products (Liu et al., 2022a). In
contrast, microbial fermentation is gaining attention as a more sustainable
and environmentally benign alternative. This approach produces succinic
acid from renewable biomass, thereby decreasing reliance on fossil
resources and promoting green chemistry and sustainable development
(Jiang et al., 2017).

Currently, microbial platforms utilized for the biosynthesis of succinic
acid primarily consist of bacterial and yeast systems (Table 1). Among
bacterial systems, notable examples include Actinobacillus succinogenes
(Yang et al., 2020), Mannheimia succiniciproducens (Lee et al., 2010),
Corynebacterium glutamicum (Chung et al., 2017; Li et al., 2023), and
Escherichia coli (Zhu et al., 2014). Recent advancements in genetic
engineering have facilitated the construction of several industrial bacterial
strains with enhanced capability for succinic acid production. For instance,
C. glutamicum was modified by introducing a phosphoenolpyruvate

2504

2506
2506
... 2508
....2510
. 2511
2511
2511
2514
2514
...2514
.. 2514

carboxylase (PPC) gene under a strong promoter and deleting the
phosphotransferase system (PTS), resulting in a strain capable of producing
152.2 g/L of succinic acid under oxygen-limited conditions (Chung et al.,
2017).

While these bacterial hosts can efficiently produce succinic acid, they
exhibit several drawbacks, such as obligate anaerobiosis, potential
pathogenicity, and low acid tolerance (Zhong et al., 2024). Bacterial
fermentation requires continuous addition of neutralizing agents to maintain
pH, leading to significant sulfuric acid use for acidification during
purification. This requirement not only increases downstream processing
costs but also heightens contamination risks during fermentation (Kumar et
al., 2020; Oreoluwa Jokodola et al., 2022). In contrast, eukaryotic
microorganisms such as Issatchenkia orientalis and Yarrowia lipolytica
exhibit superior acid tolerance and are increasingly investigated for succinic
acid production (Yadav et al., 2012). For example, researchers employed
various metabolic engineering strategies, including the expression of critical
pathway enzymes, augmentation of cofactor availability, and optimization
of substrate utilization in . orientalis (Tran et al., 2023). The final titer of
succinic acid reached 109.5 g/L with a yield of 0.59 g/g, setting a new
benchmark for succinic acid production via the reductive tricarboxylic acid
(TCA) pathway in engineered yeast. In another study, the reductive TCA
(rTCA) pathway was localized to the mitochondria in Y. lipolytica, and
coupled with adaptive evolution, successfully balanced carbon flux in the
oxidative and reductive TCA cycles (Cui et al., 2023). This approach
achieved a succinic acid titer of up to 111.9 g/L with a yield of 0.79 g/g
glucose in pilot-scale fermentation, underscoring its potential for industrial-
scale applications. Despite these advancements in engineering yeasts for
succinic acid production, some challenges, such as high cooling costs and
extended fermentation times, still hinder large-scale industrialization.
Consequently, further yeast engineering is essential to enhance cell growth,
temperature tolerance, and acid resistance, thereby reducing production
costs and improving economic feasibility.

In this study, we investigated the potential of the thermotolerant yeast
Kluyveromyces marxianus as a platform for succinic acid biosynthesis,
leveraging its rapid growth, robust thermotolerance, and wide substrate
spectrum. We developed a highly efficient platform for the biosynthesis of
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Table 1.
Comparison of succinic acid production with different strains.

2505

a Temperature pH Titer Yield Productivity
Siain ©°C) Condition (g/L) (&) @Lmy ~ Ref
1. orientalis SD108 30 Acidic 109.5 0.63 0.54 Tran et al. (2023)
Y. lipolytica HiSA2 30 Acidic 111.9 0.79 1.79 Cui et al. (2023)
S. cerevisiae PYC2o-mpc34 sdhlA 30 Neutral 455 0.66 0.24 Renduli¢ et al. (2024)
E. coli FM3 37 Neutral 153.4 1.04 2.13 Pan et al. (2024)
37 Neutral 50.6 0.31 0.42
K. marxianus KmSA12 This Study
45 Acidic 41.2 0.27 0.34

organic acids through systematic metabolic engineering of K. marxianus
NBRC 1777. Initially, we constructed a nutrient-auxotrophic chassis strain
and established a comprehensive genetic toolkit, which included a CRISPR-
Cas9 system, an endogenous promoter library, and a neutral integration site
library, to facilitate precise and tunable gene expression. Subsequently, we
introduced a heterologous rTCA pathway to enhance succinic acid
accumulation. To further optimize metabolic flux, we systematically
eliminated byproduct pathways and overexpressed key enzymes with high
catalytic efficiency to enhance succinic acid biosynthesis. Additionally, we
optimized the transmembrane transport of succinic acid by expressing an
efficient dicarboxylate transporter, markedly improving extracellular
product accumulation. Finally, in a 5 L bioreactor, the optimized strain K.
marxianus KmSA12 achieved succinic acid titer, yield, and productivity up
to 50.6 g/L, 0.31 g/g, and 0.42 g/L/h, respectively. Furthermore, we
performed succinic acid fermentation at 45°C with a limited amount of
neutralizing agents; the production of succinic acid with K. marxianus
KmSA12 reached 41.2 g/L with a yield of 0.27 g/g glucose. This study not
only establishes K. marxianus as a promising cell factory for bio-based
succinic acid production but also offers a robust framework for metabolic
engineering of non-conventional yeasts to produce value-added organic
acids.

2. Materials and Methods
2.1. Materials
2.1.1. Strains, plasmids, and primers

In this study, E. coli IM109 and K. marxianus NBRC1777 were used to
construct expression vectors and succinic acid-producing strains,
respectively. The engineered K. marxianus strains used were listed in Table
S1, and the recombinant plasmids used were listed in Table S2.

2.1.2. Medium and reagents

LB medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) was used
for routine cultivation of E. coli. YPD medium (10 g/L yeast extract, 20 g/L
tryptone, 20 g/L glucose) was used for the cultivation of K.marxianus.
When required, 50 pg/mL ampicillin and 200 pg/mL geneticin were added,
respectively. A yeast synthetic defined premixes-SD base (Coolaber,
Beijing, China) and yeast amino acids supplement were used for the
screening of auxotrophic transformants of K. marxianus.

The restriction enzymes, PrimeSTAR DNA polymerase, Taq DNA
polymerase, T4 DNA ligase, QucikCut Dpn I, and DNA markers were
purchased from Takara (Dalian, China). Plasmid extraction Kkits, gel
extraction kits, product purification kits, geneticin (G418), and ampicillin
were purchased from Sangon (Shanghai, China). PCR primers were
synthesized by Genewiz (Nanjing, China).

2.2. Methods
2.2.1. Construction of recombinant plasmids and strains

Genes were codon-optimized and synthesized by Talen-bio (Wuxi,
China). Plasmids were generated by Gibson assembly and Golden Gate

assembly in E. coli. E. coli plasmids were extracted and verified by
restriction digestion. The CRISPR-Cas9 system was utilized for gene
deletion in K. marxianus. All single-guide RNAs (sgRNAs) were designed
using the online tool Cas-Designer (http://www.rgenome.net/cas-designer/).
The protospacer-adjacent motif (PAM) was the Streptococcus pyogenes
Cas9 PAM sequence “NGG”. Only sgRNA sequences with minimal
predicted off-target effects were selected. Selected sgRNA sequences were
cloned into CRISPR plasmid pCAS9 harboring S. pyogenes Cas9 under the
control of TEF promoter; sgRNA expression was driven by a K. marxianus-
optimized tRNA-sgRNA fusion cassette. For gene knockout or integration,
donor DNA fragments containing ~1000 bp homology arms flanking the
Cas9 cut site were synthesized or PCR-amplified. These donor templates
were co-transformed with pCAS9 into K. marxianus competent cells using
a lithium acetate/polyethylene glycol method (Antunes et al., 2000).
Transformants were plated on SC-URA plates and incubated at 37 °C for
48-72 h.

2.2.2. Fermentation conditions

For succinic acid production in shake flasks, K. marxianus was initially
propagated on agar plates overnight at 37°C. Subsequently, a single colony
was selected for seed cultures, which were then cultivated in 30 mL YPD
medium for 12 h. Next, seed cultures were inoculated with 10 mL into 100
mL of fermentation medium and cultivated at 37°C and 200 rpm for 8 h.
Subsequently, the culture was transferred to a 500 mL shake flask for
microaerobic fermentation at 37°C and 100 rpm for 72 h. The glucose
concentration was maintained at 0-20 g/L. CaCO; was added to regulate the
pH at 5.5-6.5.

For succinic acid production in a 5-L bioreactor, the seed culture method
was consistent with that used in shake flasks. Subsequently, seed cultures
were inoculated into 3 L of fermentation medium at a 10% (v/v) inoculation
rate and cultured at 37°C (or 45°C) for 120 h. After 12 h, dissolved oxygen
was maintained at approximately 10% by adjusting agitation speed and
aeration rate, ensuring proper fermentation during the microaerobic stage
for 108 h. When initial glucose (40 g/L) was depleted during fermentation,
800 g/L of glucose was fed to maintain glucose concentration at 0-5 g/L.
For 37°C fermentation, CaCOs; was added to regulate the pH at 6.0-6.5. For
45°C fermentation, 20 g/ CaCO; was added at the beginning of
fermentation to regulate the pH, and during the following fermentation
process, no additional neutralizing agents were used.

2.3. Analytical methods
2.3.1. Organic acid determination

The culture broth was centrifuged at 12000 rpm for 5 min, and
supernatants were obtained for analysis of extracellular metabolites and
sugars. Glucose, glycerol, ethanol, succinic acid, pyruvic acid, and other
byproducts of broths were analyzed and quantified using HPLC with UV
and RID detectors (Shimadzu, Kyoto, Japan). Metabolites and sugars were
analyzed at 52°C with 5 mM H,SOj, as the mobile phase, with a flow rate of
0.6 mL/min.

Please cite this article as: Gu Z., Ding D., Shan Z., Tang Y., Chen X. Metabolic engineering of the non-conventional yeast Kluyveromyces marxianus for
enhancing the biosynthesis of succinic acid. Biofuel Research Journal 47 (2025) 2503-2516. DOI: 10.18331/BRJ2025.12.3.5.



http://www.rgenome.net/cas-designer/

Gu et al. / Biofuel Research Journal 47 (2025) 2503-2516

2.3.2. Fluorescence detection

Seeds were inoculated into YPD medium, cultured at 37°C (or 45°C)
overnight, and then adjusted to an optical density at 600 nm (ODgy) of 0.1
for cultivation. Samples were harvested and analyzed at 36 h, 48 h, and 60
h. 200 pL dilution was used for fluorescence detection by a microplate
reader. The eGFP fluorescence intensity was measured with excitation and
emission wavelengths of 485 nm and 525 nm, respectively. Culture density
was also measured as the absorbance at 600 nm.

