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A B S T R A C T   

The respiro-fermentative metabolism in the yeast Saccharomyces cerevisiae, also called the Crabtree effect, results 
in lower energy efficiency and biomass yield which can impact yields of chemicals to be produced using this cell 
factory. Although it can be engineered to become Crabtree negative, the slow growth and glucose consumption 
rate limit its industrial application. Here the Crabtree effect in yeast can be alleviated by engineering the 
transcription factor Mth1 involved in glucose signaling and a subunit of the RNA polymerase II mediator complex 
Med2. It was found that the mutant with the MTH1A81D&MED2*432Y allele could grow in glucose rich medium 
with a specific growth rate of 0.30 h− 1, an ethanol yield of 0.10 g g− 1, and a biomass yield of 0.21 g g− 1, 
compared with a specific growth rate of 0.40 h− 1, an ethanol yield of 0.46 g g− 1, and a biomass yield of 0.11 g 
g− 1 in the wild-type strain CEN.PK 113-5D. Transcriptome analysis revealed significant downregulation of the 
glycolytic process, as well as the upregulation of the TCA cycle and the electron transfer chain. Significant 
expression changes of several reporter transcription factors were also identified, which might explain the higher 
energy efficiencies in the engineered strain. We further demonstrated the potential of the engineered strain with 
the production of 3-hydroxypropionic acid at a titer of 2.04 g L− 1, i.e., 5.4-fold higher than that of a reference 
strain, indicating that the alleviated glucose repression could enhance the supply of mitochondrial acetyl-CoA. 
These results suggested that the engineered strain could be used as an efficient cell factory for mitochondrial 
production of acetyl-CoA derived chemicals.   

1. Introduction 

Under glucose rich conditions yeast Saccharomyces cerevisiae pre-
dominantly consumes glucose via the fermentative pathway, even in the 
presence of oxygen. In S. cerevisiae, the respiration pathway can produce 
18 molecules of ATP from 1 molecule of glucose with an estimated P/O 
ratio of 1.2, while the fermentative pathway can only produce 2 mole-
cules of ATP [1]. The respiro-fermentative metabolism, also referred to 
as the Crabtree effect, has been studied for decades, in which the carbon 
flux overflow to fermentation is coupled with the respiration repression. 
The underlying mechanism involves complex regulatory networks to 
simultaneously control the fermentation and respiration [2–4]. From an 
evolutionary perspective, the Crabtree positive yeast seems to favor an 

increased ATP production rate over the high ATP yield and the 
‘make-accumulate-consume’ strategy seems to benefit survival in natu-
ral environments [5–8]. However, the low energy efficiency of 
respiro-fermentation not only limits biomass production, but also re-
stricts synthesis of non-ethanol chemicals, especially when their syn-
thesis pathways involve higher consumption of energy or redox power 
than those supplied from fermentation [9]. Previous studies on che-
mostat cultivations have found that the biomass yield of S. cerevisiae can 
reach up to 0.5 g g− 1 glucose with a high respiration rate when the 
dilution rate is below the critical value, normally in the range of 0.2–0.3 
h− 1. As the dilution rate increases above the value, the respiration rate 
decreases while fermentation starts to dominate, and the biomass yield 
decreases [10–12]. 
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Attempts on pathway engineering have been made to convert 
S. cerevisiae to Crabtree negative in order to achieve high energy effi-
ciency, high biomass yield or product yield, including knocking out 
hexose transporter genes (HXTs), blocking ethanol production path-
ways, and introducing heterologous acetyl-CoA synthesis pathways, 
accompanied with adaptive laboratory evolutions (ALEs) [8,13–17]. 
However, the engineered strains usually grow with specific growth rates 
below 0.2 h− 1 and glucose consumption rates below 0.63 g L− 1 g− 1 h− 1, 
compared with the wild-type strain with 0.4 h− 1 and 2.88 g L− 1 g− 1 h− 1, 
respectively. The significantly reduced growth and glucose consumption 
rates limit their industrial application. 

ALE studies of pyruvate decarboxylase (pdc) deletion strains have 
revealed several mutations of regulators that may play important roles 
in the respiro-fermentative metabolism shift. Studies find MTH1 muta-
tions can repress the transcription of several hexose transporter genes to 
reduce the glucose transport, and hereby reduce the metabolic burden 
from the carbon flux overflow [16,18–21]. Meanwhile, the MED2*432Y 

mutation has been identified with the global regulatory impact for 
improved cell growth [13]. It is thus interesting to investigate whether 
their combination can result in synergistic effects to reinforce allevia-
tions of the Crabtree effect while rescue cell growth. 

