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ABSTRACT

Fatty acid-derived compounds have a range 

of industrial applications, from chemical 

building blocks to biofuels. Due to the highly 

dynamic nature of fatty acid metabolism, it is 

difficult to identify genes modulating fatty 

acyl-CoA levels using a rational approach. 

Metabolite biosensors can be used to screen 

genes from large-scale libraries in vivo in a 

high throughput manner. Here, a fatty acyl-CoA sensor based on the transcription factor FadR 

from Escherichia coli was established in Saccharomyces cerevisiae and combined with a gene 

overexpression library to screen for genes increasing the fatty acyl-CoA pool. Fluorescence-

activated cell sorting, followed by data analysis, identified genes enhancing acyl-CoA levels. 

From these, overexpression of RTC3, GGA2 and LPP1 resulted in about 80% increased fatty 

alcohol levels. Changes in fatty acid saturation and chain length distribution could also be 

observed. These results indicate that the use of this acyl-CoA biosensor combined with a gene 

overexpression library allows for identification of gene targets improving production of fatty 

acids and derived products. 

Keywords: Fatty acyl-CoA sensor, FadR, Saccharomyces cerevisiae, Fatty acids, Fatty 

alcohols
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Microbial production of industrially relevant products has been successfully established by 

combining various disciplines, ranging from metabolic engineering, synthetic biology to 

systems biology1-4. In addition, there is an interest in using large-scale libraries, such as gene 

overexpression5, randomly mutated6 and genome shuffled libraries7, to identify targets that can 

improve production of a certain compound. The advantage of such approaches enables non-

intuitive key engineering targets to be identified without a priori knowledge. The major 

limitation, however, is the lack of high-throughput screens necessary for evaluating such 

libraries, particularly if the compound of interest does not result in a clear phenotype, such as a 

chromophore or increased fitness. 

Metabolite biosensors have shown great potential for high-throughput screening- or 

selection purposes8, 9. A common type of biosensors in metabolic engineering applications is 

based on transcription factor (TF)/promoter pairs10. In Saccharomyces cerevisiae, these TF-

based biosensors are often based on prokaryotic repressors. This is because the transcriptional 

network is more complex in eukaryotes11, making the implementation of endogenous TFs as 

biosensor a challenging task. Employing prokaryotic TFs reduces the risk of cross-talk with 

other TFs or regulatory sequences, resulting in systems that are more robust and easier to work 

with. Prokaryotic repressors are preferred over activators because of the inherently different 

transcriptional systems in pro- and eukaryotes, making it difficult to integrate a prokaryotic 

activator into eukaryotic systems. In fact, so far only one recent study showed the successful 

direct implementation of prokaryotic activators as biosensors in eukaryotes12. Despite their high 

potential, only a limited number of synthetically constructed metabolite biosensors have been 

developed9. Creating a biosensor suitable for metabolic engineering applications can be 

challenging. For such application, it is desirable to have a broad dynamic- and operational 

range, which can be optimized through several approaches10. In general, the first step when 

constructing TF-based biosensors is to implement the binding site (BS) for the specific TF into 

an endogenous promoter or synthetic promoter with a desired strength. Different positions as 

well as different numbers of BSs need to be evaluated systematically until a desirable output 

level in terms of dynamic range and operational range can be achieved. The dynamic- and 

operational range can also be improved by fine-tuning the expression level of the TF. Following 

a similar strategy, biosensors responsive to e.g. malonyl-CoA13-15, naringenin or cis,cis-

muconic acid12 and fatty acyl-CoA16, 17 have been developed.

Microbial production of fatty acids is of interest due to their use in a range of applications18. 

A specific challenge when improving fatty acid production is the complexity of the lipid 

metabolism19 and the highly dynamic and regulated metabolism of fatty acyl-CoAs20. In 

addition, it is challenging to engineer strains to achieve a specific fatty acid composition 

(saturation and chain length), which is of interest for producing desired products e.g. cocoa 

butter equivalents21. Although increased levels of acyl-CoA-derived compounds have been 

achieved in engineered strains22, 23, the identification of genes that are involved in boosting 

acyl-CoA levels is challenging as overexpression of certain genes can be counteracted by 

overruling regulatory mechanisms24. 

By combining an acyl-CoA responsive sensor with a gene overexpression library it is 

potentially possible to identify genes involved in modulating the acyl-CoA levels or the 

composition of the fatty acyl chains. Recently, a cDNA library from Yarrowia lipolytica was 

expressed in S. cerevisiae and screened for genes increasing triacylglycerol (TAG) production 
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through staining with Nile Red25. Despite the successful finding of interesting targets involved 

in improving TAG levels, the approach does not allow one to identify targets that more 

specifically increases the acyl-CoA level. An acyl-CoA sensor can be developed employing the 

fatty acyl-CoA responsive transcription factor FadR from Escherichia coli. FadR has been 

reported to have a dual function in E. coli as it can act as a positive and negative regulator of 

genes involved in biosynthesis of unsaturated fatty acids and genes involved in fatty acid 

transport and beta-oxidation26, respectively. FadR is released from its BSs in the presence of 

fatty acyl-CoAs as binding to these results in a changed conformation, weakening its binding 

to DNA. It has been reported to be mainly responsive to long-chain fatty acyl-CoAs (C16 and 

C18)27. Biosensors based on FadR have already been implemented for dynamic pathway 

regulation in bacteria17 and in yeast16 for evaluating its functionality. 

Here, we established a fatty acyl-CoA specific screening system in S. cerevisiae to screen 

for genes increasing the fatty acyl-CoA levels employing fluorescence-activated cell sorting 

(FACS) (Figure 1). With our sensor, we were able to identify genes whose overexpression 

resulted in increased fatty acid- and/or acyl-CoA levels as well as an altered composition, which 

is difficult to achieve through rational engineering. This is, to our knowledge, the first time an 

acyl-CoA based biosensor is applied for finding genes enhancing the level of fatty acids and 

derived products in S. cerevisiae. 

Figure 1. Screening system. The screening system is based on an acyl-CoA responsive 

sensor and a S. cerevisiae gene overexpression library (MoBY-ORF). The sensor is 

based on the TF FadR derived from E. coli and its BSs integrated into PTEF1, which 

controls the expression of the output signal GFP. In the presence of acyl-CoAs, FadR 

is released from its BSs, resulting in increased GFP signal. S. cerevisiae was co-

transformed with the MoBY-ORF library and the sensor plasmid , and the resulting 

strain library was screened for genes boosting acyl-CoA pools employing FACS in two 

subsequent enrichments steps. 
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RESULTS

Implementation and optimization of a fatty acyl-CoA sensor 

We established a biosensor based on the fatty acyl-CoA responsive TF FadR26 from E. coli. 