2.3.3. Enzyme activity assay

A single colony was picked from plates and inoculated into 50 mL SC-
URA medium in 250 mL shake flasks. The culture was incubated at 37°C
with shaking at 200 rpm for 16 h. K. marxianus cells were harvested,
centrifuged, and washed twice with ice-cold PBS (pH 7.4). After that, cell
pellets were resuspended in 1 mL PBS. To lyse these cells, 0.6 g acid-
washed glass beads were added, and the suspension was vortexed for two
cycles, each lasting 10 min (66 Hz, 30 s on, 30 s off, 10 cycles). The cell
lysate was centrifuged at 8,000 rpm for 10 min at 4°C to remove cell
sediments, and the supernatant was collected for enzyme activity assays. For
pyruvate carboxylase (PC) activity, the reaction mixture contained PBS (pH
7.6), 7.5 mmol/L MgSOy4, 0.1 mmol/L acetyl-CoA, 20 mmol/L KHCO;, 0.1
mmol/L NADH, 10 mmol/L pyruvate, 4 mmol/L ATP, and 1 pL MDH. The
enzyme reaction was initiated by adding cell lysate, and the absorbance at
340 nm was monitored. For malate dehydrogenase (MDH) activity, the
reaction mixture consisted of PBS (pH 7.4), 1 mmol/L oxaloacetate, 0.1
mmol/L NADH, and cell lysate. The absorbance at 340 nm was recorded.
For fumarase activity, the reaction mixture contained Tris-HCI (pH 7.8), 50
mmol/L malate, and cell lysate. The absorbance at 250 nm was measured.
Protein concentrations were determined using the modified Bradford assay
(Bradford, 1976).

2.3.4. qRT-PCR

Yeast cells were harvested from 24 h fermentation broth and washed
twice with PBS by resuspension and centrifugation at 6,000 rpm for 5 min
at 4°C. The cell disruption method was obtained by liquid nitrogen freeze
grinding. Total RNA was isolated using the EASY spin Yeast RNA Quick
Extraction kit (1 pg of total RNA was taken to synthesize cDNA by using a
PrimeScript II 1st-Strand cDNA synthesis kit). The cDNA mixture was
diluted to about 30 ng/pL and then used as the template for analyzing the
gene expression level by quantitative reverse transcription-PCR (QRT-PCR)
with SYBR Premix Ex Taq using an iQ5 continuous fluorescence detector
system. The act! expression level was used for normalization.

2.3.5. Reactive oxygen species accumulation assay

Endogenous levels of reactive oxygen species (ROS) were measured
using a fluorometric assay employing 2’,7'-dichlorofluorescin diacetate
(DCFH-DA). Briefly, K. marxianus cells were collected from 24 h
fermentation broth in a 5-L bioreactor, then centrifuged, washed, and
resuspended to an OD600 of 1.0 in 1 mL PBS. DCFH-DA was added to the
cell suspension at a final concentration of 10 uM. After incubation, the
fluorescence intensity (excitation at 488 nm, emission at 525 nm) was
measured using a SpectraMax M3 spectrofluorometer.

2.3.6. Cell viability assay

For the assessment of cell viability, propidium iodide (PI) staining was
performed. 1 mL of cell culture was collected, washed twice with PBS, and
resuspended to an ODgg 0of 0.4 in 1 mL PBS. Then, 5 pL. Propidium Iodide
(PI) was added to the cell suspension, which was then incubated for 20 min
at 37°C in dark conditions. Cell viability was assessed by flow cytometry.

2.3.7. Membrane integrity assay

In the membrane integrity assay, 1 mL of the cell culture was taken,
washed twice with PBS, and resuspended to an ODgg of 0.4 in 1 mL PBS.
Then, 5 pL SYTOX was added to the cell suspension, and incubated for 5
min at 37°C in dark conditions, and then used for flow cytometry analysis.
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2.3.8. Protein context assay

To measure protein contents, 1 mL of the cell culture was collected and
washed twice with PBS. Subsequently, the samples were centrifuged at
5000 rpm for 2 min, and the culture medium was discarded. Then, 10 mg
yeast sludge was weighed, resuspended in 1 mL PBS, and disrupted with an
ultrasonic cell disintegrator for 15 min. The supernatant was collected by
centrifugation at 12,000 rpm for 5 min, and then the protein contents were
measured by a BCA Protein Assay Kit.

2.3.9. Metabolic activity assay

One mL of cell culture was taken, washed twice with PBS, and
resuspended to an ODgq of 10 in 1 mL PBS. Resazurin solution (1 g/L) was
added to the suspension at a 10 % (v/v) ratio and incubated at 37°C in dark
conditions with shaking for 2 h. After incubation, the fluorescence intensity
(excitation at 560 nm, emission at 590 nm) was measured using a
SpectraMax M3 spectrofluorometer.

3. Results and Discussion
3.1. Developing genetic manipulation tools in K. marxianus

To facilitate genetic manipulation of K. marxianus, we constructed a
nutrient-auxotrophic strain. Initially, the ura3 gene, encoding orotidine-5'-
phosphate decarboxylase, was knocked out by replacing it with a G418
(geneticin) resistance marker via homologous recombination (Fig. 1a).
Subsequently, the leu2 (encoding 3-isopropylmalate dehydrogenase) and
trpl (encoding phosphoribosylanthranilate isomerase) genes were replaced
using HisG-URA3-HisG deletion cassettes to generate additional selection
markers (Fig. 1b). Ultimately, K. marxianus strain Km003 was successfully
developed, which is auxotrophic for uracil, leucine, and tryptophan. Gene
deletions were confirmed by genomic PCR, and the auxotrophic phenotypes
were validated on SC plates supplemented with the corresponding amino
acids (Fig. 1c).

To improve the efficiency of gene knockout, the CRISPR-Cas9 system
was developed. The adel gene encoding phosphoribosylaminoimidazole
synthase was selected as a reporter gene to evaluate the effectiveness of this
system. Disruption of the adel gene in K. marxianus resulted in mutant
strains forming red colonies on adenine-deficient media. An sgRNA
targeting the adel gene was first designed and inserted into the pCAS9
plasmid. Then, the recombination plasmid pCAS9-ADE1 was transformed
into strain Km003. On the transformation plate, 468 colonies were observed,
of which 110 colonies exhibited the characteristic red color. Although the
total colony count was decreased by 26.3% compared to that of the
homologous recombination-based adel knockout, the knockout efficiency
with the CRISPR-Cas9 system was increased by 180%.

To further increase the efficiency of the CRISPR-Cas9 system, the effect
of homologous repair templates was investigated by introducing a repair
fragment containing 1,000 bp homologous regions flanking the ade! locus.
This repair fragment was co-transformed with the recombination plasmid
pCAS9-adel into strain Km003, yielding 137 colonies, of which 126
colonies exhibited the red phenotype. The knockout efficiency of the
CRISPR-Cas9 system reached 92% (Figs. le and f). These results
demonstrated that the CRISPR-Cas9 system facilitated precise and efficient
gene targeting in K. marxianus with high knockout efficiency.

3.2. Evaluating endogenous promoters

Recent investigations have focused on a variety of promoters derived
from S. cerevisiae for potential applications in K. marxianus. Ten
endogenous constitutive promoters have been identified, achieving a 40-
fold range in gene expression (Rajkumar et al., 2019). However, their
performance across different growth phases and environmental conditions
has not been thoroughly examined. To facilitate the regulation of differential
gene expression in K. marxianus, the strength of endogenous promoters was
predicted and evaluated. The Basic Local Alignment Search Tool
(tBLASTn) was used to select 20 genes associated with glycolysis, the
pentose phosphate pathway, the TCA cycle, and primary metabolic
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pathways. The 1000 bp regions upstream of their start codons were extracted
as putative promoter sequences. These genes included TEF1, PDC1, PGK1,
GPD1, GPD2, FBA1, HHF1, GDH2, ADHI, and MDHI, among others
(Table S3).

To evaluate the relative strength of the identified promoters, an
endogenous promoter-eGFP reporter plasmid (pGFP) was constructed. This
plasmid was subsequently used to express green fluorescent protein (eGFP)
under the control of the respective promoters. Following transformation into
Km002, fluorescence intensity was measured for the recombinant strains
cultured in SC-LEU medium at 37°C for 60 h (Fig. 2a). Consequently, a
promoter library was successfully constructed, and promoter strengths were
evaluated at 37°C using glucose as the carbon source.

The ADHI promoter exhibited the highest expression strength, followed
by the PDC1 and ADH2 promoters, which were categorized as strong
promoters. Promoters exhibiting strengths below 33.3% of ADHI1 were
classified as weak promoters, while the remaining promoters were
designated as intermediate strength. During the logarithmic phase, the
promoters of glycolysis and cell growth-related genes, such as TEF1 and
HHTI1, exhibited the highest activity. In contrast, during the later

logarithmic and stationary phases, the promoters of genes associated with
ethanol production, such as ADHI and PDC1, showed significantly higher
activity, reaching up to 7.25 times compared to that of weak promoters.
These results demonstrated the successful development of an endogenous
promoter library that enables stage-specific and variable regulation of gene
expression across different growth phases.

Temperature control during fermentation is associated with production
cost, and thus, K. marxianus is often utilized in industrial production under
high-temperature fermentation conditions. Under these elevated conditions,
the expression levels of the same gene may vary significantly. Promoter
strength was further evaluated at 45°C (Fig. 2b), revealing a significant
decrease for most promoters at 45°C compared to 37°C. However, HHT1
and PGK1 promoters remained stable and were the most robust promoters
at 45°C. The remaining promoters were categorized into seven medium-
strength and eight weak-strength promoters based on fluorescence intensity.
At 45°C, genes associated with chromosomal repair and protein stability,
such as HHT1 and HSP26, exhibited enhanced promoter strength, whereas
promoters associated with glycolysis and the TCA cycle showed reduced
promoter strength. This observation is likely due to 45°C approaching the
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Fig. 2. The expression levels of eGFP driven by different endogenous promoters at various cell growth stages. a: promoter strength at 37°C. b: promoter strength at 45°C.

heat stress threshold for yeasts, favoring the expression of heat shock
proteins and stress-responsive genes, thereby influencing promoter strength
(Xiong et al., 2018).

Promoters linked to ethanol biosynthesis exhibit significantly reduced
activity at 45°C compared to their robust performance at 37°C, while those
involved in glycerol biosynthesis maintain relatively high levels of activity.
This difference may be attributed to the metabolic strategy of yeasts, which
favors the rapid consumption of carbon sources and the generation of ATP
through ethanol fermentation at 37°C. However, at 45°C, the elevated
temperature can intensify the toxic effects of ethanol on cellular membranes
and proteins, resulting in the downregulation of ethanol synthesis-related
genes through promoter regulation (Riles and Fay, 2019). Conversely,
glycerol serves as a critical protective metabolite against heat stress.

At 45°C, yeasts may upregulate the expression of glycerol synthesis-
related genes through signaling pathways, such as the HOG pathway, to
counteract heat stress (Dunayevich et al., 2018). In this context, certain core
promoters, specifically TEF1 and HHT1, maintained high activity at 45 °C

despite the overall alterations in promoter dynamics. TEF1 and HHT1 are
known as robust and constitutive promoters in yeasts. The TEF1 promoter
is particularly used for protein expression due to its sustained activity across
various conditions, indicating its inherent thermotolerance. Similarly,
HHT1, encoding a histone H3 variant, plays a crucial role in maintaining
chromatin integrity and genome stability, which are vital under thermal
stress (Takayama and Takahashi, 2007). The sustained activity of these
promoters at elevated temperatures likely reflects their critical contributions
to the preservation of fundamental cellular processes, including protein
synthesis and nucleosome assembly during heat stress.