The metabolism shift from fermentation to respiration may direct 
more carbon flux to the mitochondria and enhance the energy and the 
mitochondrial acetyl-CoA synthesis, thereof increase production on 
acetyl-CoA derived products. As an acetyl-CoA derived chemical, 3- 
hydroxypropionic acid (3-HP) is synthesized from acetyl-CoA by two 
enzymes acetyl-CoA carboxylase (ACC) and malonyl-CoA reductase 
(MCR), in which acetyl-CoA is converted to malonyl-CoA by ACC, and 
then malonyl-CoA is converted to 3-HP by MCR with consumption of 
NADPH. The enhanced acetyl-CoA supply has been demonstrated to be 
crucial for 3-HP synthesis in several previous studies [22,23], and 
thereof it is interesting to investigate whether 3-HP production would be 
improved with alleviated the Crabtree effect. 

Therefore, in this work we studied the effects of MTH1 and MED2 
alleles in a wild-type strain CEN.PK 113-5D, focusing on fermentation 
and respiration pathways, as previous studies performed in pdc deletion 
strains could not reflect their effects on ethanol production. We also 
performed transcriptome analysis on these engineered mutants to reveal 
their regulation on cell metabolism. Then we investigated 3-HP pro-
duction in the mutants by targeting MCR into the yeast mitochondria. 
This work shed lights for harnessing yeast mitochondria for production 
of acetyl-CoA derived chemicals. 

2. Materials and methods 

2.1. Construction of plasmids and yeast strains 

Plasmids and strains constructed in this study could be found in 
Table 1, and primers used in Supplementary Table 1. The yeast CEN.PK 
113-5D was used as the reference strain. Genomic engineering of yeast 
strains was performed using the GTR-CRISPR system according to pre-
vious reports [24]. Mutations of MTH1A81D, MTH1I85S, MTH1A81D, I85S 

and MED2*432Y were introduced using a 2-step method. First, the spacer 
sequence (1st spacer) containing the target mutation point was replaced 
to a 2nd 20 bp spacer sequence using donor DNA with the Cas9 plasmid 
harboring gRNA targeting 1st spacer. Then the 2nd spacer sequence was 
replaced using donor DNA and the Cas9 plasmid harboring gRNA tar-
geting 2nd spacer to generate the mutations. The first step of MTH1 
mutation used pCas9_M226 and donor amplified with primers ds226s1 
and ds226s1. The second step of MTH1 mutation used pCas9_M226s and 
donor amplified with primers ds226_1 and ds226_81(or ds226_85). The 
first step of MED2 mutation used pCas9_MED2 and donor amplified with 
primers med2_s1_1 and med2_s1_2. The second step of MED2 mutation 
used pCas9_MED2_N and donor amplified with primers med2_s2_1 and 
med2_s2_2. The partial deletion mutant of MTH1 was achieved using 
pCas9_M226 and donor DNA amplified with ds226_ID1s and ds226_ID2. 

The promoter replacement of MTH1 was achieved by pCas9_MTH1p and 
donor DNAs of different promoters. 

To harness yeast mitochondria for 3-HP production, the mitochon-
drial localization sequence (MLS) CAT2m was fused to the N-terminal of 
CaMCR from Chloroflexus aurantiacus [25]. The intact CaMCR and 
dissected CaMCR with improved activity [26] were cloned into the 
vector pUGG1 using Golden Gate assembly, resulting in pMCR1 and 
pMCR2, respectively. In pMCR1, the pTDH3 fragment amplified with 
primers P124&P125 harboring CAT2m sequence on its 5’ tail and the 
fragment CaMCR-tCYC1 amplified from pYC1 [22] with primers 
P126–P128 were assembled [27]. The pMCR-N and pMCR-C were con-
structed for mitochondrial expression of two dissected parts of CaMCR. 
In pMCR-N, the fragment CAT2m_MCR-N amplified from pMCR1 with 
P142&P143, PGK1p amplified with primers P140&P141 and ADH1t 
with P144&P145 from pYC1 were assembled into pUGG1. In pMCR-C, 
TDH3p-CAT2m amplified with primers P124&P139 and MCR-C-CYC1t 
amplified with P129&P138 from pMCR1 were assembled into pUGG1. 
pMCR2 was constructed by assembling pPGK1-CAT2m-(MCR-N)-tAD-
H1amplified from pMCR-N with P141&P147, and 
pTDH3-CAT2M-(MCR-C) amplified from pMCR-C with P129&P148 into 
pUGG1. 

All enzymes used for PCR and Golden Gates assembly were pur-
chased from New England Biolabs. The kits used for PCR product 

Table 1 
Plasmids and strains used and constructed in this study.  