The sensor system was adopted for yeast by codon optimizing FadR and adding the SV40 

nuclear localization signal (NLS)28 to its C-terminus to ensure transport to the nucleus. A 

synthetic, FadR-responsive, promoter was developed by adding its 17 bp BS29 sequence to the 

endogenous yeast promoter PTEF1. The synthetically modified PTEF1 promoter was coupled to 

GFP to allow for an output signal. Furthermore, expression of FadR was controlled by coupling 

it to the copper-inducible promoter PCUP1. 

To fine-tune the expression level of FadR, we first evaluated the induction capacity of the 

CUP1 promoter by coupling it with a GFP gene on a centromeric plasmid. Different 

concentrations of Cu2+ were added in the preculture samples and their effect was tested by 

measuring the fluorescence of main cultures grown in minimal medium, containing the same 

Cu2+ concentration as the precultures, 6-8 h after inoculation. By employing flow cytometry, 

we found that a concentration of 400 M Cu2+ resulted in the highest GFP signal (Figure 2A), 

which is comparable with another study30 evaluating different concentrations of Cu2+. 

Next, we sought to create different synthetically modified TEF1 promoters by 

implementing up to three FadR BSs at different locations. Through fluorescence analysis, we 

were able to evaluate the impact of their positions and their combinations on both the dynamic- 

and operational range. As FadR is a prokaryotic repressor, it is considered beneficial to place 

the BSs in the area surrounding the TATA box and/or the transcription start site (TSS) in order 

to achieve repression by sterically hindering the RNA polymerase from initiating and/or 

elongating transcription. As implementing BSs in such area can reduce the native strength of 

the promoter, different numbers of BSs and their positions need to be evaluated to identify a 

combination that results in a suitable dynamic range. Since acyl-CoAs are endogenous 

metabolites that do not allow for testing of the biosensor in absence of the ligand, we here define 

the dynamic range as the ratio of fluorescence expression in the absence and presence of the 

TF, respectively. The positions of the BSs were chosen based on a previous study were PTEF1 

was used for a similar purpose14. Briefly, the BSs were placed up- and downstream of the TSS, 

within 80 bp from the start codon (Supporting Information, Sequences). The synthetically 

modified PTEF1 promoters were placed upstream of a GFP gene in a centromeric plasmid, and 

the effect of the BSs were evaluated in presence and absence of FadR, 6-8 h after inoculation 

in minimal medium using shake flasks. 

The native promoter strength decreased with the number of BSs and the level of repression 

increased in the presence of FadR (Figure 2B). Constructs with two BSs (2BS_II) and three 

BSs (3BS) resulted in the highest dynamic ranges of 2.3- and 3.3-fold, respectively. These were 

both evaluated for their responsiveness to exogenously added palmitoleic acid. The 

fluorescence signal increased by 12% when 0.03 mM palmitoleic acid was added to the strain 

carrying the 2BS_II sensor whereas the fluorescence increased by only 5% for the strain 

carrying the 3BS sensor (Figure 3). This suggests that the 2BS_II sensor responds to lower 

concentrations of palmitoleic acid and is therefore considered to be more sensitive to fatty acids. 

In order to reduce the risk of false-positives during the sorting and employing a stricter selection 

regime to identify genes boosting the acyl-CoA pool, the 3BS sensor was selected to be used 

for the screening. In addition, we tested different Cu2+ concentrations, ranging from 0-650 M 
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Cu2+, using the sensor construct with 3BSs to evaluate whether the 400 M Cu2+ concentration 

indeed resulted in the highest level of GFP repression (Supporting Information, Figure S1). 

Concentrations higher than 300 M Cu2+ led to maximum repression levels of the sensor 

construct with 3BSs (Supporting Information, Figure S1), and we decided to proceed with the 

400 M Cu2+ concentration as this also resulted in the highest GFP expression when evaluating 

the CUP1 promoter coupled to GFP (Figure 2A). 

Figure 3. Sensor responsiveness. To 

evaluate the responsiveness of the sensor to 

fatty acids, palmitoleic acid was fed in 

different concentrations to the strains 

carrying plasmid pSensor03 (2BS_II) or 

pSensor04 (3BS) together with pCUP1-

FadR. Fatty acids were dissolved in Tergitol 

NP40 and added 3 h after inoculation to 

strains growing in minimal medium in 

shake flasks. Samples exposed to fatty acids 

were analyzed after additional 3 h of 

cultivation employing flow cytometry.  n = 

3, error bar =  SD. 

Figure 2. Sensor evaluation and optimization. A) Strain CEN.PK113-11C carrying the 

pCUP1-GFP plasmid was cultured at different concentrations of Cu2+ to identify the optimal 

inducing concentration for the CUP1 promoter. B) Different BS positions were evaluated in 

PTEF1. Strains carried plasmids pSensor01 to 04 with pCUP1-FadR (w/ FadR) or with plasmid 

p413TEF (w/o FadR). Control strains contained plasmids pTEF1-GFP (nat. TEF1) or p416TEF 

(No GFP) together with p413TEF. All strains were grown in minimal medium and fluorescence 

measured by flow cytometry 6-8 h after inoculation. n = 3, error bars =  SD.        
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Screening for candidate genes enhancing fatty acyl-CoA levels

To screen for genes potentially increasing fatty acyl-CoA levels, the sensor was combined with 

a Molecular Barcoded Yeast Open Reading Frame (MoBY-ORF)31, gene overexpression, 

library. The MoBY-ORF library is composed of centromeric plasmids carrying each a single 

yeast ORF flanked by its native promoter and terminator and a pair of unique oligonucleotide 

barcodes (up- and downtag), comprising 4,956 genes in total. Transforming our sensor plasmid 

and the MoBY-ORF library resulted in around 24 000 colonies, which were subjected to FACS 

through two subsequent enrichment steps to screen for genes boosting the fatty acyl-CoA level 

(Supporting Information, Figure S2). From each enrichment step, the sorted cells were collected 

and the unique barcode amplified as described elsewhere32. Subsequently, the barcodes were 

sequenced and analyzed as described in Material and Methods. The resulting read counts from 

enrichment 2 were plotted against the read counts from enrichment 1. No strict cutoff was 

applied except for genes having less than 10 reads (in ppm) in both enrichment steps, which 

were excluded from further analysis (Figure 4). The starting library is reported to contain 4,956 

unique genes31. Of these, 2,029 genes were still identified after the first enrichment, while the 

second enrichment library contained 276 genes, of which 264 genes were also present in 

enrichment 1. The remaining twelve genes from enrichment 2 were below the cutoff level after 

enrichment 1, but were present after enrichment 2. To further evaluate the enriched libraries, a 

simple comparison of the GO-term distribution was performed to obtain a better understanding 

of associated biological processes that were enriched (Supporting Information, Figure S3). 