3.3. Ildentifying and screening neutral sites in the genome

The biosynthesis of metabolic products often necessitates the
overexpression of multiple enzymes involved in metabolic pathways.
Plasmid-based expression systems generally require various selection
markers, imposing a metabolic burden on cells and increasing the risk of
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plasmid loss during fermentation processes. The identification of specific
genomic integration sites provides an alternative approach, facilitating the
stable and efficient expression of heterologous genes to meet the demands
of pathway construction. Furthermore, certain genomic regions may cause
gene silencing or overexpression, which could adversely affect cell
performance. To mitigate these drawbacks, it is essential to select suitable
integration sites for stable gene expression. Therefore, the screening for
neutral integration sites in the yeast genome represents a key strategy for
enhancing the efficiency of metabolic engineering and the stability of the
strain. Recently, several intergenic regions in K. marxianus have been
identified, and six out of eight regions could facilitate efficient gene
integration without compromising cell growth, thereby offering promising
avenues for strain engineering in this yeast species (Zhou et al., 2024).
Despite these advancements, the limited availability of well-characterized
integration sites still hinders the full potential of K. marxianus as a robust
industrial cell factory.

The K. marxianus genome was analyzed to identify potential neutral
integration sites for heterologous gene expression based on the following
criteria: (i) localization in intergenic regions flanked by two genes with a
minimum intergenic distance of 700 bp; (ii) high efficiency of gene
integration; (iii) facilitation of elevated heterologous gene expression; and
(iv) minimal impact on cell growth. Using online prediction tools CRISPR-
COPIES and transcriptomic datasets previously reported for K. marxianus
(Lertwattanasakul et al., 2015), 20 candidate intergenic regions were
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identified. These sites were distributed across eight chromosomes and
spaced sufficiently to prevent recombination events that could result in the
loss of a genomic fragment (Fig. 3a).

To evaluate integration efficiency at different neutral sites, the CRISPR-
Cas9 system was utilized to integrate an eGFP expression cassette into each
candidate location (Fig. 3b). Successful integration was achieved at 17 sites,
while the remaining sites failed, likely due to their essential roles in cell
growth, as the insertion of a heterologous gene resulted in cell lethality. Both
bright-field and fluorescence microscopy confirmed eGFP expression in
colonies from all successful transformations.

Further analysis of fluorescence intensity and cell growth revealed
variations in eGFP signals and growth states among strains with different
integration sites, indicating that the location and architecture of gene
integration significantly affect gene expression and cellular performance
(Figs. 3¢ and 3d). Among the identified integration sites, NS3, NS6, NS§,
NS10, NS11, NS12, and NSI19 exhibited strong fluorescence protein
expression, rendering them particularly suitable for high-level gene
expression. In contrast, NS4, NS5, NS7, NS11, NS13, and NS16 exhibited
favorable growth characteristics, suggesting their suitability for gene
integration. Considering both fluorescence intensity and growth
performance, NS8, NS12, and NS19 were identified as the most optimal
candidates for heterologous gene expression. These results highlight the
potential of neutral integration sites to effectively regulate gene expression
and maintain the balance of metabolic pathways.
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Fig. 3. Identifying and screening neutral sites in the genome. a: Screening and selecting potential neutral integration sites. b: Cas9-based toolkit for eGFP expression in K.marxianus. ¢: The eGFP

expression level from different neutral sites. d: The cell growth from different neutral sites.
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During the process of screening neutral sites, we observed significant
variability in eGFP expression across various neutral sites, leading us to
hypothesize that this variability may be influenced by chromatin context and
transcriptional interference. Many factors, such as histone modifications,
DNA methylation patterns, and proximity to heterochromatin domains, can
significantly impact transgene expression levels. When genes were located
near heterochromatin regions, they may experience transcriptional silencing
or diminished expression due to alterations in chromatin structure (Liu, et
al., 2022b).

Transcriptional interference (TI) contributes significantly to expression
variability, occurring when transcription at one genomic locus negatively
affects neighboring gene expression, especially in convergent gene
orientations (Eszterhas et al., 2002). In such cases, convergent transcription
units may experience mutual suppression of expression, while divergent
ones show minimal interference. This suggests that TI influences eGFP
expression at neutral sites near active genes. Additionally, promoter
occlusion and epigenetic regulation are also likely contributing factors. The
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active transcription of one gene may obscure the promoter of a neighboring
gene, hindering the binding of transcription machinery and consequently
reducing gene expression.

3.4. Constructing the biosynthetic pathway of succinic acid

The rTCA pathway, the oxidative TCA cycle, and the glyoxylate shunt
represent the primary metabolic routes for succinic acid biosynthesis (Fig.
4a). Among these pathways, the rTCA pathway has the highest theoretical
yield of 1.31 g/g when glucose is used as the substrate. The conversion of
pyruvic acid to succinic acid via the rTCA pathway mainly consists of
pyruvate carboxylase (PYC), malate dehydrogenase (MDH), fumarase
(FUM), and fumarate reductase (FRD). In the process of succinic acid
biosynthesis, MDH and FRD consume two moles of NADH, establishing
NADH as a critical limiting cofactor. These findings highlight the
significant influence of intracellular NADH availability on the efficiency of
the rTCA pathway. Since these enzymes function in a reverse manner or are
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located in different cellular compartments, their heterologous expression
was introduced into K. marxianus to establish a functional rTCA pathway
for succinic acid production.

To construct the heterologous pathway for succinic acid biosynthesis, we
selected the pathway enzymes from diverse sources, guided by an extensive
literature review and database analysis. The PYC gene was obtained from
Aspergillus flavus, a fungus well known for its high L-malate production.
The MDH gene was isolated from Actinobacillus succinogenes, a natural
succinic acid producer. The FUM gene (fumC) from E. coli was expressed
to catalyze the conversion of malate to fumarate in the cytosol. The final
enzymatic step, which involves the conversion of fumarate to succinate, was
catalyzed by the cytosolic FRD from Trypanosoma brucei, known for its
efficiency in enhancing succinate production with NADH as a cofactor. All
genes were codon-optimized, and signal peptides were removed to ensure
the localization of proteins in the cytosol.

To enhance succinic acid production in K. marxianus, the biosynthetic
pathway was optimized by enhancing the rTCA pathway. The genes Afpyc,
Asmdh, EcfumC, and Tbfrd were expressed under the robust promoters
Pppc; and Pypy; in K. marxianus. These expression cassettes were integrated
into the genome of strain Km003 (NBRC1777 Aura3Aleu2Atrpl).
Following the simultaneous overexpression of these genes, the engineered
strain KmSA produced 2.35 g/L succinic acid, representing a 67.8%
increase compared to that of Km003 (Fig. 4b). Additionally, the maximum
ODgoo reached 52, representing a 116% improvement over Km003 (Fig. 4c¢).
These findings indicated that the construction of the rTCA pathway in K.
marxianus successfully enhanced succinic acid accumulation without
negatively affecting cellular metabolism or cell growth. Nonetheless,
succinic acid production remains limited, underscoring the necessity for
additional metabolic engineering efforts to enhance the production of
succinic acid.

3.5. Deleting the biosynthetic pathway of byproducts

During fermentation for succinic acid production with strain KmSA,
ethanol was identified as the primary byproduct, reaching 32.5 g/L (Fig.
4d). Ethanol is produced through the reduction of acetaldehyde, catalyzed
by NADH-dependent alcohol dehydrogenase (4DHI) (Geng et al., 2024).
As the rTCA pathway for succinic acid production also requires NADH, the
competition for precursor metabolites and cofactors between ethanol
accumulation and succinic acid production likely limits the efficiency of
succinic acid biosynthesis (Wang et al., 2023). To alleviate this competitive
interaction, we knocked out PDC! (encoding pyruvate decarboxylase),
resulting in strain KmSAl. This modification eliminated ethanol
accumulation in strain KmSA1, but resulted in a 37.1% reduction in ODgg.
During shake flask fermentation, strain KmSAl accumulated 6.7 g/L
succinic acid, representing a 185.1% increase compared to that of strain
KmSA. Notably, pyruvate accumulation was increased to 20.6 g/L,
replacing ethanol as the main byproduct.

The deletion of key genes involved in glycerol synthesis, such as gpd/
(encoding 3-phosphoglycerate dehydrogenase), is an established strategy to
enhance organic acid production through the rTCA pathway in yeast (Xi et
al., 2023). This strategy has been successfully applied for producing various
organic acids such as lactic acid and malic acid (Zhong et al., 2021; Zhang
et al., 2023). To further reduce cofactor competition, specifically NADH, in
the glycerol biosynthesis pathway, we knocked out GPD! in strain KmSA1,
generating strain KmSA2. However, GPD1 deletion resulted in significant
growth inhibition, with a maximum ODgg of only 7.2. In addition, succinic
acid titer was decreased to 6.2 g/L, but pyruvate accumulation showed no
significant increase (Fig. 4f).

Collectively, these findings indicate that the knockout of PDCI
effectively disrupted the ethanol production pathway, which significantly
reduced competition for precursors and cofactors, thereby substantially
enhancing the production of succinic acid. However, this strategy
concurrently resulted in a notable decline in cell growth and a substantial
accumulation of pyruvate. The excessive accumulation of pyruvate likely
inhibited cellular metabolism and reduced the efficiency of carbon flux
distribution, thereby limiting further improvements in succinic acid
biosynthesis. Building on this insight, we attempted the knockout of GPD/
to further optimize cofactor utilization and carbon flux distribution.
Nevertheless, this modification severely impaired glucose metabolism,
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leading to cell growth inhibition and no further increase in succinic acid
production.

These findings suggest that while gene knockout strategies may
significantly enhance succinic acid production, a balanced regulatory
approach is essential to maintain metabolic stability and optimize carbon
flux. Consequently, we selected strain KmSA1, which exhibited enhanced
cell growth and increased succinic acid production, for subsequent
modifications. To redirect the excess carbon flux from pyruvate towards
succinic acid, we further optimized the biosynthetic pathway for producing
succinic acid, thereby enhancing the efficiency of succinic acid production.

3.6. Optimizing the biosynthetic pathway of succinic acid

To enhance the catalytic efficiency of the rTCA pathway and mitigate
pyruvate accumulation, we initially overexpressed the rate-limiting gene
frd, generating strain KmSA3. Shake flask fermentation indicated that the
overexpression of fid led to a succinic acid titer of up to 9.8 g/L. To further
redirect carbon flux toward succinic acid, the copy number of fid was
increased. However, strain KmSA4, which harbored three integrated copies
of frd, showed no improvement in succinic acid titer, suggesting that strain
KmSA3 with two copies of frd was the most effective strain for succinic
acid production. Despite the overexpression of fid, pyruvate accumulation
was not completely resolved.

To identify the underlying bottlenecks, we expressed and screened
various pyc, mdh, and fum genes from multiple species in strain Km003
(Fig. 5a). Based on literature and homology analysis, we selected four pyc
genes, three mdh genes, and four fum genes for further investigation. These
heterologous genes were cloned into the episomal expression vector pURA,
driven by the PDC! promoter, and expressed individually in strain Km003.
Among the pyc-expressing strains, the pyc from Rhizopus oryzae exhibited
the highest specific activity, showing a 130% increase compared to that of
strain KmO003. For the mdh-expressing strains, the endogenous mdh from K.
marxianus displayed the highest specific activity, also reflecting a 130%
enhancement over that of strain Km003. For the fum-expressing strains, the
fum from Thermus thermophilus showed the highest specific activity, with
a 190% increase over strain Km003. Consequently, we considered the
integration of additional copies of pathway enzymes, RoPYC, KmMDH, and
TtFUM into the genome of strain KmSA3 (Figs. 5b and 5c¢).