Plasmid/Strain Description Reference 

pCas 2μ, ampR, TEF1p_iCas9I, SNR52p [24] 
pScURA 2μ, ampR, gRNA_URA3_SNR52p_tGly [24] 
pCas9_M226 pCas, URA3, pSNR52_M81_step1_gRNA_tSNR52 This 

study 
pCas9_M226s pCas, URA3, pSNR52_M81_step2_gRNA_tSNR52 This 

study 
pCas9_MED2 pCas, URA3, pSNR52_Med2_step1_gRNA_tSNR52 This 

study 
pCas9_MED2_N pCas, URA3, pSNR52_Med2_step2_gRNA_tSNR52 This 

study 
pCas9_MTH1p pCas, URA3, pSNR52_MTH1p_gRNA_tSNR52 This 

study 
pUGG1 ori, AmpR, 2μ, URA3 [28] 
pYC1 ori, AmpR, 2μ, URA3, pTEF1_CaMCR_tCYC1 [22] 
pMCR1 pUGG1, pTDH3-CAT2m_CaMCR_tCYC1 This 

study 
pMCR2 pUGG1, pPGK1-CAT2m-(MCR-N)-tADH1, pTDH3- 

CAT2m-(MCR-C)-tCYC1 
This 
study 

CEN.PK 113- 
5D 

MATa SUC2 MAL8C ura3-52 [11] 

ZS_mth1 CEN.PK 113-5D, MTH1A81D This 
study 

ZS_mth1_2 CEN.PK 113-5D, MTH1I85S This 
study 

ZS_mth1_3 CEN.PK 113-5D, MTH1A81D,I85S This 
study 

ZS_mth1_4 CEN.PK 113-5D, MTH1-ΔT This 
study 

ZS_med2 CEN.PK 113-5D, MED2*432Y This 
study 

ZS_mm CEN.PK 113-5D, MTH1A81D, MED2*432Y This 
study 

MTH1_HXT1p CEN.PK 113-5D, MTH1p::HXT1p This 
study 

mth1_ HXT1p ZS_mth1, MTH1p::HXT1p This 
study 

MTH1_PGK1p CEN.PK 113-5D, MTH1p::PGK1p This 
study 

mth1_PGK1p ZS_mth1, MTH1p::PGK1p This 
study 

5D_pMCR1 CEN.PK 113-5D, pMCR1 This 
study 

5D_3HP CEN.PK 113-5D, pMCR2 This 
study 

mm_3HP ZS_mm, pMCR2 This 
study  
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purification and plasmid construction were purchased from Omega Bio- 
Tek. 

2.2. Medium and cultivation conditions 

LB medium was used for E. coli DH5α cultivation, and ampicillin was 
supplemented to LB medium to a final concentration of 80 mg L− 1 when 
needed. YPD medium and SC-URA medium were used for yeast culti-
vation [28]. All plates contained 15 g L− 1 agar. 

The minimal synthetic medium for yeast fermentation in shake flasks 
was composed of 5 g L− 1 (NH4)2SO4, 14.4 g L− 1 KH2PO4, 0.5 g L− 1 

MgSO4⋅7H2O, trace metal solution, vitamin solution, 40 mg L− 1 uracil 
and 20 g L− 1 glucose, with adjusted pH of 6.5. The compositions of 
trance metal solution and vitamin solution was previously described in 
Ref. [29]. Yeast cells were precultured in 5 mL YPD medium at 30 ◦C 
overnight, then inoculated with an initial OD600 of 0.01, and cultured in 
the 20 mL minimal medium in 250 mL shake flasks at 30 ◦C. For the 
mitochondria activity analysis, a mitochondria pyruvate transporter 
inhibitor UK-5099 (Sigma, USA) dissolved in DMSO was supplemented 
into medium with a final concentration of 200 nM when OD600 reached 
around 1. The minimal synthetic medium for yeast fermentation in 1L 
bioreactors (DasGip, Germany) was composed of 5 g L− 1 (NH4)2SO4, 3 g 
L− 1 KH2PO4, 0.5 g L− 1 MgSO4⋅7H2O, 40 mg L− 1 uracil, 20 g L− 1 glucose, 
trace metal solution and vitamin solution, as described in Ref. [30]. For 
bioreactor batch fermentation, after precultured in shake flasks to 
exponential phase (OD600 ~1), cells were inoculated in bioreactor with 
an initial OD600 of 0.01. The fermentation was performed at 30 ◦C, with 
pH controlled at 5 by 2 M KOH and the dissolved oxygen concentration 
controlled above 30% by adjusting the stirring speed (800–1200 rpm) 
and the aeration rate (1–1.5 vvm). 

All the chemical used for cell cultivations were purchased from 
Sinopharm Chemical Reagent Corporation, China, if not specifically 
annotated. 

2.3. Measurement of biomass and extracellular metabolites 

The biomass was quantified by OD600 (optical density at 600 nm) 
using the spectrophotometer (GENESYS 30 Visible, Thermo Electron 
Scientific) and cell dry weight (CDW) calculated by the weight of 
washed cell collected from 5 mL culture. Cells were harvested to a pre- 
weighed dry microporous filter sheet (Aquo system, 0.22 μm, Ф 50 mm) 
and washed with sterile water twice using vacuum filtration. Then the 
sheet with cells folded inside was first dried in the microwave at 100 W 
for 3 min, and then dried in a glass dryer with allochroic Silica Gel blue 
for more than 3 days. 

