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SUMMARY

Engineering microorganisms for production of fuels
and chemicals often requires major re-programming
of metabolism to ensure high flux toward the product
of interest. This is challenging, as millions of years of
evolution have resulted in establishment of tight
regulation of metabolism for optimal growth in the
organism’s natural habitat. Here, we show through
metabolic engineering that it is possible to alter the
metabolism of Saccharomyces cerevisiae from tradi-
tional ethanol fermentation to a pure lipogenesis
metabolism, resulting in high-level production of
free fatty acids. Through metabolic engineering and
process design, we altered subcellular metabolic
trafficking, fine-tuned NADPH and ATP supply, and
decreased carbon flux to biomass, enabling produc-
tion of 33.4 g/L extracellular free fatty acids. We
further demonstrate that lipogenesis metabolism
can replace ethanol fermentation by deletion of pyru-
vate decarboxylase enzymes followed by adaptive
laboratory evolution. Genome sequencing of evolved
strains showed that pyruvate kinase mutations were
essential for this phenotype.

INTRODUCTION

Engineering microbes for the production of fuels and chemicals

enables the replacement of fossil based production and thereby

can support the growing population and economy with a lower

carbon footprint (Zhou et al., 2016). However, metabolic net-

works have evolved to have tight regulation to maintain meta-

bolic homeostasis, making it challenging to redirect metabolic

fluxes toward desired metabolites (Nielsen and Keasling,

2016). Therefore, many reports on metabolic engineering of

microbial cell factories are far away from titer, rate, and yield

targets required for establishing commercial processes (Nielsen

and Keasling, 2016).

Microbial cell factories are often constructed by establishing a

novel biosynthetic pathway without disrupting native metabolic
C

features, which prevents redirection of flux toward desired prod-

ucts. For example, engineering Saccharomyces cerevisiae, an

ideal cell factory due to its robustness against harsh industrial

conditions, for the overproduction of chemicals from glucose is

often hampered by its inherent fermentative metabolism where

most glucose is shunted toward ethanol (Pronk et al., 1996;

Zhou et al., 2016). Fermentative metabolism also predominates

under fully aerobic conditions at high sugar concentrations due

to the Crabtree effect. Although the Crabtree effect has been

extensively studied, its triggeringmechanisms remains unknown

in S. cerevisiae (Hammad et al., 2016), hindering the engineer’s

endeavor for production of other chemicals than ethanol. As

blocking alcoholic fermentation results in growth defects (Flik-

weert et al., 1999), to support the production of the target prod-

uct, it is desirable to completely reprogram cellular metabolism.

Recently, microbial fatty acid biosynthesis has attractedmuch

attention for its potential use in generating oleochemicals and

biofuels. Among these, free fatty acids (FFAs) are ideal feed-

stocks for manufacturing of detergents, lubricants, cosmetics,

and pharmaceutical ingredients (Tee et al., 2014). Previously,

re-engineering of central metabolism and fatty acid biosynthesis

has enabled FFA overproduction in microbes such as autotro-

phic cyanobacteria (0.2 g/L) (Liu et al., 2011), heterotrophic

Escherichia coli (21. 5 g/L) (Xiao et al., 2016), S. cerevisiae

(10.4 g/L) (Zhou et al., 2016), and Yarrowia lipolytica (10.4 g/L)

(Ledesma-Amaro et al., 2016). However, both production titer

and yield necessitate further enhancement to enable industrial

scale production that is economically feasible.

Here, by simulating the metabolism of oleaginous yeast, we

performed major metabolic reprogramming of S. cerevisiae to-

ward an efficient lipogenesis metabolism. Central metabolism

rewiring resulted in a strain that produced FFAs at a titer of

33.4 g/L, the highest titer reported by microbial fermentation.

We further abolished ethanol fermentation in the FFA overpro-

ducing strain by laboratory evolution, which led to successful

reprograming of ethanol fermentation toward FFA production

(Figure 1). Genome sequencing and metabolic characterization

showed that the pyruvate kinase mutations were essential to

balance glycolysis and cell growth. Based on our findings, we

conclude that yeast metabolism, despite millions of years of evo-

lution, is relatively plastic and through a combination of extensive

engineering and adaptive laboratory evolution it is possible to
ell 174, 1549–1558, September 6, 2018 ª 2018 Elsevier Inc. 1549
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Figure 1. Synthetic Oil Yeast Was Gener-