In strain KmSA3, we conducted individual overexpression of the genes
pye, mdh, and fum, as well as various combinations of these genes,
constructing a series of engineered strains, KmSA5-KmSA11. Through
shake flask fermentation, we evaluated which overexpression strategy
achieved the most optimal balance in metabolic flux. The results revealed
that strain KmSA9, which co-overexpressed pyc and fum, exhibited the
highest succinic acid titer up to 13.7 g/L, reflecting a 104% increase
compared to that of strain KmSA2.

To further enhance succinic acid production, we investigated the
expression of succinate transporters. Previous studies have identified
SpMAEI, a dicarboxylic acid transporter from Schizosaccharomyces
pombe, as one of the most efficient transporters for exporting C4-
dicarboxylic acids. We integrated SpMAE! into the NS19 locus of K.
marxianus, generating strain KmSA12. In shake flask fermentation under
oxygen-limited conditions, KmSA12 achieved a succinic acid titer of 18.7
g/L, showing a 52% increase over strain KmSA11 (Fig. 5d). These results
demonstrate that facilitating the transport of intracellularly synthesized
succinic acid to the extracellular space significantly enhances its
accumulation. To determine whether these multiple gene integrations
imposed a cellular burden, we compared protein content and metabolic
activity between KmSA2 and KmSA12 (Fig. S1). KmSA12 showed an
11.5% increase in total protein content and a 6.9% reduction in metabolic
activity compared to KmSA2, suggesting a measurable and manageable
metabolic burden. Importantly, no significant delays in cell growth or
reductions in biomass were noted during fermentation. These results
indicated that while KmSA2 experienced some metabolic burden, it did not
substantially compromise strain performance.

3.7 Fed-batch fermentation for succinic acid production

The engineered strain KmSA 12 was subjected to fed-batch fermentation
for succinic acid production. The fermentation process was initially scaled
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up in a 5 L bioreactor at 37°C, achieving the final succinic acid titer, yield,
and productivity up to 50.6 g/L, 0.31 g/g, and 0.42 g/L/h, respectively (Fig.
6a). During the initial fermentation phase, glucose was rapidly consumed
and nearly depleted within 24 h. Cell growth showed an exponential phase
for 36 h, and eventually reached a stable phase with minimal fluctuations.
The maximum ODyg of 53.1 was observed at 48 h. In addition, pyruvate, as
the primary byproduct, demonstrated a positive correlation with succinic
acid production, reaching a final titer of 7.2 g/L by the end of fermentation.
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To assess the industrial potential of strain KmSA12 under thermophilic
conditions, fed-batch fermentation was performed at 45°C in a 5 L
bioreactor (Fig. 6b). Comparative analysis revealed a significant reduction
in glucose consumption rate compared to that of fermentation at 37°C. With
progressive glucose consumption, succinic acid was gradually accumulated,
indicating that the metabolic functionality of strain KmSAl2 was
maintained despite the elevated temperature. By 120 h, the total glucose
consumption reached 151.6 g/L, representing a 7.4% reduction compared to
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ARV1: a membrane protein implicated in lipid homeostasis and sterol transport; INO1: myo-inositol-1-phosphate synthase, crucial for phospholipid biosynthesis; MCD4: an acyltransferase involved
in the biosynthesis of glycosylphosphatidylinositol anchors, which are vital for maintaining cell wall integrity; HOG1: a mitogen-activated protein kinase integral to the high-osmolarity glycerol
(HOG) signaling pathway, which is also activated by heat and oxidative stress; GRXS5: a mitochondrial glutaredoxin that plays a role in iron-sulfur cluster assembly and oxidative defense; ROX1:
heme-dependent transcriptional repressor of hypoxic genes; ZWF1: glucose-6-phosphate dehydrogenase, the initiator of the oxidative pentose phosphate pathway, GND1 6-phosphogluconate
dehydrogenase, which further contributes to NADPH synthesis; ALD6 NADP*-dependent aldehyde dehydrogenase; MAEL: mitochondrial malic enzyme; YEF1: ATP-binding cassette transporter.
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that of fermentation at 37°C. Cellular growth achieved a maximum ODyg
of 39.5 at 60 h, which was 18.7% lower than that of fermentation at 37°C.
Additionally, glycerol accumulation exhibited a temperature-dependent
increase, reaching a titer of 11.3 g/L, which was 113.2% higher than that of
fermentation at 37°C. Following 120 h fermentation, the final titer, yield,
and productivity of succinic acid reached 41.2 g/L, 0.27 g/g, and 0.34 g/L/h,
respectively. The final pH reached 3.42, which remained within the acid
tolerance range of strain KmSA12 (Fig. S2). The titer, yield, and
productivity of succinic acid represented an 18.6%, 12.9% and 19.0%
decrease compared to that of fermentation at 37°C, respectively. However,
the productivity remained stable at 0.30 g/L/h during the latter phase of
fermentation (96120 h), indicating that strain KmSA 12 retained significant
metabolic capacity for succinic acid production under thermophilic
conditions. These results indicated that strain KmSA12 had notable thermal
tolerance and industrial potential for succinic acid production at high
temperatures.

To further explore the physiological mechanisms behind strain
robustness against thermal and acid stress, we assessed intracellular ROS
accumulation, cell viability, and membrane integrity during fermentation at
45°C (Fig. 6¢). When compared to fermentation at 37 °C, fermentation at
45°C led to a significant increase in intracellular ROS levels. At the same
time, cell viability and membrane integrity were decreased by 8.3% and
10.6%, respectively. These findings suggested that high temperatures
(45°C) resulted in oxidative stress and damage to membrane structure, but
the engineered K. marxianus KmSA12 still exhibited relatively high
viability and membrane integrity, indicating its thermotolerance.
Additionally, qRT-PCR analysis was conducted on genes associated with
acid stress (ARV1, INO1, MCD#4), oxidative stress (HOG1, GRXS, ROX1),
and NADPH regeneration or transport (ZWF, GND1, ALD6, Mael, YEF1)
(Fig. 6d). Under low-pH and high-temperature conditions, ARV1, MCD4,
HOGI1, GNDI, GRXS, and YEF1 were upregulated, while INO1, ZWF,
ALD6, and Mael were downregulated. These results indicate that the
engineered strain activates protective and redox-balancing mechanisms in
response to acid accumulation and heightened metabolic flux.

Traditional fermentation at 30 to 37°C often requires chilled water or
refrigeration to maintain temperature, especially in large-scale operations.
In contrast, fermentation at 45°C is aligned with ambient temperatures in
many regions, negating the need for refrigeration. This change reduces
energy consumption for cooling, cuts utility costs, and enhances
sustainability. Furthermore, 45°C falls within the optimal range for various
lignocellulose-degrading enzymes, enabling direct integration of
fermentation with upstream saccharification processes and eliminating pre-
fermentation cooling requirements (Wu et al., 2021). Additionally, high-
temperature fermentation naturally deters microbial contamination, as
common contaminants like lactic acid bacteria and wild-type yeasts show
limited growth above 42°C (Chen et al., 2023).

Traditional bacterial fermentations usually require significant
neutralization, such as MgCOs; and CaCOs, followed by post-fermentation
acidification with H>SOx to acidify succinate or adjust pH for extraction.
The highest reported succinic acid recovery to date is 79% through
acidification followed by direct crystallization (Oreoluwa Jokodola et al.,
2022). These pH modification steps contribute to nearly 50% of the total
cost (Alexandri et al., 2019). Conversely, the minimal neutralization
strategy in K. marxianus KmSA12 fermentation simplifies purification.
With a final broth pH of 3.42, downstream recovery processes such as direct
crystallization, liquid-liquid extraction, or electrodialysis can proceed with
little to no post-fermentation acidification. This approach reduces salt
accumulation, thereby enhancing product purity and lessening the
environmental impact of salt-laden wastewater. This work marks a
significant advancement in developing K. marxianus as a platform for bio-
based chemical production, highlighting its substantial potential for
industrial-scale applications.

The physiological mechanisms underlying strain robustness against acid
stress require further investigation. Currently, several mechanisms have
been reported to be involved in acid-tolerance regulation, such as proton
pump activity, ATP-binding cassette (ABC) transporters, intracellular pH
homeostasis, glycosylphosphatidylinositol (GPI)-anchored protein-related
cell wall remodeling, and plasma membrane ergosterol levels (Lv et al.,
2023). Notably, S. cerevisiae adapts to acetic acid stress through the
regulation of ergosterol biosynthesis and cell wall rigidity. The Pdrl8
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transporter is crucial in this adaptation through promoting ergosterol
incorporation into membranes to maintain structural integrity and enabling
dynamic cell wall restructuring (Ribeiro et al., 2022). This dual mechanism
effectively reduces membrane permeability and enhances mechanical
strength during acid exposure.

Microbial tolerance to ionic liquids has also been highlighted, which are
prevalent inhibitors found in lignocellulosic hydrolysates (Lugani et al.,
2020). Significant advances have been made in engineering strains with
increased ionic liquid resistance through membrane composition
modifications and specialized transporter expression (Cheah et al., 2020).
These developments are crucial for biorefineries, where inhibitor tolerance
affects bioconversion efficiency. For K. marxianus KmSA12, these
advances suggest promising strategies for strain enhancement: engineering
the cell membrane to improve stability under low pH and solvent stress,
optimizing stress response pathways to sustain redox and osmotic
homeostasis, and improving transport mechanisms to bolster resilience
against ionic liquids and other inhibitors. These approaches could
significantly improve the robustness of KmSA 12 in industrial-scale succinic
acid production, thereby contributing to a sustainable and efficient process.

4. Conclusions

In this study, K. marxianus was metabolically engineered as a robust
platform for succinic acid biosynthesis. As an unconventional yeast, K.
marxianus 1is intrinsically resistant to high temperatures and acidic
conditions, along with rapid growth characteristics. We first developed a
series of novel genetic manipulation tools tailored specifically for K.
marxianus, including a CRISPR-Cas9 gene editing system, an endogenous
promoter library for precise gene expression, and a neutral integration site
library. These tools significantly improved the precision and efficiency of
genetic modifications. Subsequently, we constructed and optimized the
biosynthetic pathway of succinic acid by analyzing pathway byproducts,
balancing metabolic flux, and enhancing the succinic acid transport system.
Finally, fed-batch fermentation of strain KmSA12 in a 5 L bioreactor
achieved succinic acid titer, yield, and productivity up to 50.6 g/L, 0.31 g/g,
and 0.42 g/L/h, respectively. These advancements establish a promising
non-conventional yeast platform for succinic acid production, providing a
foundation for developing a benchmark for bio-based production of organic
acids.
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Supplementary Information

Table S1.
Strains used in this study.

Strain Description Source
E. coli IM109 General cloning host
This Lab

K. marxianus NBRC1777 K.marxianus Wild type

K. marxianus Km001 K. marxianus NBRC1777 Aura3

K. marxianus Km002 K. marxianus NBRC1777 Aura3Aleu2

K. marxianus Km003 K. marxianus NBRC1777 Aura3Aleu2Atrpl

K. marxianus Km004 K. marxianus NBRC1777 Aura3Aleu2AtrplAadel

K. marxianus SA K. marxianus Km003-Afpyc-Asmdh-Ecfum-Thfrd

K. marxianus SA1 K. marxianus SA Apdcl

K. marxianus SA2 K. marxianus SA Agpd]

K. marxianus SA3 K. marxianus SA2-Thfrd

K. marxianus SA4 K. marxianus SA3-Thfrd This Study

K. marxianus SAS K. marxianus SA3-Ttfum

K. marxianus SA6 K. marxianus SA3-Kmmdh

K. marxianus SA7 K. marxianus SA3-Kmmdh-Ttfum

K. marxianus SA8 K. marxianus SA3-Ropyc

K. marxianus SA9 K. marxianus SA3-Ropyc-Ttfum

K. marxianus SA10 K. marxianus SA3-Ropyc-Kmmdh

K. marxianus SA11 K. marxianus SA3-Ropyc-Kmmdh-Ttfum

K. marxianus SA12 K. marxianus SA11-Spmael

Table S2.
Plasmids used in this study.