Cell samples were centrifuged at 15,000 g for 3 min at 4 ◦C and the 
supernatants were then filtered through 0.22 μm polyethersulfone (PES) 
filters (JIN TENG, China) and collected for extracellular metabolite 
analysis on a HPLC system (Shimadzu LC-20AT, Japan) with Aminex 
HPX-87H column (Bio-Rad, USA) with a UV detector and a RID detector 
at 65 ◦C. Measurements of glucose, ethanol, pyruvate, succinate, acetate 
and glycerol were performed as described in Ref. [15]. Measurements of 
3-HP were performed using 0.5 mM H2SO4 as eluent for 20 min with a 
flow rate at 0.5 mL min− 1. The volume for sample injection was 10 μL. 

2.4. Transcriptome analysis 

Samples were collected when the OD600 reached 0.9–1.2 in triplicate. 
Around 10 ml broth was transferred into 50 mL falcon tubes with 30 mL 
crushed ice and centrifuged at 4000 rpm at 4 ◦C for 3 min. Cell pellets 
were then quenched in liquid nitrogen immediately and stored at − 80 ◦C 
before RNA extraction. Total RNA was extracted using TRIzol Reagent 
(Invitrogen, USA) based on the manufacturer’s instructions. The library 
preparation and sequencing were carried out on the HiSeq instrument 
(Illumina, USA) by GENEWIZ Inc. Principal Component Analysis (PCA) 
was plotted according to variance stabilizing normalization and 

differential gene expression was analyzed according to Benjami-
ni–Hochberg method using the DEseq2 package in the R studio [31]. 
Reporter Gene Ontology (GO) term analysis was performed using the 
PIANO (Integrative Analysis of Omics) package in R studio [32]. The 
functional enrichment analysis of KEGG pathways was performed using 
the Database for Annotation, Visualization and Integrated Discovery 
(DAVID) [33]. 

2.5. Cellular respiration measurement 

Cellular respiration was characterized using the oxygen consumption 
rate (OCR), which can be quantified using Seahorse XFe96 Extracellular 
Flux Analyzer (Agilent, USA) [34,35]. The OCR assays for cells 
responding to two different concentrations of glucose, 1 g L− 1 and 10 g 
L− 1, were performed in six biological replicates. Cells were incubated 
overnight in YPD medium to exponential growth phase and washed once 
with sterile water, and diluted by XF base medium (Agilent, USA) with 
glucose of two different concentrations, including 1 g L− 1 and 10 g L− 1 

glucose, respectively. Then, 175 μL cell suspensions were transferred 
into XFe96 microplates with a final concentration of 2 × 105 cells per 
well. The plates were centrifuged at 500 rpm for 3 min and incubated for 
30 min at 30 ◦C without CO2, and the OCR measurements were per-
formed at an interval of 6.5 min for three timepoints for basal values. 
Prior to the assays, the Seahorse sensor cartridges were hydrated over-
night and the XFe96 microplates were coated with 25 μL− 1 poly-L-lysine 
(25 μg mL− 1) for 30 min, and then evaporated to dryness at room 
temperature. 

3. Results 

3.1. Effects of the mutations MTH1A81D and MED2*432Y on cell growth 
and metabolism 

Previous studies identified several MTH1 mutations in glucose sen-
sitive strains, that could relieve the Crabtree effect [15,18–21,36,37]. 
Among these alleles, MTH1A81D, MTH1I85S and MTH1-ΔT were investi-
gated as these mutations were positioned in a highly conserved module 
to form a putative alpha helix [15,21]. The mutagenesis of MTH1 was 
performed using the GTR-CRISPR system, generating four mutant strains 
with MTH1A81D, MTH1I85S and MTH1-ΔT, respectively. When cultured 
in minimal medium in shake flasks, growth profiles of the mutants 
showed that MTH1A81D and MTH1-ΔT resulted in reduced cell growth, 
glucose consumption and ethanol production, while MTH1 I85S did not 
have a significant effect on cell growth compared with the WT strain 
(Supplementary Fig. 1). The mutants with MTH1A81D and MTH1-ΔT 
accumulated 6 g L− 1 ethanol within 27 h, and their specific growth rates 
were both around 0.22 h− 1, while the wildtype strain accumulated 8.3 g 
L− 1 ethanol within 21 h, with the specific growth rate around 0.38 h− 1. 
Further characterization in bioreactor cultivations revealed that the 
strain with the MTH1A81D allele consumed glucose slower with less 
ethanol produced (Fig. 1B), i.e., its specific growth rate decreased by 
50%, the biomass yield increased by 36%, and the ethanol yield 
decreased by 73.9%, compared with the wildtype strain (Fig. 1A). 