These included GO-terms with relation to transcription from RNA polymerase II promoter, 

ribosomal large subunit biogenesis, and ribosome assembly. As these, along with other enriched 

processes, such as chromatin organization and mRNA/rRNA/tRNA processing, are involved in 

transcription and/or translation processes, they were not further analyzed as we reasoned that 

these processes might contain genes that are more likely to be false-positives as there is a chance 

that these increase GFP expression, independent from the acyl-CoA levels. We decided to focus 

on genes involved in lipid metabolic processes, Golgi vesicle transport, response to oxidative 

stress and lipid transport. From these processes, 16 genes that were highly enriched were chosen 

for further evaluation. These included genes that had a high number of reads after enrichment 

1, but were not present after enrichment 2 (ACP1, FAA3, ORM1, SPO7, TGL1) as well as genes 

present in both libraries (MCR1, EPT1, GGA2, LPP1, INP54, GEP4, YFT2, IDP3, FAA1). The 

genes with the highest read counts, including MPP6 and RTC3, were also chosen. The genes 

are labeled and marked in red (Figure 4), and their function is briefly described in Table I (and 

Supporting Information Table S1). 
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Table I. List of candidate genes and their function

Gene Description Reference

ACP1 Mitochondrial acyl carrier protein Ref33

EPT1 sn-1,2-Diacylglycerol ethanolamine- and 

cholinephosphotransferase

Ref34

FAA1 Long chain fatty acyl-CoA synthetase (C12:0-C16:0) Ref35

FAA3 Long chain fatty acyl-CoA synthetase (C16:0-C18:0) Ref35

GEP4 Mitochondrial phosphatidylglycerophosphatase Ref36

GGA2 Facilitates Golgi trafficking Ref37

IDP3 Isocitrate dehydrogenase (NADP-dependent) Ref38

INP54 Phosphatidylinositol 4,5-bisphosphate 5-phosphatase Ref39

LPP1 Lipid phosphate phosphatase Ref40

MCR1 Involved in ergosterol biosynthesis Ref41

MPP6 Nuclear exosome-associated RNA binding protein Ref42

ORM1 Mediates sphingolipid homeostasis Ref43

RTC3 Protein of unknown function involved in RNA metabolism Ref44

SPO7 Involved in formation of spherical nucleus Ref45

TGL1 Steryl ester hydrolase Ref46

YFT2 Required for normal ER membrane biosynthesis Ref47

Figure 4. Library analysis. The MoBY-ORF library contains 4,956 uniquely barcoded 

ORFs of S. cerevisiae. Two subsequent enrichment steps were performed of the combined 

biosensor-MoBY-ORF library by employing FACS. The left panel illustrates the number 

of unique genes identified in each of the libraries. In the right panel, the read counts for the 

genes identified in enrichment library 1 and/or 2 are plotted against each other. For each 

gene, the reads were normalized to the total number of reads in the library (in ppm). 
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Evaluation of candidate genes through fatty acid analysis

To evaluate the impact of the chosen genes on fatty acid production, the genes were integrated 

into the genome of strain IMX581 under the control of the TEF1 promoter. Subsequently, the 

growth behavior of these strains was analyzed via a Growth profiler, in minimal medium 

supplemented with 60 mg/L uracil. The maximum specific growth rates in both the glucose- 

and ethanol phase as well as the diauxic shift duration were calculated (Supporting Information, 

Figure S4). Strains overexpressing the genes RTC3, GGA2, IDP3, and LPP1 showed changes 

in their growth phenotypes compared to IMX581. Overexpression of RTC3 resulted in a severe 

growth defect. Overexpression of GGA2 resulted in a shorter diauxic shift duration whereas for 

strains overexpressing IDP3 and LPP1 the duration was longer. 

For the fatty acid analysis, the strains were grown in minimal medium supplemented with 

60 mg/L uracil in shake flasks. The total fatty acid levels were quantified from samples 

harvested 8 h and 48 h after inoculation. Since the cell sorting had been performed in the glucose 

phase, 6-8 h after inoculation, we decided to measure the fatty acid levels in this phase as well 

as after 48 h in order to evaluate whether the effect of the genes would keep the same trend 

throughout this time. This is because the fatty acid metabolism differs during growth on glucose 

and ethanol, respectively, and therefore the effects resulting from overexpression of the target 

genes may also differ. 

The fatty acid levels for the control strain IMX581 of about 30 mg/gDCW after 48 h were 

comparable to the results of a previous study using the same parental strain21 (Figure 5). 

Significant (p-value<0.05 or p-value<0.01) increases in fatty acid levels were observed for the 

strains overexpressing GGA2 and TGL1, although the effect of overexpressing TGL1 was only 

seen in the sampling time point after 48 h. The effect of overexpressing GGA2 was seen at both 

sampling time points and resulted in 30% and 24% increased fatty acid levels (Figure 5A). This 

effect was mainly due to a significant increase (p-value<0.01) in the C16:1 and C16:0 fatty acid 

levels (Figure 5B-C), as also seen in the percental composition analysis (Supporting 

Information, Figure S5). A similar pattern in redistribution of fatty acid chain length was also 

observed for the strain overexpressing IDP3 (Figure 5B-C, and Supporting Information, Figure 

S5), although no overall increase in the total fatty acid levels was observed (Figure 5A). 

Another candidate gene whose expression did not result in increased total levels, but resulted 

in significant changes in the fatty acid composition, was RTC3. The C18 levels were 

significantly (p-value<0.05 or p-value<0.01) increased whereas the C16 levels were 

significantly decreased (p-value<0.01) (Figure 5C, and Supporting Information, Figure S5B). 