Plasmid Description
pURA panars, amp, ura3, Pppci
pCAS9 panars, amp, ura3, Prer-cas9, Pcpp-N20
pCAS9-ADE1 panars, amp, ura3, Prgr-cas9, Perp-N20 (adel:TGCGTTCGGCAATGTCTTGA)
pCAS9-PDC1 panars, amp, ura3, Prer-cas9, Papp-N20 (pdcl:ACGAAGTCCCAGGTATGAGA)
pCAS9-GPD1 panars, amp, ura3, Pre-cas9, Parp-N20 (gpdl:TCCTCATCAATTTTTGCCAA)
pCUT1 panars, amp, ura3, Prer-cas9, Parp-N20 (NS1:TCTCGGCTTAGAGATCTGTG)
pCUT1 panars, amp, ura3, Prer-cas9, Parp-N20 (NS2:AGGATGTTCGATATAGACGA)
pCUT3 panars, amp, ura3, Prer-cas9, Papp-N20 (NS3:ACGTTTGCAGAGGATCTGCG)
pCUT4 panars, amp, ura3, Prer-cas9, Pepp-N20 (NS4:CCAGAACTTTATATCCTGGG)
pCUTS panars, amp, ura3, Prer-cas9, Pepp-N20 (NS5:ATACGTAACGTCCCACCCAG)
pCUT6 panars, amp, ura3, Prer-cas9, Papp-N20 (NS6:AGTGCCCTAAAGTGACCGGG)
pCUT1 panars, amp, ura3, Prer-cas9, Pcpp-N20 (NS7:CAACGTCTAGCATTTACGGG)
pCUTS panars, amp, ura3, Prer-cas9, Pcep-N20 (NS8:GAGCGCCAATGTATGAACGG)
pCUT9 panars, amp, ura3, Prer-cas9, Pepp-N20 (NS9:AAGCGGTTATTACATAGTGG)
pCUT10 panars, amp, ura3, Prer-cas9, Papp-N20 (NS10:TTAGTGACGGTAACACACCG)
pCUT11 panars, amp, ura3, Prer-cas9, Papp-N20 (NS11:ACCCTGCTCTACAATCTACG)
pCUTI12 panars, amp, ura3, Prer-cas9, Papp-N20 (NS12:GGGATTCAGAAATATCCGGA)
pCUT13 panars, amp, ura3, Prer-cas9, Pepp-N20 (NS13:GCGGAATGGCATTCACTACG)
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Table S2.
continued.

Plasmid Description

pCUT14 panars, amp, ura3, Prer-cas9, Pepp-N20 (NS14:GTAACGTAACCGTAGTACCG)
pCUTI1S5 panars, amp, ura3, Prer-cas9, Pepp-N20 (NS15:TATCGCTGTTCAATGTACCG)
pCUT16 panars, amp, ura3, Prer-cas9, Perp-N20 (NS16:GTTGTAATAGACGCGCTATG)
pCUT17 panars, amp, ura3, Prer-cas9, Parp-N20 (NS17:AAGTAGTTACTAACGCACGG)
pCUT18 panars, amp, ura3, Prep-cas9, Pepp-N20 (NS18:GACCGAGCAAGCAACTACAG)
pCUTI19 panars, amp, ura3, Prep-cas9, Perp-N20 (NS19:ATGGGCATAAGAAAGGTATG)
pCUT20 panars, amp, ura3, Pre-cas9, Perp-N20 (NS20:GACACGGAGCGCAAACACGT)
pGFP Ars7/cen, amp, leu2, Pscrer-egfp

pGFP-TEF1 Ars7/cen, amp, leu2, Preri-egfp

pGFP-PDC1 Ars7/cen, amp, leu2, Pppci-egfp

pGFP-PGK1 Ars7/cen, amp, leu2, Prcxi-egfp

pGFP-GPD1 Ars7/cen, amp, leu2, Pcepi-egfp

pGFP-TEF4 Ars7/cen, amp, leu2, Prers-egfp

pGFP-FBA1 Ars7/cen, amp, leu2, Prpai-egfp

pGFP-HHF1 Ars7/cen, amp, leu2, Puuri-egfp

pGFP-HHF2 Ars7/cen, amp, leu2, Puurr-egfp

pGFP-GPD2 Ars7/cen, amp, leu2, Pcrpr-egfp

pGFP-ENO1 Ars7/cen, amp, leu2, Prxoi-egfp

pGFP-GDH2 Ars7/cen, amp, leu2, Popm-egfp

pGFP-REV1 Ars7/cen, amp, leu2, Previ-egfp

pGFP-HSP26 Ars7/cen, amp, leu2, Pusprs-egfp

pGFP-MDHI1 Ars7/cen, amp, leu2, Pupmi-egfp

pGFP-MDH2 Ars7/cen, amp, leu2, Pwpwm-egfp

pGFP-CIT1 Ars7/cen, amp, leu2, Pcrmi-egfp

pGFP-ADH1 Ars7/cen, amp, leu2, Papui-egfp

pGFP-ADH2 Ars7/cen, amp, leu2, Papm-egfp

pGFP-XYL1 Ars7/cen, amp, leu2, PxyLi-egfp

pGFP-HHT1 Ars7/cen, amp, leu2, Puuri-egfp
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Table S3.

Promoter sequences used in this study.

Promoter

Sequence

ADHI

ADH2

TEF1

TEF4

PDC1

PGK1

GPD1

GGGGAGACCCCAAAACCCAAACCTAGCCCGTGCACCGCGTTCGGAGCAAAGCTCGGATTCTCCGACCCTCCGGATATTTCTGAATCCCAATCCGAATCCCAAT
CCCAACCGGACCACGCACGTCCATCTGAGCTACCAGTCCGCTGCCCGCTGCCCGCTGGCTGGCTGCCCACTGGCTGGCTGGTGGTTTGTTTGTGGGAGGCTGT
GGGTTCCCCGCCCCCGCCTGGCCATAAGGGGCGAGAGATAGAATTAAAGAATACAGACCGAGTGGCATGATTCGCGCAGGCCCCGTTCCTGTACGAATCCAT
CCCATCATCCATCCACACACGCACACGGCTTCCTGTCCTCCTCTATCCCCGGCACAGAAAATCCTGGAGAATGCCACTGCTTCTGCCCCCCCGCACTTACTGCG
GAAAATCTGCCCATATGCCCATATGCCCATATATGCCTGGGCTTGCCTGAGGCAAGCCCAGGCGTACAGACGAATCCAGCACGAATCCAGCACGAATCCACT
ATACACCACCCAGAGTAAAGGATCGTGATTCGAATTTTTTGATTTTGCTAGGCACTTCGCTTGGTGAGTGTGATTCGATTCCATCATTCCTGTTGTTTTTTCTAT
TTTGTCGCATTGCTGCTTGCTTGCTTGCTTGCGGGATGCCTGTTGCATCATCGTATGCCCCTAATTATAGCTTCCACAACTCGAAAGTGGAATCCAGTCCGGTC
CTGCCCCAGATAGACGCTGCCTGCTGCCTGCCGCCTGCCGCCCTGCTTCCCTTTTTTCAGTTCAGTTGGAAATTGGAAATGTGAATTTTAGGAAATTTCTCTGT
ATAAAAGGGGGCACTTCGAACGCTGAAGTATCTTCATCTGGAGTATACCTTTTTTTCGCCACTGGAACATGTATTATTACTATTACTATTGTAATTGTTTTTTTA
CATCCCCAAGCACAACTTAAATTAAGTAAGTGGTTACTACATTTAAAAACAAAATCATACACAACACA

TAACCTGATCTCTCTCGTCCGTGTATGTTGTTTCTTCCAGAAGTGGTTCGCAGTCTTCATTTCTCATTACTCCTCTCGTTTCCCTGGTGCTGCTGGCTCGTAACCA
CCCACCCACCAACCAACCAAATACTCACTGCCTGTGCCCTATCCTATCTCAGGCCCAGGTTTGTTTAGTTTGGTTTTGTTAATTTTTTTTTTTCCGTTGATTCTCG
TAAGTTTTTCCGTTTAAGCAATACCCACCCACCCACTGCTACAACACCTACTGCAGGGCGTGCACTGGGCTCGGATTTTTTTTCTATTCGTTCTCAAACACTTCC
TCTTTGTGAGATCACCAGTGCGAGATGGCCGGTGATTGAGTGGAACCATACCTTTTTCTCATACGGTTTTTTTTTCCATTTTTCCCTGTTTTGTTTTTCGAAGGG
TTCTTTTTTGACCACAAGTGAGGGGTCTACGCGGTTGTCTGTGAAAGCCCAATGCTTCCTTCGAAGCCCAAAAGCCAAGCCAAAACCCAAACAGACGGGCAG
CAGGCGCTGCAGTGGTAGTAGTTCAAGTTCAAGATCAAGATCACGTCTTAGTGCTTCTTACATGCTCACGCAGATACTGCTGCGTTTACTGGGCTTTGGGCTTC
CCGCGCGGAAACCGTGTGTGTTTGTGTTTGCCTTAAGCTAAGGTAGCTAATATTGGACAGCTGATGGCTGGCTAACTGACTGACTGACTGATTGACTGACTGG
CTGCCCGCCTGGCAGCCTGCCTGCCTGCTTGTTTGCTTGCCCCAACATATCGGCAACACTTTGAGGAACGAGATCCAACATCTTCGTCGTTCAATCTGTATATA
AGGACCAGCAAATTGACCCAATTTACAACAATCCAATCCTAACCCATCTCGTTACTTGTCCCATTGTTTCTCAATTATAATATCTTTTGAACTACAAACACCAG
CAATCAAGCATTAAAACGCTAGCTACAAACTAACTCCAAAAACAACAACCAACAACTAGAA

GTACAGTTAGTTAGAGCAGGCAGTTCTCCCAAGACGTCCGTCTTAGTCAGTATAGCATACAGCATTCTAGCATGACCCAGGCTACACTAGTTTGCCGGCAGGC
GAGGCGAGGCGAGGCGAGACGAGACGAGGCCAACGCATATGCTGCAATCACCCAACGGAATTAATTAATTAAGTAGTTACTTACAGTATTGTAATGCCATCC
CAGCGTATCCCAGCCTAGTGTATCCCAGCCTAGCCTAGCCTAGGCCAAACCTAGCCCTCTCTAGCCTAGCGCCCAGCAGAAACACCGATGAAGCAAAGAAGT
AACAGCAGGAAAGAAAAACAAACACAACAAAAAAAAACAAGCAGCATAGCATCAACAGAAATTTCTAAAGAGAACCAAATTCACCCCAGAAACAACCGCA
CAAATACGACATCCATCCACCTTTCTTTTATCTTCTTTTTCTGATCTGATAATTAGTTTCATATACAATACGTAGAAACAGGCGCACAGCACCCAGACCTGGCT
TCTGCCCCAGTGTATAAGCAATGTAGCATAATTGGAAAAAAAAACGAAAAATACCGAAAATAAGTGGGAAGCTGGGCCACAGGAGTGGGGCGGGATGCGAC
TGGTTCTGAGCGGGACCGGGTAATAAGGTTGAAAAACTTTGAATTGATGGAATAAGAAACTTCTTTCTTTTCGCTGGCGGGAGAAGGAAAAAAAAAATTTTTT
TTTTCCTTCTGTTTAGTACTGGAACATTGAGAAGGCGTGTCAATTTTGAATAATTAGAGTGGTCAAAAAAATTTTTTTTGCTTGGGATACCCTTTTTCGATAATG
TAAATTTTTTTTGAATATAAAAGGAGATTGAAAAATTTTTTCTAGCAGAAATGTTTTCAAGTTTTAATTGCAAGTTTCGTTTGAGTATTCAGTTGTATTTTAGTT
GATTTGTAGTTTATTTACTAGTATTCTCATAGTTCTAACTCCAAGAGAAGTAACATTAAAG