Next, the mutagenesis of MED2 was performed in the wild-type 
strain, generating the mutant strain with MED2*432Y allele. When 
cultured in minimal medium in bioreactors, the mutant exhibited a 
slightly higher biomass yield of 0.14 gDCW gGlc

− 1 and specific growth rate 
of 0.42 h− 1, but a lower specific glucose consumption rate of 3.13 g L− 1 

gDCW
− 1 h− 1 ((Fig. 1C, Table 2), suggesting a higher energy efficiency of cell 

metabolism. 
We thus combined the two alleles, and the strain with 

MTH1A81D&MED2*432Y showed a faster cell growth with the specific 
growth rate of 0.30 h− 1 and less ethanol accumulated (Fig. 1D, Table 2). 
Meanwhile, the biomass yields increased 40% compared with the strain 
with MTH1A81D. Moreover, the strain with MTH1A81D&MED2*432Y 

showed a much shorter ethanol phase (Fig. 1D), which might be resulted 
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from the altered respiro-fermentative metabolism. Although the strain 
with MTH1A81D&MED2*432Y consumed glucose faster than the strain 
with MTH1A81D (Fig. 1B&D), the specific glucose consumption rates of 
the two strains with MTH1A81D and MTH1A81D&MED2*432Y were almost 
the same (Table 2), which might be subjected to the restricted glucose 
uptake rates. 

3.2. Transcriptional profiles of the mutant strains 

To gain further insights of how the MED2*432Y and MTH1A81D alleles 
resulted in altered respiro-fermentative metabolism of the engineered 
strains, cells of the WT strain and the mutants with MTH1A81D, 
MED2*432Y and MTH1A81D&MED2*432Y were sampled at exponential 
phase for transcriptome sequencing in triplicate experiments. Principal 
component analysis of the transcriptome dataset treated with variance 
stabilizing transformation showed strong reproducibility of biological 
triplicates (Fig. 2A), and revealed the variances among the strains, 
which was consistent with the physiological data described above 
(Table 2). 

Differential gene expression analysis (Supplementary Table 2) 
identified a number of genes with significantly differential expression in 
the mutants compared with the WT strain (p-adj < 0.01), as shown in 
Fig. 2B. The MED2*432Y allele resulted in 348 genes significantly regu-
lated, while MTH1A81D resulted in 3882 genes significantly regulated. 
The MED2*432Y&MTH1A81D allele resulted in 3650 genes significantly 

regulated, in which 3230 genes were shared with those resulted from 
MTH1A81D and 245 genes were identified as commonly differentially 
expressed among all mutant strains. Gene set enrichment analysis using 
DAVID bioinformatics resources [33] revealed that 245 commonly 
differentially regulated genes were significantly enriched in 19 gene sets 
(p-adj < 0.05) (Fig. 2C), which included glycolytic process, gluconeo-
genesis, pentose-phosphate shunt, amino acid biosynthesis process, 
transposition, DNA biosynthetic process, RNA phosphodiester bond 
hydrolysis, oxidation-reduction process, and transmembrane transport. 

Furthermore, reporter GO term analysis using PIANO R package [32] 
was performed on genes with significantly differential expressions (p-adj 
< 0.05) for each mutant in comparison with the WT strain (Supple-
mentary Table 3). The mutations of MED2*432Y, MTH1A81D and 
MED2*432Y &MTH1A81D resulted in 25, 176 and 166 GO terms signifi-
cantly regulated, which suggested different metabolic regulation 
involving MED2*432Y and MTH1A81D (Fig. 2D). Top 4 reporter GO terms 
identified included the downregulated glycolytic process and gluco-
neogenesis, as well as the upregulated electron transfer chain and heme 
biosynthesis (Fig. 2E). Meanwhile, other biological processes that were 
also significantly regulated included amino acid biosynthesis, DNA 
biosynthetic process, transposition oxidation-reduction process and 
transmembrane transport (Fig. 2F). 

The underlying mechanism for the altered respiro-fermentative 
metabolism might involve a number of perturbations at the transcrip-
tional level, as well as the post-transcriptional and post-translational 

Fig. 1. Growth, glucose and ethanol profiles of the wild-type strain (A) and the mutants with MTH1 A81D (B), MED2*432Y (C) and MTH1 A81D&MED2*432Y (D), 
respectively. The cultivations were performed in minimal medium with 2% glucose in bioreactors in duplicate and error bars represent ±standard errors. 

Table 2 
Physiological parameters of the wild-type strain (WT) and the mutants with MED2*432Y (ZS_med2), MTH1A81D (ZS_mth1), and MTH1A81D&MED2*432Y (ZS_mm), 
respectively. The cultivations were performed in minimal medium with 2% glucose in bioreactors in replicate. Error bars represent ±standard errors.   