When analyzing the changes in the ratio of C18 and C16, the majority of the candidate genes led 

to a decreased C18 to C16 ratio in the glucose phase, especially the genes GGA2 and IDP3 

(Supporting Information, Figure S8A). However, for the samples taken after 48 h, this trend 

could not be seen except for strains carrying ACP1, INP54, MPP6, EPT1, GEP4, FAA1, IDP3 

and GGA2 (Supporting Information, Figure S8B). 
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Evaluation of candidate genes through fatty alcohol analysis

Figure 5. Fatty acid analysis. A) Total fatty acids of strains YDA001 to YDA016 as well as 

control IMX581 measured 8 h (blue bar) and 48 h (red bar) after inoculation. B) Composition 

of fatty acids after 8 h, and C) 48 h. Strains were grown in minimal medium supplemented 

with 60 mg/L uracil. # Not measured due to slow growth. n = 3, error bars =  SD. * p-

value<0.05, ** p-value<0.01 (student’s t-test).

Page 9 of 26

ACS Paragon Plus Environment

ACS Synthetic Biology

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



As the acyl-CoA levels are highly regulated, it is not certain that an increase in acyl-CoA levels 

would also lead to an increase of total fatty acid accumulation. A way to evaluate increases in 

the acyl-CoA pool, and increased flux towards this pool, is converting it to fatty alcohols using 

a fatty acyl-CoA reductase (FAR), thereby creating a metabolic pull and accumulation of an 

end product that is easily measured. As FadR is mainly sensitive to long-chain fatty acyl-CoAs 

(C16 and C18)27, we sought to use an acyl-CoA reductase that is specific for these chain lengths. 

In this study, two fatty acyl-CoA reductases were evaluated in our background strain IMX581, 

one derived from Apis mellifera48 and one from Marinobacter aquaeolei VT8 (Maqu_2220)49. 

Expression of the reductase from M. aquaeolei (pMaFAR) resulted in more than 11-fold higher 

fatty alcohol production compared to the one from A. mellifera (pAmFAR) (Supporting 

Information, Figure S6). Furthermore, we were able to observe production of C18:1-OH and 

C16:1-OH fatty alcohol, which could not be observed after expressing AmFAR (Supporting 

Information, Figure S6). The majority of the fatty alcohols were saturated despite the higher 

proportion of unsaturated fatty acids observed from the fatty acid analysis (Figure 5). Therefore, 

we found MaFAR a better candidate for sensing variations in the acyl-CoA pool and used 

expression of this enzyme for further evaluating the genes. The strains used for fatty acid 

analysis were also used to evaluate the fatty alcohol production after transforming these strains 

with a centromeric plasmid for MaFAR expression.  

The fatty alcohol measurements were performed on samples harvested 72 h after 

inoculation in shake flasks with minimal medium. As the reductase converts acyl-CoAs to fatty 

alcohols through an irreversible reaction, we decided to only evaluate accumulative fatty 

alcohol levels, assuming that these will not be consumed through other reactions. From the 

genes evaluated, RTC3, LPP1, and GGA2, resulted in around 80% increased fatty alcohol levels 

(p-value<0.01) (Figure 6A) and changes in fatty alcohol composition (Figure 6B). 

Overexpression of the gene RTC3 resulted in significantly increased C18-OH levels (p-

value<0.01) whereas the C16-OH levels were not significantly changed. The total level of 

increased C18-OH compared to the C16-OH levels can also be seen in the ratio analysis 

(Supporting Information, Figure S8C). From the analysis of the GGA2 overexpressing strain, 

the C16-OH and C18-OH levels were significantly increased (p-value<0.05 or p-value<0.01) 

(Figure 6B). However, the percental changes of C16:0-OH was decreased and the C18:0-OH was 

increased compared to IMX581 (Supporting Information, Figure S7). For the strain 

overexpressing IDP3, the C16:1-OH level was significantly decreased (p-value<0.01) whereas 

the C18:0-OH level was increased (p-value<0.05) (Figure 6). Although overexpression of LPP1 

did not result in increased fatty acid levels (Figure 5A) it resulted in significantly (p-value<0.01) 

increased fatty alcohol levels (Figure 6) as well as changed composition (Figure 6b).
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DISCUSSION

Figure 6. Fatty alcohol analysis. A) Total fatty alcohol levels were evaluated in strains 

YDA001 to YDA016 containing plasmid pMaFAR. B) Composition of fatty alcohols. Strains 

were grown in minimal medium and samples were harvested 72 h after inoculation. n = 3, error 

bars =  SD. * p-value<0.05, ** p-value<0.01 (student’s t-test).
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Rationally engineering strains to produce a certain compound can be time-consuming as it is 

often performed according to the trial-and-error principle. As more high-throughput screens are 

being developed, it is becoming easier and faster to identify novel engineering targets out of 

large strain libraries. The combination of a fatty acyl-CoA sensor with a gene overexpression 

library allows for screening of candidate genes that are not intuitively known to enhance the 

acyl-CoA level. Using this approach, we here identified genes, including RTC3, GGA2 and 

LPP1, that have not previously been reported to improve/change the acyl-CoA level and 

composition. Although an acyl-CoA sensor based on FadR from E. coli has previously been 

employed for dynamically regulating metabolic pathways in E. coli17, and evaluated in S. 

cerevisiae as a potential metabolite biosensor for dynamic pathway regulation16, it has, to our 

knowledge, not been employed in S. cerevisiae for the screening of strain libraries.

To improve the dynamic range of the biosensor, we used the inducible promoter PCUP1 and 

tested different concentrations of Cu2+ that resulted in an optimal expression of the TF FadR. 

Although Cu2+ is an inducer that is toxic to yeast cells at higher concentrations50, copper 

regulation allows one to identify a desirable expression level of the TF, which is one way to 

change the dynamic and/or operational range of the sensor. Furthermore, different numbers of 

FadR binding sites integrated at different locations within the core promoter of TEF1 were 

evaluated to determine the combination that resulted in the highest dynamic range. To minimize 

the risk of enriching for false-positive cells, we decided to apply the sensor with three binding 

sites thus applying a higher stringency to increase the chances to find candidate genes that 

resulted in clearly increased acyl-CoA levels.

By combining the gene overexpression library, MoBY-ORF, with our established acyl-

CoA sensor, we were able to screen for genes enhancing the acyl-CoA levels. The effect of the 

candidate genes was analyzed by measuring the fatty acid- as well as the fatty alcohol levels. 