TTCGGTCCGGGTAACATTGTTCCCCCAGTTTTGCCGCCCATGTCTTTCTTCAGCGGGAAAATATATAAATGGCGGCTACAGAGAAAAAAAAGAACCTAGGAAA
GTGCCACCCACTTTTAAGGAGGTTTATTCGGTTTGTTCCGCAGTGGGCCATATTGGTTACGGAAAGGGGTAATCTAAGCGTAAGAGTGATGATGATGGTGTGA
GTTTACAAGGATTAGACTTTCCACTTGGTTTACCACTTGGTTTACCACTTGGTTTGGGAGAAATTGATTTAAGGTACATCCCGCGGCTTGAAGTAGGAGTTTAC
TTCTTCTTGGCTGGGTGATTTGATTAGTTTGGGAAACAGAAACGCAAACAAACGGGTGGCCCACACTTATGTGGGTTGTTTTCTGATACCACGGAGGTCACGT
GGTTGTTTTGCCGGTGTATCCTGGTTGAAGTTACCCGGCCTATCTTATTTCTCCGGTGTTTGGAAATATCAAAACGTTGTATTGCGCGCGTATACGTTGGCTCA
GGCTGGGCCGTCGAATCCTTGTTGTTGCCGATTGGCCGCAACTAGGTCATGTTTGAACCCCAGTTGTAAGCCCCATTGTGCCGGTGCTTGACCACGTTCCTTTG
TTGGAATTCGGATAATCTCTAATCATGCCCTCACCGCTTCAATATTCAAATCACAGCGAACGATTTGCGAAGAGAGAGCAGAGCGCGTCCCATTAGGTGGTGG
TGGTCGTCGTCGTCGTTCTAGGACTACTGTGATTTCTGGGTCGAGGTAGTGAATTTTTTTTTTTTTTTTTTCCAAAGAAAATGAACCAAAAGAAAATTTTTTTTT
GTAACGAACTGATTTGATTCTTCTTTTTTTTTTTCCCATCTTCAGCCTGCTGCCTATAAAAAGGACGCCGACAGTATATAGTACTTTCTCACTTTATCACTAGTA
TCAATTGTGTCAAAGGATTGATTGATTTTTCTTTGCATCAAACCTCAAGAAATCACAGCTTTCAAG

TTTCCGAGAGAAAATTAACAAGAGCGAAAAAAAAACGGGCTTCGGTGAAAATCGGGTGAATATGCAACTAGCGGGACGAATGCTCTGGAAATGCATATCCT
ATGCAACTAGCGGGATGAACAAATCTCACCCCAGAATTCGCAGGAAAAAACAGGAAAAAAAAAAAAGAAGGCCACCACGGCCACAAAGACCACAAAGACC
ACAAAAAAAAACAAAAAACAACCGTCCCAGCTTCCAGTGTTTTTTTTTTTTTGGAATACTGGAACACAGGAAGCCGCATAAGAGTGGGCGTTGCACAGGAAG
CCAGGCCCAGAAGCCCCAGAGTTACTTTTTTTTTTTTTGTTTTTTCCTTCTGTTCGCTGTGCCCGCATCAGATGATGCGCCTTTATTTACGATGCCAATGCGAAT
AGCACCAGTGAGAGCACCAGTAAAAGCATACGCATACACATACACACATACACACATACACACATAGAGCAAGCAAGCAGGCTAGCAACCAGGAAGGCTGC
CAGTGACTGCTACTGGGTGTCTAAGAACCGTAGGGCGGATTATTGTTGCGGTGGTTGGTTGCGGGTGGTTATGCGATGGTACGGTGCAGAATCGTACGGTGTT
GGTTATGGAATTAGTATGGGTATGTGATATGTGGTAATATGTGATATTGGGTTATTGTGATTTGGAATACTGAATATCGAATATGGGATATGGAATATGGCCA
TGGCATGGTATGGTATGGGATGGGAGTATTCTATTTTATTTTATTTTATTCTGGTTCCTGCGTTTAGGGTAGGGTAGGAAGAAGGTGAGTGCTTTTGTATATAA
GTGGAGTGTCTGGATCAGTTTTGTGGATTGTGAATGTTGTTAGTTTCCCCTTTAATGTATATTTGTATTATTTGCTTTTGAGTACTCAATAACCAAGCACAACTA
CTAGTTTTAAAGGATCCATCCTCTTAAACAGTACAAATCGCAAAGAAAAGCTCCACACCCAAACCAAATAATTGCA

TGGCCAATGCCTTGGCCTTGGCCTTGGTCAATGCCCTTATTCTCTTGTTTCCATTGCCTGTCGATATACGACTTCAAGGCCATGTACCTGAGATCCTCATCTGGG
GCCTGAAGATCCATTGGTGAGTGCCACTGGCTGCTGTGCCGTTGTGAAAAGGCCCTGTGTAGCAGAGAGGGAGGTGTATATAGGTATATATATGTATATATAT
GTATATAAGTGTGGATTTAACACACTCTCTCTTCTTTCCCATGCCATGCCAGTCACGTGTTCCACACGTGACTGTACTTACCCTCACATTACCCTCACTCTTTCA
CATTACCCTCCCCACCATATCTTCTTTGGTTTTCCCCCCCCCCCAGCTTCCTGTCTTCCACTATCCCTGCAACCACCACCACCACACAACAAACATCCCCCAGCA
GCCCGGAAAAATCCACGCCTCCCCCCGAACACACGAAGCCCGCCCCGGCTTCCACTCCAACACTGCCAACACTGGAACCCCGCACCACGTAACCACCCGCTT
TAGTGGAACCCCGCCCCTCCTGCGCTTCCCTTGCGCTTCCCTTAGGCTTCCCTTGCGACCACACTCCGGTGGCATGGCCCTCGCTTGCTACATGCTACCTTTTTT
TTGCCCTTTTCTGGCCTTTTCTGGCTTTTCTGGCCTCACCACAGTGTAGTGGTGTACCACAGTGTAATGGTGTAACATTGTCGAATGGTATTGTAGCCTGTTGTA
GTCTGTTGTAGCCTGGTGTAATGTCTGGCATAGTCTGGTGTCTGGTGTCTGGTGTCTTTTGGAAACTGAACAGTGGAAAGTGGAAGTGAAAAATTGTATAAAT
ATAGGTGTCCCATTCGTGGTTTGGTGGATGTGTCCTTGACATTGCAGGTTTCTCTCTGTTTCATTGTAGTAAGACTTGTTAAGACTTGATAAGTATTTCCCTAGT
AATACCCCACCAACCATCGGTTGATACATTTTAATACACACTACC

CTTATGGCGCAGAGTGCCGAGGACCGAGAATCCTACCGCTCCGGGCCCACAGAAATGCTTGTAGCTGCCGTAGCCATAGGGACAACCTCCGCAAAAAGGAAA
TGGTACCAGTAGGGAACACAGAAGAAAAGAGGAAACCCAAAAAAAAGAAAGGGACAATCGGAGAATAGAAATCGGCATGCCCACTAAGCACGCAACGTCC
TCAGGTTGTCCCTCAAAACCGAAAGGCCAAACAGCCCAAAATAAGGCCAAAAAAGGAATGAATTAAAAGAAAAGAGGACAAAATTCCCGTTTCCTTGGGTG
TAGCACCGCATGACGGTGAACCTACCCCCAACCAAAACGAAAGAAGTAACAGAAATTGATGGTACAACAAGGCTGATATTGACCAACTTTCCCAGAAACACC
CGTACCAGATGTTCCGCTCGGTTCTGGGAAAAATACTAGTCCCTCACCCAGTCCCTCCCCTAGTCCGATTCTCTTCTCCTTACAATTTGCCTCCTGCCCTTTGCC
CCTTTGTATATACAGAAAGAAAAAAAATAATAATAATGAGGTATTACTATGCTAAAACTGAATTGTAATTAACTATGTGCAGTGGCCCTTTTTACGTTATGTA
TCATCATCGTCAGCATCATCATTCGCGCGTTACACTGTTTGTTGGTGCTGTTTCAGTTGGCTCTCTTGGTTTGTCTATCTGTTTCTTCTTTTTCTTGTCTATTTCTT
TTTCTCCGAAACGTAGTATATGTACGTATTTGGTGTTGTATTACATAGTTGAGCCTTAGCCAGTAAGAGTTTCGGAAGGGTACGGAAACCAAAAGTATATAAA
GAGAGTGGAGGAATCAGTTTTCAGATATGATTCAGTTTGGAAGATCTTTTTGTTACAATAGTATTGTTAAGTCGTTTCAAATCCGTAAATCAATAACCAGATTC
AGATTAACTGACATCTACACTAATAGAGTAACAATCAACAC
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Table S3.
continued.

Promoter

Sequence

FBA

HHF1

HHF2

GPD2

ENO1

GDH2

HSP26

CCTGCATTTATTCATTTATTCATTCATTCATTGTACTGTACTGTACTGTATATAACGGTATATCACGTGACCATAATAACCCGGATAATTAAGTTTTCCTGGATC
AGGTACCGTCCGTTGCCTTCCATGTGTTTTAAGTGTGTAGTATGGTTTGAAGCGGGACAAACTCTGGCTAGGGACAAGATCCCGGGACAAGGGCCAAACGTC
AATGCTTTGACGTCTCCCGGAGGTATCCCGTTCCAGTGCGTGAGGGGCGTGGAGCGACAAACACACTCCCACATACATCTTTCCCGGAGGCAGAAACAAAAT
AAGAACAACAACAACACACCAACACGCCAACCATAGTAACCCACACGCTTAAACAACCAGTATCAGACCGGTACCCAACTTCTACGGCCGGCGGCGGCTGG
CAGCGGCCTCGAGCATCCTCTATTCCCTCACCTCTTCTCTCGCTGTTGTACAACTTACAGGAATTCCCCTCTCTCCTCGAACTGGAAGCCGTGTTTCACGTGAGT
GGTGGTACGATACCCGGTGGGAACCCTGTGTTGTGATATTTCGCCTTCTGGTTTTTGTTTTTGTCTCTCCCCTCTGGCTTCCAATACCGGAAAATTTGGAAATTT
TGGAAAAACAGGAAATCACAAAAAAACAGGAGAACCTGGAAAACGTAACGAAACCAAATAGTGGAACCCAACTGAATCCGCCGTAGACCAGATCAACCCA
CATGATTAAACGTCGCCCTCGACTTCCAGTGGTACTTCCAGTACCAATTCCAGTACCACTTTGAACAACTCTCCATAACACTTCCAATTCCACTTACAGTGT