ated by Metabolic Rewiring and Directed

Evolution

In wild-type S. cerevisiae (1) the ‘‘glucose to

ethanol’’ metabolic model dominates the

central carbon flux, which also supplies energy

for cell growth. To enable a ‘‘glucose to oil’’

metabolic model, an efficient pathway for FFA

production was established. To simulate natural

oleaginous yeast, ATP citrate lyase (ACL)-

derived acetyl-CoA was expressed. By fine-

tuning glycolysis, the pentose phosphate

pathway (PPP), and the tri-carboxylic acid

(TCA) cycle, the supply of the three sub-

strates for FFA biosynthesis, NADPH, ATP, and

the precursor acetyl-CoA, were balanced (2).

After the abolishment of ethanol production, the cellular fitness was coupled to the new ‘‘glucose to oil’’ metabolic model. After adaptive laboratory

evolution, the alcoholic fermentation was successfully reprogrammed into one pure lipogenesis (3).

See also Figure S1.
completely reprogram the functioning of the yeast metabolic

network.

RESULTS

To reprogram S. cerevisiae into a FFA-producing yeast, we per-

formed three consecutive metabolic rewiring steps (Figure S1A).

First, we established an efficient pathway for FFA production.

Second, we increased the FAA production capability by ensuring

balancing of pathway intermediates, matching the NADPH de-

mand by upregulating the pentose phosphate pathway (PPP)

and fine-tuning ATP supply by downregulating the TCA cycle.

Third, we abolished ethanol fermentation and performed adap-

tive laboratory evolution to establish a stable rewired metabolic

network (Figures S1B and S1C).

Driving the Carbon Flux by Enhancing the Supply of the
Cytosolic Acetyl-CoA
FFA production from glucose can be divided into three modules

(Figure S1B): an upstream module of glucose transformation to

pyruvate, a middle module of pyruvate conversion to acetyl-

CoA, and a downstream module of FFA synthesis from acetyl-

CoA. We previously engineered S. cerevisiae for FFA over-pro-

duction and this corresponding strain, YJZ45, that produced

up to 7 g/L of FFAs in fed-batch fermentation (Zhou et al.,

2016) was our starting strain for this work (Figure S2A). The inher-

ently efficient glycolysis metabolism in yeast from glucose to

pyruvate, with the enhanced FFA synthesis from acetyl-CoA in

this strain led us to hypothesize that the middle module of pyru-

vate conversion to acetyl-CoA could be a limiting step for FFA

production. As the acetyl-CoA cannot pass through the mito-

chondria membrane, YJZ45 contains a citrate shuttle, which

mainly consists of an ATP:citrate lyase (ACL) that cleaves citrate

to oxaloacetate and acetyl-CoA. The provision of cytosolic

acetyl-CoA this way, throughmitochondrial citrate export, hence

also relies on mitochondrial activity for the formation of citrate.

We speculated that due to glucose repression of mitochondrial

activity there could be a limitation in the formation of citrate in

the mitochondria as well as its transport between the mitochon-

dria and the cytosol (Figure 2A). We therefore expressed PYC1
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with the strong TEF1 promoter (strain Y&Z007), to ensure effi-

cient formation of oxaloacetate required for citrate production

and transport. However, using this approach, no obvious

improvement in FFA production could be observed. We then

assessed whether this strategy could work with an increased

supply of malonyl-CoA and therefore overexpressed ACC1 by

replacing its native promoter with the TEF1 promoter (strain

Y&Z009). Here, overexpression of ACC1 alone gave marginal

improvement in FFA production, whereas the combined overex-

pression of ACC1 and PYC1 (strain Y&Z010) improved FFA

production by 14% (Figure 2B).

Next, we looked into the subcellular trafficking between mito-

chondria (TCA cycle) and the cytosol (Figure 2A). In particular, we

focused on enhancing mitochondrial citrate synthesis and sub-

cellular trafficking for acetyl-CoA synthesis, a challenging

optimization step due to the Crabtree effect in S. cerevisiae.