μmax YSX qGlu YGluEth qEth  

h− 1 gDCW gGlc
− 1 g L− 1 gDCW

− 1 h− 1 gEth gGlc
− 1 g L− 1 gDCW

− 1 h− 1 

WT 0.40 ±0.01 0.11 ±0.02 3.32 ±0.01 0.46 ±0.01 1.52 ±0.04 
ZS_med2 0.42 ±0.01 0.14 ±0.00 3.13 ±0.10 0.45 ±0.01 1.39 ±0.08 
ZS_mth1 0.21 ±0.00 0.15 ±0.01 1.46 ±0.08 0.13 ±0.03 0.18 ±0.03 
ZS_mm 0.30 ±0.01 0.21 ±0.01 1.47 ±0.07 0.10 ±0.01 0.15 ±0.01  
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Fig. 2. Transcriptional analysis of the mutant strains. (A) Principal component analysis (PCA) plot of the transcription data in triplicates. (B) Venn diagram of 
significantly regulated genes of mutant strains in comparison with the WT strain (p-adj < 0.01). (C) Gene set enrichment analysis of the 245 commonly regulated 
genes. Fold enrichment indicated the magnitude of enrichment against the genome background of the strain S288C analyzed via DAVID. (D) Venn diagram of highly 
scored (p-value<0.01) reporter GO terms through analyzing significantly regulated genes of the mutants compared with the WT strain (p-adj < 0.05). (E) The 
common high scored reporter GO terms in distinct-directional up and down class presented by their significance in the mutants. (F) The high scored reporter 
transcription factors (TFs) in distinct-directional up and down class presented by their significance. (G) Expression levels of reporter TFs in the mutant strains 
compared with the wildtype strain. 
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levels. Therefore, we performed reporter TFs analysis, and found several 
high-scored TFs with their target genes directionally upregulated or 
downregulated. These reporter TFs and their expression levels were 
highly relevant for glucose derepression (Fig. 2F&G), including upre-
gulation of SNF1, CAT8, ADR1, HAP1/2/3/4/5, and downregulation of 
MIG1, MIG2, MTH1, GRR1, GCR1, suggesting the global transcriptional 
responses resulted from the MTH1 and MED2 allele. 

3.3. Carbohydrate metabolism and respiration analysis 

We further investigated the differentially expressed genes related to 
carbohydrate metabolism (Fig. 3) and mitochondrial electron transport 
chains (Fig. 4A). Gene expression levels in the strain with MED2*432Y 

were much more different from those in other two mutants, but more 
similar with those of strain WT except that the genes related with 
glycolysis were downregulated, which might support its faster growth as 
glycolytic enzymes constituted the majority of the cellular proteome 
[38]. In the two mutants with MTH1A81D, most genes related to carbo-
hydrate metabolism were regulated in the same direction but with 
variations in expression levels, probably due to the global regulation 
imposed by MED2*432Y for a faster growth rate. The major isoforms of 
hexose transporter encoding genes HXT1, HXT3 and HXT4 were 

downregulated, and other glucose transporter genes with high and 
moderate glucose affinity HXT6, HXT7, and HXT10 were upregulated. 
Most genes of glycolysis, glycerol production, and ethanol production 
were downregulated, including PGI1, PFK1/2, FBA1, TDH1/2/3, PGK1, 
GPM1, ENO1/2, CDC19, GPD1/2, GPP1/2 and ADH1 et al. Most genes 
involved in glycogen biosynthesis, glycerol consumption, ethanol con-
sumption, TCA cycle, glyoxylate cycle and fatty acid metabolism were 
upregulated, which were normally repressed under high glucose con-
ditions (Fig. 3). 

The electron transfer chain was coupled with the TCA cycle to 
completely oxidize acetyl-CoA to CO2, that consumes oxygen and yields 
ATP. Reporter GO analysis revealed upregulation of electron transfer 
chain in all the mutants (Fig. 2E). Therefore, we further investigated 
differentially expressed genes related to the electron transfer chain in 
mutant strains, with expression levels presented in Fig. 4A. All genes in 
the electron cycle were upregulated in the strains with MTH1A81D, and 
around 30% genes were upregulated in the strain with MED2*432Y. 
Moreover, the respiration activities were analyzed through oxygen 
consumption rate (OCR) measured under two glucose levels, 10 g L− 1 

and 1 g L− 1, when the enzymes involved in the TCA cycle and respiration 
were normally repressed [39]. The mutants showed higher respiration 
activities compared with the WT strain (Fig. 4B), which was consistent 

Fig. 3. Transcriptional representation of genes involved in carbohydrate metabolism. All data was made in comparisons with the WT strain.  
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with their transcriptional results. The OCR values of the two mutants 
were about 2-fold higher than those of the WT strain, under both 10 g 
L− 1 and 1 g L− 1 glucose conditions. 