AAGATTGGAATCTCAAGTCGGTCTTGAAGTCTTGAGCGATTTCTCTAACCAATCTTTGGAAAGGCAACTTTCTGATCAATAGTTCGGTAGACTTTTGGAATCTT
CTGATTTCTCTCAAGGCGACGGTACCTGGCTTATATCTGTGAGGCTTCTTGACACCACCAGTGGATGGGGCGGACTTTCTGGCAGCCTTGGAGGCTAGTTGCTT
TCTTGGTGCTTTACCACCGGTAGACTTTCTTGCGGTTTGCTTGGTTCTGGCCATGTTGGATGCTTGTGGGGGGTGGTGATGCTTATATATGGTATACAATGTAA
ACTATTCAGCAAGTAATGGAGGAATGATATGTTCTTGTTCTGTATTGCTGCCTTTATATATGGTATTGTACAAGGTATTGGAGAAATAAAGAGTGGATGCAAT
GGTGCCAGAGGTGCCAGAAAGATGCCAGAACGGTGCCAGAACGGTACCAGAACGGTACCAGAGGTTCGGGGGTCCCAGAGGGTCGTGGTTGGCCCTGTGAG
GCCTTGGTGAGGCCTTGTGTAGCTGGTTTATAGTGCGGTTGCCCAGAGAAACTGGGGTTACCCGGGGCATTCTATCACCTTCCCATGCGAAATCCCTGGCACG
ACGCGTTGCTTTGTTTTTTTCGCGTTTCGCGTCGTGCCAGGGCGTTCCCCCGTGAAACTACCAGCACGACAGCCAGCCAGCCAGCCTGCCTGCTTCTCCATAGT
GTAGCGACGGCCGGTACCAGGTCCATTCCAGCTGGTTCCATGGGCCTGAACCGAGCGGTTTTCCCGGCCCTGTGGCGTGCGAAACTGGTGGCATGGTGGAGG
AAATTATATATTGGATACTCCTTGGATATTCCACTATCTTTCCCTGTGTCATGCCATATATAAAGACAAGAGTGTTGCTTGAGAGTTGATACTAGACACTTGAT
TCTACTTAGAACATGTTATTATAGTATAATACCCCCCACAACAAGCAATAAACAGCAATCAATAAATAAAC

TTCTAATTTCTCTCAAGGCGACGGTACCTGGCTTATATCTGTGAGGCTTCTTGACACCACCGGTAGATGGGGCGGATTTTCTGGCAGCCTTGGAGGCTAGTTGT
TTTCTTGGTGCTTTACCACCAGTGGACTTTCTTGCGGTTTGCTTGGTTCTGGCCATTTTAAATGCTTGGTTGGTGTGTTTCTCTAACTATATGTTTCCTATTACAA
GAAGAACAGAAATTATCCAAGTGTCTGGCAGAAGGGACAGAAAAAACATGTTTCTGAAAGGTGCTTATATATGGGAAATTGCAGTTGGTCAGAAATGGGCCC
CCCTGGCAGGTGGTTGGACGGTCATTTAGCGTGCTGTGCGGTTCACACGCGCTGGACCAGAAGTTCCTCGCGCGTGCTCTGGGCGATCGTCGAAAAAAAAAC
AAGCCGCCTTTCTTTTTCCCTTCCAGGGGGCTCGCGCGCCCAATCTTTTCCAATCTCTGACCGCAAATGGCCATAGTATTCGCACCCGACGCCATGCTGTGCAA
AGCGAGCCTGCGTTTCTGGCCGGAAGCACCGTGCTGTGCACTTCGCACCTGCGCCGCGAACCGCGCGGCACGCCTGTTCCCTCGTTCCCCTGGCAGAAAAAAA
AACAAAAACGTTGGGGTTGGGTATGCGGTGCACGGGTGTGCACCGGGTAACGTCGTGCCAGGGGGTTCCCTCTTTTTCCCAGATAAATAGTGAAACGTCTGG
CACGCCTTTCGGCATGGCATGGGCAATGGGCACTGCGAAACAAACGCAACAGAAACCACCTGCAAACACGACCGTTTGCTGCCGGATTACGCCCACCCCCAA
CAGGCGTGCTTTTCGCCGTATCTCTTGTCTCTTGTAAATACAAGATACAGAAAAAATATTTTTTCGTATATAAAGGGCCCTCCTGGCCTGACCTTGGGATCTTC
CACTACTATATTCATCCTCAAAGCAAGCAGCAAGCAGCAATCAGCAACAAACAATCAACAAATAAACAAAC

TTCCTCGCAGTTTGCGTGTATCTAACTAACTCTATTTTTTTTTTCTGTTCCTTCCTTTTCTTTCTTTCGCAGCTGAAGCGTCAAAACCCCGGAGTTTACAATCACT
TTATACCACGCTTGGCTGTACTCTGTGAAACCAAGCCAAAACAAAACAAAAAAAATACACGCACACACGCGAGCGCACTTAACAACAATATGCACGAATGTC
AATGTCATACTGAGGACTTTTGAACATCTGTTTTTCTATTGGCCGATTGTGTATATCCGGAAAACAAATGGATCGGACTCCTGTTCTTTCTTGGGATGGCGCCT
AAACGTGTGCCTCTTTGCCTAGCCGGCGCTCACACTTCGCTAATCATCCGAAACCTAAACTAACGCGAGAGAGACTGGGGCCAGAGAGTGGACCAGGGCTCG
GTCATGGGATGTTTGACCCTCTGTTTGTCTCTGTCCCCTTTTTGCTGTGTTTGTGTGTGTGAATAGTCGTCATCTTCTGTAGATTACTACTGAGCAAAAAAGTAC
TGCCGCTTTGGAAGGCGCTGCTGCAGGGATTCCCGTATATCTAAATGGCTGACATCGTTTACGTTCCGGGATTTCATTGTTGTGTAGAAGAAGACTTCACAAG
CAAGACATTAATTAATATATATAGGCATGGATTTAGAGGTTTTAGACCCCCATGGCCCGTGCATTGAAGGGGCTCATGCATGCCTTTGTGCTCGACCAAAGGC
GTTCTTGATATGTAATATATATTATTATTATTGTTACTATTGTTATATGGACATATATAAACCATAAACTACCAACAGTAATATTACTCCGGATATTGCCCAAC
TTCGGCGACTAGCAACTCTATTTGTTTACGATTTGCGTGTGAGACCCCATATTTTTTTTATACTTGTTTGACCAACGAAATCTTCGAGTATATTTTTTTGCCTATT
TCAGATTGTTCCGTACATATCGATCGAACGAACTGAACGTTTTTAGCCCTTATTGAAAACTTTAA

CAAGAAGCCGGAATCCACCGGAATCCACTAATACGCAAAAAAGACGACGCCAGCTTCGCCGTTGGGCATTGGCACCATATTCCATCGTTCGTTTGACTTTGGT
TTTAGTTTTAGGTTCTGGCTTCGTGTTTTCCCCTCACTGCCCTTGTCCTTGCCGTGCTCCCCCTCGTTCTCTGCGCAAAGTCTGGTGACCCTCCGGCTGCCACAA
AATCCCGAGGCACTGAAAGGGTGGGGCGTCGGGGGTCTCGGGGCAGAAGCCTTGAGCTTCGTGTTTATTCACTCTGTACGGGCGGTTCTAGCGTTTCTGGGAA
TCCAAAGAGGAAGGGCCGTGTTTCGTGCAGGCATTTTAGTGGATGCCCGGGATGTAAGCTCTTCGGTTACAGAAAATCAGGTTGTGATTCCAGTATGAGGAAT
AGTGGATGCCAGGTTGTGCGAGCATCACCAATATCATGGGAAATGCGAAATGGGCATGAGCCCAACCAACACAACACAATACCATACGCCAAATGGTAGCCT
GAAAAAAAAAAAAAAGGTCTTGCCAGACCACTAAACTCGAGGTAGAACAAGACTGAGAAAGAGTGTGTGATCCCTTTGGTGGTAGTAATTTTTTTTTTTTTTT
TTTTTTTCAAGTTTCCAGCATCCCAAACCGAAACCCAACATCATCATGATCCCATCCCATGCCTATGCCCATGCCACATTCATTCATTGCACAACACACAACGT
AGTGGACGACAGCATAGCATCAGTTAACTAACGGCCACTTGTTTTTTTTTCTTCCATTTTTTCGTTTTGTTCTAGCAACAATGAGTTCTAATTTTTTTGTTATAA
AAGGGACAGTTAAGGTATATGTAAGGTTTCTTGTTCCATTTGGGTTAGAGTTTTGTAGTATTAGTTTTGGTTCTTAGTTCTTTTGGCCTAAGAAACCAGTAAGA
ATTCTTCTGATTTTCTTTACAAACACATCAACAACAACAAACACAAACTACA

GAAGTAGTAGGGTTGAGAGTAGAGTAGAAGTGGAATGTCAATAATGACTTTAGCAGGCTCTAAAGCAAAAAGAAAACAGACAAACCAAAATTAAAATGCCT
TCAAAATCACTCAATATGTAAACAAACACCCAATTAATTACATACGCATTACTGTCGCTACGATACTCCAATATTGCGCTTCTCCGAACCTCAATGTTATTGTT
TGTCCCACACAGTCATGATCAAGTTCTAAGTACTGATCATTAACTAAACAAAATCACTAACAACACACACTAGAAAGTCCTTACATAGAAATTCCCGAAGAAT
GTCAAAGCGCTTCTATTTACTTACTCAACTGTTCACTTCCGACAAGGATGGAAGGGGAGAAACAATAGTGAAAAAACATATATAAAGGCTGTGTAACATGTG
CTCGGAAAGAAAACATGTTGGGATTAATTATTACTCTTGTTCTATAATTAGGAATTTGCTGTCCATAAACGGTATAGTAACTGAAAGACTTCTCACTATTTAAT
TGGTCAATATCCAATTGGTTTAAAGACAGACAGACCACAAATACGAAAATTTAATTTAACCGCCTTGCTAGCAACTCTAATCCTGTTCGGAGTATAGTGAAAT
AAGCAACGACGAAAAAACACACACACGCGCTTACACAACATTAGTGAAAACGAAGTAACATTTATTACTTAATTACTATAGTTGAAAAAAGAACCGAAAAT
AGCAGGCACGACCAACAAAAGCTACTTTCTAACAGACAAGGACATATTAATCAATTTCGAATATTTAGTATTTCCTCTAACACAATAAACACTCCCTCTTCCT
TATTGGCCCCTCATTTTCAAAGAGTAAGACAAAAATCAAGAGGAAAATTAACGCCCCACAGTACAATATCATAATATC

CCGCAAGTATACGAATCGAGCAGAGCCCGAAATTAAGTTTGCGCCAATTGCTGTTCAGACTACATCAAGGGTGTGTTTAATTGACGCCTTTTTTTTTGCAAAG
GTGCGTGCTGAGTAGCAGTCGCATGGTTTTTCATTGTAGTTGTAATTTGGAAACCATACGACCCAACAAGATAGATGCCAACACTCCCCCGCTTCTCAATAGT
TCCTCAGGGGACCAAAGGGTGGAAGAAATACGCGCGCATGACAAGGGTGCATGTCCCCTTGCACAAGGTTGACTCTTTTTGAGACACAACACCTGTGTGCCT
GGCTTGGCCTGGCCTAGCCTGGCCTGGCCTAGCACCATGGGGCCGCTTCTTAGGGGAGCCATAATTCTCGGGCATAGAAAACCCCGTAGTGACGGTTGCTAGA
AATTTCTGGACTGGCATCGAAAAAGTATTACCCGGCTGAATTATAGAGGAAAGTTAGCGTTATTTTCATTGATTCGCTTTTCTTTTTGTAGTTGCCGACAGTGC
GGAACAGCGACAGTTTAATGAATGTGATGAGCTAAGGCAAAGGGTAATTAGAATTAGACACTAGAACGAAGGGGAAATAGGGAGGAAGATGTTACGAGAG
AGTTCTTTGCATGTAGTTGTAAGGTGATTAGGGATTGTGTAATAACTTTAATCAACATAGTAGAAAGTTCTAATGGTTTCTAAGGGGTAGTTACTGTGGTATAC
AGTGCGCCAGTATTATTGGTTTGGCAACAGTGATGGATTTGGTGGACCTGAAACGTATAAATTAGACACGAGTCTGGCAAGTTGATGAGAGATGGGAAGGTT
GTTTTTTGTATTAATTGTATTCAATGTTATTTCTATAGCCCCAATCACCAGAGATATTTGATTTCATAAGAGACTATATCTAAGAGATTAACAACAACTAAGAA
CAAAAGCGATTACGAG
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Table S3.
continued.