The latter means that metabolic flux is predominantly channeled

toward ethanol production rather than the TCA cycle at high

glucose concentrations, leading to the supply of citrate required

for acetyl-CoA synthesis being compromised (Figure 2A). To

solve this, we first aimed to enhance mitochondrial pyruvate

import. In yeast, the mitochondrial pyruvate carrier (Mpc) is

required for mitochondrial pyruvate uptake and is encoded by

MPC1, MPC2, and MPC3 (Bricker et al., 2012). Here, two com-

plexes exist that contain either Mpc1 and Mpc2 (MPCFERM) or

Mpc1 and Mpc3 (MPCOX), with the transport activity of MPCOX

being significantly higher than that of MPCFERM (Bender et al.,

2015). Thus, we enhanced the expression of MPC1 and MPC3

with constitutive promoters to enhance mitochondrial pyruvate

import under a high glucose concentration. The resulting strain

Y&Z011 produced 1,076 mg/L FFAs in a shake flask cultivation,

an 18% improvement compared to its parent strain Y&Z010 (Fig-

ure 2B). In mitochondria, the pyruvate dehydrogenase (Pdh)

complex and citrate synthase (Cit1) catalyze the consecutive

steps of citrate synthesis from pyruvate via acetyl-CoA. The

mitochondrial PDH complex consists of an E2 (Lat1) core that

binds E1 (Pda1), E3 and protein X (Pdx1) components (Pronk

et al., 1996). The E3 and Pda1 subunits have been shown to

be inhibited at high glucose concentrations by catabolite repres-

sion (Bowman et al., 1992) or through phosphorylation (Oliveira
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Figure 2. Metabolic Engineering for Enhancing the Supply of Cytosolic Acetyl-CoA

(A) Schematic illustration of the subcellular flux trafficking and engineering targets. Overexpressed genes are shown in blue (in this study) or purple (in the

background strain). For more details, see also Figure S1.

(B) FFA production obtained with engineered strains in shake flasks after 72 hr cultivation at 200 rpm, 30�Cwith 30 g/L glucose. Statistical analysis was performed

using one-tailed Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001). All data are presented as mean ± SD of biological triplicates.

See also Figures S2 and S3.
et al., 2012). We thus overexpressed subunits E3 and mutated

PDA1 (S313A) such that it has abolished regulation by phosphor-

ylation (Oliveira et al., 2012). However, their co-expression re-

sulted in a lower FFA titer with a much lower biomass yield in

batch cultivations (Figures S2B and S2C), and as a result, we

did not further pursue this strategy. We then aimed to enhance

citrate synthesis by overexpressing either the endogenous cit-

rate synthase-encoding gene ScCIT1 or a heterologous RtCIT1

from the oleaginous yeast, Rhodosporidium toruloides. The

ScCIT1 overexpression (strain Y&Z012) slightly improved FFA

production (Figure S3A), while RtCIT1 overexpression (strain

Y&Z013) significantly improved FFA titer by 20% (1,089 mg/L)

compared to the parent strain (Y&Z010). We also attempted to

enhance mitochondrial oxaloacetate production required for

citrate synthesis by relocating the cytosolic PYC1 within the

mitochondrion (mPYC1), resulting in a much lower FFA titer

and a lower biomass yield (Figures S2B and S2C). The negative

affect of PYC1 relocation from the cytosol to the mitochondria

suggests that the mitochondrial pyruvate node is tightly regu-

lated, subsequently altering flux at this node can cause growth

defects.

After efficiently channeling carbon flux toward citrate produc-

tion in the mitochondria via re-engineering MPCOX and CIT1, we

set out to enhance citrate export from the mitochondria. Previ-

ously, the S. cerevisiaemitochondrial carrier YHM2 was charac-

terized as an antiporter for citrate and 2-oxoglutarate (Castegna

et al., 2010) and was suggested to also use oxaloacetate in a

counter-exchange mechanism. This citrate-2-oxoglutarate

transporter acts as a key component of the NADH-NADPH redox

shuttle between mitochondria and the cytosol and thus could

potentially increase cytosolic NADPH for FFA biosynthesis as

well. Therefore, by overexpressing YHM2 together with
NADP+-dependent isocitrate dehydrogenase (IDP2) and an

ACL from Aspergillus nidulans (AnACL) (Rodriguez et al.,

2016b), we were able to improve FFA production up to

1,166 mg/L (strain Y&Z019) (Figures 2B and S3B).

The above engineering strategies resulted in a 46% improve-

ment of FFA production by strain Y&Z019 compared with the

starting strain YJZ45 (Figures 2B and S2A). Due to failure in over-

expressing the pyruvate dehydrogenase (Pdh) complex, we

decided to use glucose-limited fermentations to avoid the Crab-

tree effect and associated repression of PDH. For this purpose,

we onward evaluated strain performance in flasks using glucose

slow release feed beads. Furthermore, for strain evaluation

we shifted to using specific titers, i.e., mg/L/OD600 instead of

mg/L, with the latter being less sensitive to variations in biomass

yield.