As the fatty acid metabolism in its native state is highly dynamic, a more direct way to measure 

any increase in acyl-CoA levels is to use a reductase that converts acyl-CoA to fatty alcohols 

through an irreversible reaction. Overexpression of three out of the 16 genes selected after two 

rounds of library enrichment and sequencing indeed led to increased fatty alcohol levels. There 

are several possible reasons why this was not seen for overexpression of the remaining genes. 

First, effects not related to increased acyl-CoA levels may have resulted in increased 

fluorescence of these cells as indicated also by the observation that many of the sorted genes 

belonged to GO-terms related to transcription and translation. Second, the strain libraries were 

sorted during exponential growth while fatty alcohol production was assessed cumulatively 

over the entire culture time. Therefore, potential temporary increases in acyl-CoA levels at the 

time of cell sorting may not reflect in overall increased fatty alcohol concentrations. Third, the 

sensor may not have responded to overall increased acyl-CoA levels but due to differential 

affinity to an increase of certain species. An indication for this could be the decreased C18/C16 

fatty acid ratio in several of the overexpression strains during exponential growth such as the 

strain overexpressing IDP3. Finally, prior to analyzing the strains for fatty acid/alcohol 

production, the candidate genes were placed under the TEF1 promoter, whereas the genes in 

the overexpression library were placed under their native promoter. Therefore, a strong 

promoter like TEF1 may in some cases have resulted in less optimal conditions thereby 

preventing improved production. 
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An interesting observation was also that for several of the strains, trends seen for the total 

fatty acid analysis differed from the results on fatty alcohol production. For example, while 

overexpression of RTC3 increased the levels of both C18 fatty acids and C18-OHs and GGA2 

overexpression the levels of C16 fatty acids and alcohols, the LPP1 overexpression strain 

showed increased levels of saturated fatty alcohols, which was not reflected in the fatty acid 

profile. In general, the overall composition profile of C18 and C16 species was different between 

the two analyses with a higher proportion of saturated species in the fatty alcohols than in the 

total fatty acids. MaFAR has been reported to have highest activity in generation of C18:1-OH 

followed by C18:0-OH49, and therefore its expression was expected to result in higher levels of 

C18:1-OH than what was observed in this study. The reason for why this was not the case could 

be potential competition of MaFAR with other enzymes of lipid metabolism that may have a 

higher affinity for C18:1 acyl-CoA or a lower affinity for C18:0 acyl-CoA. It has been shown that 

competition between desaturase Ole1p and acyltransferase Sct1p changes the overall lipid 

profile51, and in our study a similar case might be the reason for the changed profile in the fatty 

alcohol analysis compared to the fatty acid analysis and why we do not see higher levels of 

C18:1-OH levels despite the higher in vitro activity of MaFAR toward this species. 

The genes RTC3, GGA2 and LPP1 whose overexpression resulted in increased production 

of fatty alcohols, have not been reported previously to be directly involved in increasing the 

fatty acyl-CoA levels. The function and mechanism of Rtc3p is still not well understood and 

the protein has so far not been extensively studied. The gene was named RTC (restriction of 

telomere capping) in a previous study since its deletion was able to suppress the phenotype of 

the temperature-sensitive cdc13-1 mutant44. CDC13 is involved in telomer capping. An earlier 

study identified that its protein sequence shares structural similarities with the human protein 

SBDS involved in the Shwachman-Bodian-Diamond syndrome. This protein and its 

homologues, including Rtc3p, are believed to play a role in RNA metabolism52. As Rtc3p has 

been suggested to be involved in quite different mechanisms, and we also observed a severe 

growth defect when overexpressing it, its effect on fatty acid metabolism may well be of 

indirect nature. 

In contrast, Gga2p, a monomeric clathrin adaptor protein, has been  studied in more detail 

and is reported to play an important role in Golgi trafficking53. It seems to function through 

interaction with phosphoinositide, which represent a family of lipids and play an important role 

in maintaining proper functioning of the Golgi apparatus54. Gga2p has been reported to bind to 

phosphatidylinositol 4-kinase, Pik1p, and through this interaction localize this kinase to the 

trans-Golgi network (TGN), where Pik1p synthesizes phosphatidylinositol 4-phosphate 

(PI(4)P). In other words, Gga2p is reported to regulate the synthesis of PI(4)P upon interacting 

with phosphoinositides55, 56. PI(4)P plays also a role in recruiting Gga2p to the Golgi. Mutations 

inhibiting the interaction between Gga2p and Pik1p resulted in delayed localization of Pik1p to 

TGN, leading to delayed accumulation of PI(4)P55, 57. Furthermore, overexpression of Pik1p 

resulted in increased PI(4)P levels as well as increased localization of Gga2p to the TGN, 

indicating a positive-feedback loop57. A hypothetical mechanism explaining the increased fatty 

acid levels observed in our study from overexpressing Gga2p could be that increased levels of 

Gga2p results in increased levels of PI(4)P. An increase of PI(4)P would decrease the PI pool, 

leading to enhanced PI synthesis, which would in turn reduce inositol levels. Since many fatty 

acid synthesis genes have UASINO elements in their promoter, reduced inositol levels would 
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lead to increased gene expression of fatty acid biosynthetic genes58. This could be further 

investigated by looking at the transcript levels of these genes. 

Among the top three candidate genes found to boost the acyl-CoA levels, LPP1 is most 

closely reported to be involved in lipid metabolism40. Although the overexpression of LPP1 did 

not result in any increased total fatty acid levels nor in any specific changes in fatty acid 

composition, it was one of the top candidates in the fatty alcohol analysis. This could mean that 

LPP1 is only revealed as a promising candidate when applying a pull, meaning that its effect is 

accumulated over time. Lpp1p is a lipid phosphate phosphatase that is involved in the regulation 

of phospholipid metabolism. It is reported to be involved in the dephosphorylation of 

phosphatidic acid (PA) to diacylglycerol (DAG). DAG can be converted to TAG, and further 

degraded to free fatty acids59, which are subsequently activated to acyl-CoAs35. In our case, 

increased fatty alcohol levels were observed after measurement from a 72 h culture, which 

might indicate that fatty alcohols were accumulated over time, possibly due to an increased flux 

through the acyl-CoA pool. A hypothetical explanation for this could be that the flux from PA 

is pushed towards TAG synthesis, from which free fatty acids can be derived that are then 

activated to acyl-CoAs. A strategy using increased flux through TAG in order to increase free 

fatty acid levels has previously been shown60. 