Furthermore, to quantify the effects of the elevated mitochondrial 
activities on cell metabolism, a mitochondrial pyruvate transporter in-
hibitor UK-5099 was supplemented in the early exponential growth 
(OD600 around 1.0), as inhibited pyruvate transport would thereof 
restrict the following TCA cycle and electron transport chain. In WT 
strain and the mutant with MED2*432Y, UK-5099 slowed down the 
growth and ethanol consumption during the ethanol phase (Fig. 5A&C). 
In the strains with MTH1A81D, UK-5099 slowed down the glucose con-
sumption and ethanol accumulation during the glucose phase, as well as 
growth and ethanol consumption during the ethanol phase (Fig. 5B&D). 
The results suggested that the respiration pathway subjected to mito-
chondrial pyruvate transport was derepressed earlier in the strains with 
MTH1A81D, indicating that the TCA cycle and electron transfer chain 
were derepressed at relatively high glucose. 

3.4. Improved 3-HP production in strain ZS_mm with alleviated respiro- 
fermentative metabolism 

The higher enzymatic activities of the TCA cycle and electron 
transfer chain in the strain with MED2*432Y &MTH1A81D would probably 
enhance the mitochondrial acetyl-CoA supply, and thereof improve 
synthesis of its derived chemicals [22,23]. Therefore, we investigated 
3-HP production by expressing CaMCR (MCR from C. aurantiacus) in the 
mitochondria, as mitochondrial acetyl-CoA could be converted to 
malonyl-CoA by a mitochondrial acetyl-CoA carboxylase Hfa1 [40]. 

The mitochondrial localization signal of CAT2 gene CATm was fused 
at the N terminals of the intact and dissected CaMCR genes to target 
them into the mitochondria. The intact and dissected CaMCR with 
CATm were cloned into the episomal plasmids, yielding pMCR1 and 
pMCR2, respectively. When the two versions of CaMCR expressed in the 
mitochondria of the WT strain, the dissected one obtained a 3-HP titer of 
0.45 g L− 1, while the intact one showed a titer of 0.22 g L− 1 (Supple-
mentary Fig. 2), suggesting a higher enzymatic activity of the dissected 

Fig. 4. Effects of MTH1 and MED2 mutations on cell respiration. (A) Expression fold changes of the genes involved in mitochondrial electron transport chains. All 
data were made in comparisons with WT strain. (B) Oxygen consumption rates (OCRs) of the wild-type strain (WT) and mutant strains under two different glucose 
levels using a Seahorse XF96 analyzer. The measurements were performed in replicate and error bars represent ±standard errors. 

Fig. 5. The growth, glucose and ethanol profiles of the wild-type strain (A) and the mutants ZS_mth1(B), ZS_med2 (C) and ZS_mm (D) with (red line) and without 
(black line) mitochondrial pyruvate transporter inhibitor UK-5099. The cultivations were performed in minimal medium with 2% glucose in shake flasks in triplicate 
and error bars represent ±standard errors. 
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CaMCR. 
Then the dissected CaMCR was used for further investigation in the 

strains of WT and ZS_mm. Briefly, plasmid pMCR2 was transformed into 
the two strains, generating the strains 5D_3HP and mm_3HP, respec-
tively. The constructed strains were first evaluated for respiration ca-
pacity by cultivations –OCR values than those of the 5D_3HP strain 
under both conditions (Supplementary Fig. 3), confirming its higher 
respiration activities. Then the strains were evaluated in the minimal 
medium with 20 g L− 1 glucose for 3-HP production. As shown in Fig. 6A, 
the strain 5D_3HP produced 0.35 g L− 1 3HP, and more than 75% of 3-HP 
were accumulated in ethanol phase, as mitochondrial acetyl-CoA supply 
was restricted due to glucose repression. In the mm_3HP strain, 3-HP 
accumulated much earlier, and reached to 1.69 g L− 1 when glucose 
exhausted, comprising almost 83% of 3-HP titer. The final 3-HP reached 
as high as 2.04 g L− 1 at 60 h. These results suggested that the altered 
respiro-fermentative metabolism of ZS_mm not only could provide 
higher energy efficiency for biomass formation, and support efficient 3- 
HP synthesis in the mitochondria, which might be resulted from the 
derepressed TCA cycle and electron transfer chain. 

4. Discussions 

Previous studies showed that MTH1 alleles could improve growth of 
pdc deletion strains by limiting the glycolysis flux by reducing its 
degradation [15,16,21], indicating the possibility to regulate glucose 
uptake rates by manipulating MTH1 expression levels. Based on FPKM 
(fragments per kilobase million) values from transcription data (Sup-
plementary Fig. 4), HXT1p and PGK1p were selected as weaker and 
stronger promoters compared with MTH1p, respectively. Indeed, the 
strain with reduced Mth1 expression exhibited a fast cell growth, 
glucose consumption and ethanol accumulation, to similar levels as in 
the wild-type strain, while the strain with elevated Mth1 expression 
resulted in a much slower growth, glucose consumption and ethanol 
accumulation (Supplementary Fig. 5). Yet, the reduced specific growth 
and glucose uptake rate would hinder its application for production of 
non-ethanol biochemicals. 