Increasing Cofactor NADPH Supply by Fine-Tuning
Glycolysis and the PPP Pathway
It has been shown that deletion of PGI1, encoding a phosphoglu-

cose isomerase, increases NADPH supply in Corynebacterium

glutamicum (Smith et al., 2010) and E. coli (Charusanti et al.,

2010) via the redirection of glycolytic flux to the pentose phos-

phate pathway (PPP). However, yeast cells lacking PGI1 have

also been shown to be unable to grow on glucose as a sole

carbon source (Aguilera, 1986). Therefore instead of deleting

PGI1, we downregulated its expression by replacing PGI1’s

native promoter with a weaker alternative and subsequently

screened several different weak promoters for this purpose

(Keren et al., 2013) (Figure 3A). In addition, we attempted to

enhance PPP flux by overexpressing several genes involved in

this pathway, including: ZWF1, encoding glucose-6-phosphate

dehydrogenase that catalyzes the irreversible and rate limiting
Cell 174, 1549–1558, September 6, 2018 1551
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Figure 3. Fine-Tuning the PPP Pathway, TCA Cycle, and Glycolysis for FFA Production

(A) Schematic illustration of metabolic connections between glycolysis, TCA cycle, and the PPP pathway. Overexpressed genes are shown in blue.

(B) Pushing carbon flux into the PPP pathway for improving FFA production by tuning PGI1 expression.

(C) Fine tuning IDH2 for optimized TCA flux improved FFA production. The strains were cultivated in shake flasks for 80 hr at 200 rpm, 30�C with glucose feed

beads corresponding to 30 g/L glucose. Glucose feed beads release glucose slowly and therefore prevent ethanol production. Statistical analysis was performed

using one-tailed Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001). All data represent the mean ± SD of biological triplicates.

See also Figure S3.
first step of PPP and is predominantly responsible for NADPH

regeneration from NADP+; GND1, encoding the major phospho-

gluconate dehydrogenase that catalyzes the second oxidative

reduction of NADP+ to NADPH; and TKL1 and TAL1, encoding

transketolase and transaldolase, respectively, both of which

are part of the non-oxidative branch of the PPP. Overexpression

of the PPP enzymes together with downregulation of PGI1

improved FFA production significantly. Specifically, downregu-

lation of PGI1 expression using theCOX9 promoter (15% activity

relative to the native PGI1 promoter) (Keren et al., 2013) in strain

Y&Z023 showed the highest increase in FFA production, with a

28% improvement compared with the parent strain Y&Z019

(Figure 3B).

Carbon Flux Redistribution by Re-engineering the
Isocitrate Dehydrogenase Node
In oleaginous fungi, the initiation of lipid overproduction is trig-

gered by impaired activity of themitochondrial NAD+-dependent

isocitrate dehydrogenase IDH (Beopoulos et al., 2009), resulting

in citrate export from the mitochondria to the cytosol. To simu-

late this effect and channel more carbon flux into FFAs, we

abolished the IDH activity by deleting IDH1 and/or IDP1. How-

ever, deletion of IDH1 (strain Y&Z047) resulted in a much lower
1552 Cell 174, 1549–1558, September 6, 2018
FFA titer with reduced biomass yield and double deletion of

IDH and IDP1 was lethal (Figures S3C and S3D). We therefore

reduced the expression of IDH by using weaker promoters

(Keren et al., 2013) to fine tune the metabolic flux distribution

between ATP generation and increased FFA biosynthesis.

Downregulation of IDH2 under the promoter of GSY2, which

had 21% activity of the IDH2 native promoter (strain Y&Z036)

(Keren et al., 2013), resulted in a 21% improvement in FFA pro-

duction compared to the reference strain Y&Z023 (Figure 3C).