Further studies are necessary to reveal the specific mechanisms of the identified genes and 

their role in influencing the acyl-CoA level and/or profile. To further evaluate the effect of these 

genes in metabolic engineering applications, one could implement these also in strains already 

engineered for increased fatty acid/alcohol production. Due to the complexity of fatty acid 

metabolism it is, however, difficult to anticipate potential additive or synergistic effects and the 

effect from overexpressing any of these genes might be masked in a highly engineered strain. 

For instance, while inhibition of beta-oxidation as sole strategy was shown to increase 

production of fatty-acid derived products61, this effect was not seen in a highly engineered 

background strain59. 

In conclusion, we here demonstrated that combination of metabolite biosensors and 

gene overexpression libraries is an attractive and fast way to identify novel gene targets. This 

has applications for both metabolic engineering, where genes modulating the acyl-CoA levels 

and composition can be identified, and for fundamental studies where genes involved in 

influencing the fatty acid metabolism can be uncovered and further evaluated to gain a better 

understanding of their mechanism. The genes identified in this study have not previously been 

reported to influence the acyl-CoA pool, suggesting that our approach to combine a fatty acyl-

CoA sensor with a gene overexpression library to reveal new target genes is promising. 

MATERIAL AND METHODS

Chemicals and Reagents

All oligonucleotide primers were synthesized at Eurofins. Restriction enzymes, DNA gel 

extraction- and plasmid purification kits were purchased from Thermo Fischer Scientific. The 

Gibson Assembly Master mix was purchased from New England Biolabs. PrimeStar DNA 

polymerase was purchased from TaKaRa Bio. All reagents used for media preparation were 

purchased from Merck Millipore unless otherwise noted. N,O-

Bis(trimethylsilyl)trifluoroacetamide (BSTFA), palmitoleic acid (98.5%) and copper(II) sulfate 
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pentahydrate were purchased from Sigma-Aldrich. Frozen-EZ Yeast Transformation II Kit and 

Zymoprep Yeast Plasmid Miniprep Kits were purchased from Zymo Research. 

Strains

S. cerevisiae strain CEN.PK113-11C (MATa SUCMAL2-8c his31 ura3-52)62 was used as the 

background strain for co-transformation of the MoBY-ORF library31 and the acyl-CoA sensor. 

S. cerevisiae strain IMX581 (MATa ura3-52 can1::cas9-natNT2 TRP1 LEU2 HIS3)63, derived 

from the parental strain CEN.PK113-5D, was used as the background strain for genomic 

integration and evaluation of selected genes. For standard cloning procedures, competent E. 

coli cells, DH5, were routinely used.

Media

YPD medium, containing 10 g/L yeast extract, 20 g/L casein peptone and 20 g/L glucose, was 

used when preparing yeast competent cells. For selection of yeast transformants carrying 

URA3- and HIS3-based plasmids, synthetic complete medium plates without uracil and 

histidine (SC-URA-HIS) containing 6.7 g/L yeast nitrogen base (YNB) without amino acids, 

0.77 g/L complete supplement mixture without uracil and histidine (CSM-URA-HIS), 20 g/L 

agar and 20 g/L glucose were used. Similarly, SC-URA plates were used for selecting yeast 

strains carrying URA3-based plasmids. Plates containing 6.7 g/L YNB, 0.77 g/L CSM and 0.8 

g/L g 5-fluoroorotic acid (5-FOA) were routinely used to select against the URA3-based gRNA 

plasmid. For sensor evaluation, yeast strains were cultured in defined minimal medium64 

containing 7.5 g/L (NH4)2SO4, 14.4 g/L KH2PO4, 0.5 g/L MgSO47H2O, 20 g/L glucose, 2 

mL/L trace metal- and 1 mL/L vitamin solution64. The pH was adjusted to 6.5 with KOH. For 

fatty acid and fatty alcohol analysis, 5 g/L (NH4)2SO4 was used instead of 7.5 g/L and for fatty 

acid analysis the medium was supplemented with 60 mg/L uracil. For culturing E. coli cells, 

lysogenic broth (LB) supplemented with 100 mg/L ampicillin was used.

Culture Conditions

For flow cytometry analysis, main cultures were inoculated from 24 h precultures at an OD600 

of 0.1 in 10 mL medium in 100 mL shake flasks, and fluorescence was measured 6-8 h after 

inoculation. The optimal concentration of Cu2+ induction was evaluated by adding different 

concentrations of Cu2+ in the pre-culture and analyzing samples from main cultures, which 

contained the same concentration of Cu2+ as the pre-cultures. A concentration of 400 M Cu2+ 

was used for further experiments. For fatty acid feeding, a stock solution of 20 mM palmitoleic 

acid was prepared by dissolving it in Tergitol NP40. The cultures were fed with different 

concentrations of palmitoleic acid 3 h after inoculation and samples were measured employing 

flow cytometry after additional cultivation for 3 h. For fatty acid and fatty alcohol analysis, 

main cultures were inoculated, from 48 h precultures, at an OD600 of 0.1 in 25 mL medium in 

100 mL shake flasks. To analyze the growth of the engineered strains carrying the candidate 

genes, cultures were inoculated, from 48 h precultures, to an OD600 0.1 in 250 l final volume 

at rpm 250 in a 96-well microtiter plate. Growth was monitored using a growth profiler 

(EnzyScreen). S. cerevisiae strains and E. coli cells were cultured at standard conditions, 30°C 

and 37°C, respectively. 
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Plasmid and Strain Construction

All primer sequences and sequences of ordered genes/fragments used in this study are listed in 

Supporting Information. All plasmids and strains used in this study are listed in Table 2 and 

Table 3. In plasmid pTEF1-GFP, constructed previously14, modified parts of the TEF1 

promoter (BS1/2/3) carrying different FadR BS combinations were introduced (Supporting 

Information, Sequences). These were ordered from Genscript and were amplified using the 

primer pair pFDA13/14. The vector backbone of p416TEF1-GFP was amplified using primers 

pFDA15/16, creating overlapping regions with the modified TEF1 promoter fragments. 

Subsequently, the plasmids pSensor01-04 were constructed using the CPEC cloning method65. 