Promoter

Sequence

MDHI1

MDH2

CIT1

XYLI

AGTGCGCTGCCGCTTGATGCCAATGACTCCGAAACAGTTGAAACTATACATTGGCGGGTCCGCGTAGGCATGTTGTCGTTACCCGGGGCATCCATGTCTCTCC
CTTCCTCTTCCTCTTTTTTTACTAATTTCCCTGTTGTCTTCCGTTTTTTTCTTTTTTTCCCCTATCGCCAATGCATGACCAAAGTCCTTTTTTTTTTTTCCCCATGGC
ACAGCCCGTTGGAACACGCTGAAAACACGCTGAAGAAAAACAAGGGAAACATTGGAACAGTGAAACACCCGCACGAAAATGTTCGGAGTCGGCTCCGCGTG
GTCCCAATTAATAAACAACGTAGCAGCTAGCCAGCTTTAAACTGACTTAGTCCTACGGTTTTGCTGCGTGGGGGAACCGAGGGAGGGAATCCTCTGGAAGCC
GGACCTTGCCCTTTTGACTAGGGTACTACTCTGGGCAGGGTACTACTCTGGGCCCAGACAGAGGCCCCAAAGAGAAGCCGCCAGGTTCCCTGCCTAGGCCTTC
CTCTGGTTGCCCCCCAGAGTACCCTCCGGAACGAAACGAAACGAAACGCACATCGTGATGCGCGCTATTATAATTGCGTCTTGCGAATTCCATACGCCATGCG
CTTAGCACATGAAATCCTGACATGAAATCCTGCCAATATTGACAATCCAACTTCCCAATTCCATTCCCAATTCCATTCCTAATTCCAGTTCCCATTCATGACCG
CCGCCGACTGGCCCACAGTTGGCCCACAATTGGTCCATATAATATCAGGATATCAGAAAAATAGTTACATATATACAAACAAATTGAAAAATATATATATTA
ATATTATTATTATTATTATTATTATATTATATATATATATATATATGTATATATATCATGACATAAAGCTTTGATTGATAATAATACCTCTACTTCTTGGTATGA
TAATGTGATCTCTTGCTATCTTATTCCTTTATCTAACACCCCCCAAGTACATACATATACTACTACACA

TCATTCTCGCTGTCCAATTTAACTTTTGTTTGTTTTGGTTTTGGGTTCACTGCAAGGTATTCTAAGAACAATGGGATGTCGCTCAGCGTCGGAGAATAATATGC
GCTCGATGTTACCCGGTTATTTCACGGGGGTGGGGCCCCAAAACAGAGAAAGAAGAGAAATTGACAGAGAAGGAAAGAAACAAAAAAAAAAAAAACCCTT
AAATCCAATACAGTTCCTCCTTGGCCCCATTGCTATGGCACACAAAAACGCTATTGAAATTGCCTAGTGGCAGCAGTAGCCATGGCATTGTATTCTCCCCCCCT
TCCTTTCCTTTCCCATTTCTATCACTAATTCGGCTATTATCTAATCCCTGCTGCACTGCACTGCACAATGTTATACTACTATTCTATGCTACTTTTACACATTACG
TTAATTTTTCCTTCTTTTTACAAAAGATGCTCATCACATCACAAATGTATGATCTGTGATCAGTAACTACATCAGCAAGCCCCCTTCTTCTCCTTGTAGGTATTT
GTTTGTAGCCGTATAGAGCCATTTTGTAGGATTGTGCCATGTCCGATTATTTGGGGAAATACCTCTGCCACTGCATATGCGAGTGTTTGTACGTTAACAGAGTG
TAGCTTTAATAAACGTGGATGAATGCCTGCCATATGGCATTTAGGTTTTACGTTTTGTATAGTGGATATTGTGAAGTAGTGATTTGTTTATCTTGGATATATAA
ACATGGGGAAACAGAAGCAAGAGGTTTAAAGTTGTTAAACTTGTGTGCGTGCGTAAAAAGTAAAATGTTTAGATCTGTGTCTACTGTTTTTCCCTCGTATAAG
TAACATCTTTTTGAGATATACATTACTATTATAAAAGAACCCTCGTGTATCTGTAAAAGGCTGACTAGATCGATCTAATCCACTACCAGTATATTCAATAAACG
AGAAAAAGTGTCAGCAACAGATTCAAAA

GGTCCCGGGTTCGATTCCCGGCAAAGCCCCAAACGATCCACGCTCGATCCCGAGCATGGATCATCTTTTTTTTGTTTATTCTTGTTCCTTCCTTCCTTCCCTTCC
CATTGTTTACCTGTCTCGACCCACTGCGGAGATTAAAACGCGCGCATGGGGAACATGATCATGCGCACGGGTCACGCTTTTTTTTITTTTTTACTTACTTACTTA
CTTCTTCTTCTGCCTGCCTGGTGGCCCTTTCCCATGCCCGCATCCGTTTCCTAGGCATCCGTGCGTCCGTACAAAACGATGCATGACCCCTCCCCGATTTTCAAA
ATCAAAAACAAAAACAAAAACAAAAAGACAGGAAAAAAAAAAAAAAAACTAAGCATTACCCATCTATCTGCTGCTGCTGCTGCTGCTTCTGCTGCCTCTTCT
GCTACCGTCCCTGCTCTGGCCTAATCTCCAGTCCCGCCCCTCCACCTCCTCCTACGAGCCCCACTGGGCAAATCCTCGCGCTCGGACAAATAAGGAGCCATAA
GGAGCCGACAAGGCGCCGACATCTCTTTTCGTACTCCGAGAACGCCCTGCAGACACTACTAACTGATCATTCATTCATTCAAATTCAAATTCAAATCCATACA
CACTGTTGTACTATTGCACTGTGGTTTTGTTTCCAGTTGGTGTTGTTTTGTTTTATTTCGCTCTATTCCTCGCTCTGGAATACACTGTGCATACATAGCAGTATAC
ATAGTGTACATAGTATATGCAGTTTAGTTAGTTATTGGCGACACATATCGCTCAAAATTGCATTGGATAGAGAATTGTGTGGCATTGTGGTTTGGAGTGGGTA
ATTGGTATAAATATCGGACTGCCACTTGTAATTGGAATTGGTTAGTATTTACAAAGGTACTGTTTGTATTTGTAGTTGAGTGGTTGTGTGTGGTTTTGCTTATA
GTTTGATACTCAGGCCAGTCAAGAGAAGACATAATATAAGAGTATAATTGAAGATGTCGACTACC

GTCGGAAGCGCGGGCACCATCGTCTTCGATTTGACCTACTTCTACCAGCACTACGTCTTGTATGCGGACGACAACATAATCAGACGCCTCGAGTCTGACGAGT
ACATGCCCTTAATATCATAGCCAGAGGTAGAGAGCACAAAGTAACGCAACCCCAATTACGTAATGCGACAGATTAATTGATTGATTGATTGATTGATTCTATT
CTATATTATACATACCCCCCACCACCACAACCACGCCAGAGCCGCCGGCAACACCACCACAAACAACAAACATCACTACACCAGGGCGTAATATTTCTCTGA
ACACGCTCGCACGCTCGCCCACTGGCTCACCGCCCGCGTCTCCGGGTAACACCGTTTCCGTGTTTCCAGTGTGTGATTCCCCCAGTGGAAGCGCGTCGAAAGA
GGAGTCGTGCTACGGCCGGAGCACTATCTTCCGGCCGCCGCCCCACCCACCATCCTCGACACTCTCTGCATATGGGCAGTGTGATCTGTGTTTACCTGTATTAC
CTGTGGTAAGTAGCACACACATACATACACACCAGATTTCTTTGGAGAACGAGCACATTGTTTCGTCTGGTGTTGTGATTTGCTTGGGTTTTCTTTCGCCTGTT
GATTGCCCTGTGTTTTTGACTTTGTCTCCAAGGGCGTGCGCACCCACCTGGACTTAAGGGACAATCTGGCAGAGGCAGAGGCAGAGGCCCAGGCATTGCTCTG
GGCCTGGGCCTGGGCCTGGAACTATGCCTGGGCTGCGCCCAGGCATTGGTTGGTTTAAGCCCTTCCCACCCACTCCCATATCAAACCCATATCAACCGCAATT
GCTCTCGTGAAGGTTTGTATTTTGCAATTTTCTGTATAAATAGGGCTGGCATGGAATTGTCACAGCAATCTGATCAGTCAGTCCCCTTACTACTTGCTAGTAGA
TGTAATACTGGTTGTAAATAGTTCTGACAGTAGTGTCAATTATCTCCACCAAAACACAGTATAGAAACACC
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Table S4.
Neutral sites used in this study.

S6

Site N20 Chromosome Location
neutral sites 1 TCTCGGCTTAGAGATCTGTG 1 65590
neutral sites 2 AGGATGTTCGATATAGACGA 1 1349684
neutral sites 3 ACGTTTGCAGAGGATCTGCG 1 119880
neutral sites 4 CCAGAACTTTATATCCTGGG 2 116211
neutral sites 5 ATACGTAACGTCCCACCCAG 2 1429650
neutral sites 6 AGTGCCCTAAAGTGACCGGG 2 1045039
neutral sites 7 CAACGTCTAGCATTTACGGG 2 1225053
neutral sites 8 GAGCGCCAATGTATGAACGG 3 1054394
neutral sites 9 AAGCGGTTATTACATAGTGG 3 1206444
neutral sites 10 TTAGTGACGGTAACACACCG 3 797969
neutral sites 11 ACCCTGCTCTACAATCTACG 4 488419
neutral sites 12 GGGATTCAGAAATATCCGGA 4 253799
neutral sites 13 GCGGAATGGCATTCACTACG 4 934729
neutral sites 14 GTAACGTAACCGTAGTACCG 5 791444
neutral sites 15 TATCGCTGTTCAATGTACCG 6 1018789
neutral sites 16 GTTGTAATAGACGCGCTATG 6 703537
neutral sites 17 AAGTAGTTACTAACGCACGG 7 741626
neutral sites 18 GACCGAGCAAGCAACTACAG 7 538009
neutral sites 19 ATGGGCATAAGAAAGGTATG 8 316445
neutral sites 20 GACACGGAGCGCAAACACGT 8 31637
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Fig. S1. Comparison of metabolic activity and protein stability between KmSA2 and

KmSA12.

Fig. S2. Cell growth of KmSA12 under different succinic acid concentrations.
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