The MED2*432Y allele was previously reported to improve cell 
growth of pdc deletion strain by its global regulation on carbon meta-
bolism in pdc deletion strain [13], and in this study it could also improve 
cell growth of the wild-type and the mutant with MTH1A81D allele, 
which might mainly result from regulation on glycolysis and glucose 
repression as revealed in our transcriptional analysis. A previous study 
revealed that glucose transport could impose high control on the 
glycolytic flux if the capacity reduced below 56% of the wild-type strain 
[17], which was consistent with our results in which the specific glucose 
consumption rate of the stain with MED2*432Y &MTH1A81D was 43.7% of 
the WT strain. The lower specific ethanol production rate in the strain 

with MTH1A81D&MED2*432Y suggested less carbon flux overflow into 
fermentation and possibly more carbon flux into respiration, and thereof 
improved cell growth. 

The transcription results also revealed the reduced overflow flux to 
fermentation, and triggered upregulation of the TCA cycle and electron 
transfer chain. It was noteworthy that several high scored reporter TFs 
were involved in glucose derepression. Specially, Mig1 and Mig2 func-
tioned as repressors with Snf1 [41–43], while Cat8 and Adr1 functioned 
as Snf1 activators in glucose derepression associated with gluconeo-
genesis, glycerol utilization, ethanol utilization, fatty acid utilization 
and glyoxylate cycle [44–47]. Thus, significant downregulation of MIG1 
and MIG2 and upregulation of CAT8 and ADR1 might result in the 
glucose derepression. Similarly, upregulation of HAP1/2/3/4/5, as 
transcription activators for respiratory genes [48], could increase 
mitochondrial biogenesis and the respiratory capacity [49,50]. The 
upregulation of MTH1 and downregulation of GRR1, required for HXTs 
induction, indicated that HXTs might be regulated by both intracellular 
and extracellular glucose availability. Downregulation of GCR1, as an 
activator of glycolysis genes [51–53], was highly related with signifi-
cantly downregulation of genes involved in glycolysis process. Deep 
mining of key players in transcription factors involved in carbohydrate 
metabolism and respiration could be useful to further improve biomass 
yield and reduce ethanol yield. 

The strain with MTH1A81D&MED2*432Y could grow with a specific 
growth rate of 0.30 h− 1 and specific glucose consumption rate of 1.45 g 
L− 1 gDCW

− 1 h− 1, which was higher than pdc deletion strains [13,21,26]. 
Furthermore, the depression of the mitochondrial activities under high 
glucose levels would make the yeast mitochondria robust compartments 
for non-ethanol chemical synthesis, as revealed in 3-HP production. The 
transcriptional results revealed that several genes related to the glyox-
ylate cycle were also upregulated in the mutant, indicating that perox-
isomes could be explored as well. As several studies harnessed yeast 
mitochondria and peroxisomes for non-ethanol chemical production 
[56–58], strategies used in this study would be useful to enhanced ac-
tivities of these compartments. Yet, the specific glucose consumption 
seemed to be limited by the reduced glucose uptake rate in the strains 
with the MTH1A81D allele. It would be optimal to optimize the glucose 
uptake rate to increase cell growth while reducing ethanol accumulation 
for industrial application for non-ethanol production. 

5. Conclusions 

The MTH1A81D and MED2*432Y alleles were investigated in wild-type 
strain for the alleviated Crabtree effects and 3-HP production. The 
MTH1A81D mutation resulted in lower maximum growth rates and 
ethanol yields accompanied with higher biomass yields. The MED2*432Y 

mutation resulted in improved cell growth rates and biomass yields as 

Fig. 6. The growth, glucose, ethanol and 3-HP profiles of the strains without (A) and with (B) the mutations of MTH1 A81D&MED2*432Y. The cultivations were 
performed in minimal medium with 2% glucose in shake flasks in triplicate and error bars represent ±standard errors. 
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well as lower ethanol yields. The transcriptome analysis identified 
several differentially expressed genes and GO terms, which involved 
downregulation of glycolytic process and gluconeogenesis and upregu-
lation of electron transfer chain and heme biosynthesis. The strain with 
MTH1A81D&MED2*432Y could grow in 2% glucose medium with a spe-
cific growth rate of 0.30 h− 1, a lower ethanol yield of 0.10 g g− 1, and a 
higher biomass yield of 0.21 g g− 1, indicating that the altered carbon 
flux distribution among fermentation and respiration pathway rendered 
it a higher energy efficiency. Moreover, with malonyl-CoA reductase 
expressed in the mitochondria, the engineered strain could produce 3- 
HP at a titer of 2.04 g L− 1, which is 5.4-fold high compared with that 
of the wild-type strain. The enhance 3-HP production probably benefited 
from the elevated mitochondrial acetyl-CoA supply resulted from alle-
viated glucose repression. Therefore, the mutant might be a promising 
platform strain for mitochondrial synthesis of acetyl-CoA derived 
chemicals. 
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