To create the plasmid pCUP1-FadR, the CUP1 promoter was amplified from S. cerevisiae 

genomic DNA with primers pFDA01/02, fadR (sequence including an NLS signal was codon-

optimized for expression in S. cerevisiae and ordered from Genscript) was amplified using 

primer pair pFDA03/04 and the vector backbone p413TEF was amplified using primer pair 

pFDA05/06, thereby creating regions that overlapped with the amplified CUP1 promoter and 

the amplified fadR fragment. Similarly, the plasmid pCUP1-GFP was constructed using primer 

pair pFDA07/08 for amplifying CUP1 promoter, pFDA09/10 for the GFP gene and pFDA11/12 

for vector backbone amplification. The BS3-GFP cassette from pSensor04 was amplified using 

the primer pair pFDA17/18 and cloned with the pCUP1-FadR backbone amplified by 

pFDA19/20 via ligation, thereby creating pSensor05. Background strain CEN.PK113-11C was 

co-transformed with sensor plasmid pSensor05 and the MoBY-ORF centromeric library using 

the Frozen-EZ Yeast Transformation II Kit (Zymo Research) resulting in about 24 000 colonies, 

corresponding to an almost 6 times coverage of the library.

The selected genes, promoters and terminators were all amplified from the genomic DNA 

of IMX581. The genes were integrated into integration site X_366 in the background strain 

IMX581. The overlapping homologous regions were amplified using primers pairs pYDA01/02 

for the upstream region and primer pair pYDA03/04 for the downstream region. Promoter PTEF1 

and terminator TCYC1 were used for controlling gene expression of all selected genes. PTEF1 was 

amplified using primers pYDA05/06 and TCYC1 was amplified using primer pairs pYDA07/08. 

All genes were amplified using their corresponding primers, pYD16-pYDA47. Amplified 

genetic parts, including homologous regions and promoter-gene-terminator, were assembled 

into a cassette through a two-step fusion PCR procedure adapted from67. The cassettes were 

used to transform the background strain together with the gRNA plasmid pQC005 using the 

yeast transformation protocol68. The gRNA plasmid, based on the backbone plasmid pMEL10 

was constructed following the method described elsewhere63, and was subsequently removed 

by plating on 5-FOA plates. The resulting strains carrying the genes were named YDA001-

YDA016. 

To construct plasmid pAmFAR, PPGK1 was amplified using primers pairs pYDA09/10 and 

AmFAR was amplified using primer pairs pYDA12/13. Plasmid p416TEF was used as the 

backbone and was digested with the restriction enzymes BamHI and SacI such that PTEF1 was 

removed and the linearized backbone was assembled with PPGK1 and AmFAR using the Gibson 

Assembly Master mix. Similarly, plasmid pMaFAR was constructed using primer pairs 

pYDA10/11 to amplify PPGK1 and primers pYDA14/15 to amplify MaFAR. All plasmid 

constructs were verified through sequencing at Eurofins. Insertion of the genes in the 

background strain IMX581 were verified through colony PCR using primer pair pYDA48/49. 

Page 16 of 26

ACS Paragon Plus Environment

ACS Synthetic Biology

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



The PCR products were purified using PCR Purification Kit (Thermo Fischer Scientific) and 

subsequently sequenced to ensure absence of mutations. 

Table 2. Plasmids used in this study
Name Description Background plasmid Source

p416TEF CEN6, URA3 marker - Ref69

p413TEF CEN6, HIS3 marker - Ref69

pTEF1-GFP PTEF1-GFP p416TEF Ref14

pCUP1-GFP PCUP1-GFP p413TEF This study

pCUP1-FadR PCUP1-FadR p413TEF This study

pSensor01 PTEF1-1BS-GFP pTEF1-GFP This study

pSensor02 PTEF1-2BS_I-GFP pTEF1-GFP This study

pSensor03 PTEF1-2BS_II-GFP pTEF1-GFP This study

pSensor04 PTEF1-3BS-GFP pTEF1-GFP This study

pSensor05 PTEF1-3BS-GFP_PCUP1-fadR pCUP1-FadR This study

pAmFAR PPGK1-AmFAR p416TEF This study

pMaFAR PPGK1-MaFAR p416TEF This study

pQC005 2μm ampR KlURA3 gRNA-CAN1.Y pMEL1063 Lab collection

Table 3. Strains used in this study

Flow Cytometry Measurements and Fluorescence-Activated Cell Sorting

For flow cytometry analysis, a Guava easyCyte 8HT system (Merck Millipore) with a blue laser 

(488 nm) was used. All samples were, prior to analysis, diluted in water to an OD600 of 0.02 in 

final volume of 200 l. The mean fluorescence intensity of 5000 cells were measured, and 

FlowJoX software was used for analyzing the data and creating the histogram images.   

Strain Genotype Source

CEN.PK113-11C MATa SUCMAL2-8c his31 ura3-52 Ref62

IMX581 MATa ura3-52 can1::cas9-natNT2 TRP1 LEU2 HIS3 Ref63

YDA001 IMX581; X_3::ACP1 This study

YDA002 IMX581; X_3::EPT1 This study

YDA003 IMX581; X_3::FAA1 This study

YDA004 IMX581; X_3::FAA3 This study

YDA005 IMX581; X_3::GEP4 This study

YDA006 IMX581; X_3::GGA2 This study

YDA007 IMX581; X_3::IDP3 This study

YDA008 IMX581; X_3::INP54 This study

YDA009 IMX581; X_3::LPP1 This study

YDA010 IMX581; X_3::MCR1 This study

YDA011 IMX581; X_3::MPP6 This study

YDA012 IMX581; X_3::ORM1 This study

YDA013 IMX581; X_3::RTC3 This study

YDA014 IMX581; X_3::SPO7 This study

YDA015 IMX581; X_3::TGL1 This study

YDA016 IMX581; X_3::YFT2 This study
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FACS was performed using a BD Biosciences Aria (Becton Dickinson) with a blue laser 

(488 nm). Cells were, prior to sorting, gated based on the FSC and SSC channels. Gates were 

set to enrich for cells with high GFP intensity, and sorting was done on purity and four-way 

sorts with at least 10,000 cells per bin. Sorted cells were recovered in minimal medium with 

added Cu2+ and grown for at least 18 h at 30°C and subjected to a second round of sorting. 

Library sequencing

Plasmids were extracted from the enriched yeast cells using Zymoprep Yeast Plasmid Miniprep 

Kits (Zymo Research) (non-purified plasmids). These plasmids were further purified using a 

Plasmid Purification Kit (Thermo Fisher Scientific) (purified plasmids). The non-purified and 

purified plasmids were subjected to PCR to amplify the uptag and downtag regions using primer 

pairs pFDA21/22 and pFDA23/24 as described in detail elsewhere32. Sequencing was 

performed using MiSeq using Eurofins/GATC sequencing service. Resulting data were 

matched with the MoBY-ORF library and further analyzed (see below). 

Quantification of fatty acids 

Fatty acid quantification was based on a method described previously70. Briefly, 10 mL and 5 

mL were harvested from main cultures after 8 h and 48 h, respectively, and centrifuged for 5 

min at 1000 g. After freeze drying the cell pellets for 48 h, 10 mg biomass was collected in 

extraction tubes. The internal standard, heptadecanoic acid (C17:0), was added to all samples 

before adding the extraction solvent, which consisted of 1 mL hexane and 2 mL of 14% BF3 in 

MeOH. To remove air, samples were flushed with N2 gas for 30 s and thereafter vortexed for 

20 s. Transesterification was performed through microwave-assisted extraction, employing the 

following temperature program: heating from room temperature to 120°C (within 6 min) and 

kept constant for 5 min. After cooling down to room temperature, 2 mL Milli-Q (MQ) water 

was added to the samples, which were subsequently vortexed for 20 s and centrifuged for 5 min 

at 2000 g. The upper phase, or the hexane phase, containing the fatty acid methyl esters 

(FAMEs), was transferred to GC glass vials and kept at -20°C. All samples were diluted 10x in 

hexane prior to analysis by gas chromatography (GC; Focus GC, Thermo Fisher Scientific, 

USA), equipped with a Zebron ZB-5MS GUARDIAN capillary column (30 m  0.25 mm  

0.25 m, Phenomenex) and a DSQII mass spectrometer (Thermo Fischer Scientific). The inlet 

temperature was set to 240°C, and the helium (carrier) gas flow to 0.6 mL/min. The following 

GC program was applied; initial temperature of 50°C, hold for 1.5 min; ramp to 220°C at a rate 

of 25 °C/min; ramp to 240°C at a rate of 1.5°C/min; ramp to 255°C at a rate of 10°C/min and 

hold for 3 min. The mass transfer line was set to 250°C, the ion source temperature to 230°C 

and a full scan of 50-650 m/z was performed. Final quantification was performed with Xcalibur 

software. 

Quantification of fatty alcohols

Fatty alcohol quantification was based on a method described previously71. Briefly, 5 mL 

cultures were harvested from main cultures after 72 h, and centrifuged for 5 min at 1000 g. 

After freeze drying the cell pellets for 72 h, 10 mg biomass was collected in extraction tubes. 

The extraction solvent, consisting of 4 mL chloroform-methanol (2:1 v/v), and the internal 

standard pentadecanol (C15-OH) were added to the samples and vortexed vigorously for 20 s. 
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The temperature program for microwave-assisted extraction was increased to 60°C (within 6 

min) and kept constant for 10 min. After cooling down to room temperature, 1 mL NaCl (0.73% 

w/v) was added and the samples were vortexed vigorously for 20 s. Subsequently, the samples 

were centrifuged at 1000 g for 10 min allowing for phase separation to occur. The organic phase 

(lower part) was transferred into new extraction tubes and fully dried by rotary evaporation at 

40°C. The samples were derivatized with 100 L BSTFA at 80°C for 30 min, and thereafter 

100 L ethyl acetate were added. The BSTFA treatment was performed on the same day the 

samples were quantified on a DSQII mass spectrometer (Thermo Fischer Scientific) or on a 

GC-FID system (Thermo Fischer Scientific). The inlet temperature was set to 300°C, and the 

helium (carrier) gas flow to 1 mL/min. The program for fatty alcohol quantification was as 

follows: initial temperature of 50°C, hold for 2.5 min; ramp to 230°C at a rate of 15°C/min and 

hold for 2 min; ramp to 325°C at a rate of 25°C/min and hold for 4 min. The mass transfer line 

was set to 300°C, the ion source temperature to 200°C and a full scan of 50-650 m/z was 

performed. Final quantification was performed with Xcalibur software. 

Data analysis

All data were analyzed and generated in R studio. To analyze the enriched libraries, the libraries 

were first sequenced as described under Library sequencing. Sequencing of each enrichment 

step generated four data sets (up- and downtag for both purified and non-purified libraries), 

meaning that in total eight data sets were generated considering the two enrichment steps. Here, 

we will only describe the analysis of enrichment 1 as the exact same approach was performed 

for enrichment 2.

First, the sequenced libraries were evaluated by normalizing the reads of each gene to the 

total number of reads in that particular dataset (in ppm). Second, the relative difference (in %) 

of the up- and downtag for each gene was calculated, as follows, for both the purified and non-

purified dataset. 

Relative difference (uptag, downtag) (%) =
|uptag ― downtag|

max (uptag, downtag)
∙  100

Although there were no substantial differences between the purified and non-purified libraries, 

the relative difference for each gene in the purified and non-purified dataset was compared and 

the one with the smallest difference was chosen for further analysis. Third, since the difference 

in up- and downtag sometimes differed substantially, the maximum value for each gene was 

chosen as a representative of the gene occurrence and normalized (in ppm) to the total number 

of reads for all genes chosen in step 2. The same analysis was performed for the datasets in 

enrichment 2, and the final dataset was plotted against the dataset from enrichment 1. A cutoff 

of genes having less than 10 reads in both enrichment steps was used. 

GO-term comparison was performed on the enriched libraries using the online tool SGD 

Gene Ontology Slim Mapper with focus on biological processes. Each biological process that 

was not enriched was excluded. Furthermore, genes mainly involved in transcriptional and 

translational processes were also excluded. Genes involved in lipid metabolic processes, lipid 

transport, response to oxidative stress and Golgi vesicle transport were analyzed further. From 
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these processes, the genes with the highest read counts were chosen as candidate genes boosting 

acyl-CoA levels. 

ASSOCIATED CONTENT

Supporting Information

Evaluation of different Cu2+ concentrations, Sorting strategy, GO-term comparison, growth 

curves, growth rates in both glucose- and ethanol phase, diauxic shift duration of candidate 

genes, composition (%) of fatty acids, evaluation of fatty acyl-CoA reductase enzymes 

(AmFAR and MaFAR), composition (%) of fatty alcohols and C18/C16 ratio (Figures S1-S8); 

candidate genes chosen (Table S1); primers used in this study (Table S2); sequences.  
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