Interestingly, a similar engineering approach in the strain

Y&Z019 showed a marginal effect on FFA production (Fig-

ure S3E), which could be attributed to the relatively lower NADPH

levels in strain Y&Z019 compared with Y&Z023. This is a good

illustration of the challenge with engineering metabolism; it is

necessary to combine several different strategies for optimal

results, as there is rarely a single bottleneck associated with

over-production of a given metabolite, and here NADPH supply,

not the flux distribution between ATP generation and precursor

supply, might be the limiting step in strain Y&Z019. We also eval-

uated this strategy in strain Y&Z025, in which the PGI1 gene is

expressed by the HXT1 promoter, which is induced at high and

suppressed at low glucose concentrations. This strain, however,

did not result in further improvement of FFA production
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Figure 4. FFA Production Was Further

Improved by Growth Decoupling

(A) Limited cell growth by downregulation of

essential genes and nitrogen restriction improved

FFA production. The strains were cultivated in

shake flasks for 80 hr at 200 rpm,30�Cwithglucose

feed beads (equal to 30 g/L glucose). The glucose

feed beads release glucose slowly, to avoid onset

of the Crabtree effect. Statistical analysis was

performed using one-tailed Student’s t test (*p <

0.05, **p < 0.01, ***p < 0.001). All data represent the

mean ± SD of biological triplicates.

(B) Fed-batch fermentation of strains Y&Z036

under glucose limited and nitrogen restriction

conditions. Time courses of FFA titers (blue

symbols) and end point (red symbol) are shown.

Red circle, overall FFA production at the end of

fermentation (see STAR Methods). Inset photo-

graph: precipitation of FFAs as a result of their

overproduction and their adherence to the

fermenter inner wall after fed-batch fermentation

(further details in Figure S4). The final overall titer

therefore also took precipitates into account.

(C) Time courses of dry cell weight (DCW; blue

symbols) and consumed glucose (red symbols)

during the fermentation.

(D) Time courses of pyruvate (red symbols),

ethanol (light blue symbols) and residual glucose

(orange symbols) during the fermentation are

shown. For (B)–(D), n = 2. Error bars, mean ± SD.

See also Figures S3 and S4.
compared with Y&Z036 (Figure S3F) and as the best strain

Y&Z042 grows poorly, we selected Y&Z036 for further analysis.

Growth Restrictions for Driving Metabolic Flux toward
Fatty Acid Biosynthesis
Lipid overproduction by oleaginous fungi is always initiated by

growth stagnation, the latter being triggered by a limitation in

nutrients such as nitrogen (Beopoulos et al., 2009). This attribute

has been due to the fact that biomass formation competes for

carbon and energy. We therefore set out to decouple FFA pro-

duction from cell growth using two strategies: (1) limiting nitro-

gen supply, and (2) limiting cell growth by dynamically controlling

the expression of essential genes under the HXT1 promoter,

whereby cell growth can be tuned by controlling glucose levels,

using glucose feed beads in flask cultures, or using a glucose

limited feeding strategy in the fermenter. We selected the essen-

tial genes LEU2 involved in leucine biosynthesis or ERG9 for

ergosterol biosynthesis (Paddon et al., 2013) to demonstrate

our concept. Downregulation of ERG9 (strain Y&Z051) and

LEU2 (strain Y&Z052) improved FFA production by 16% and

25%, respectively, compared to the parent strain Y&Z036 (Fig-

ure 4A). The lower biomass yield of Y&Z051 and Y&Z052 sug-

gested that this improvement does indeed result from saving

carbon and cofactors for biomass synthesis (Figure S3G). Nitro-

gen limitation of Y&Z036, however, improved FFA production

even more significantly by 47% (75 mg/L/OD600 in flask), which

was 17%higher increase compared to strain Y&Z052 (Figure 4A).

Reducing cell growth in the first strategy wasmediated by down-

regulation of single targets, whereas nitrogen restriction in the

second approach induces a broader effect, such as nitrogenous
compound recycling and autophagy, which could explain its

larger contribution to FFA overproduction (Zhu et al., 2012).

Shake flask tests are useful for strain comparison, however,

they underestimate true strain potential due to limited culture

controls. Thus, we characterized the best strain, Y&Z036, in a

glucose limited and nitrogen restricted fed-batch cultivation,

that resulted in production of 33.4 g/L FFAs, representing a

400% improvement over our starting strain and so-far the

highest titer reported in literature. This high titer resulted in pre-

cipitation of solid FFAs that were stuck on the bioreactor inner

wall (Figures 4B, 4C, and S4). Moreover, our engineering not

only resulted in an increased final titer of FFAs, but also a

4-fold improvement in yield, which reached 0.1 g FFAs/g glucose

corresponding to �30% of the theoretical yield.

Establishing Pure Lipogenesis by Abolishing Ethanol
Fermentation
To evaluate if our novel lipogenesis pathway could replace alco-

holic fermentation, we set out to abolish the ‘‘glucose-to-

ethanol’’ metabolic pattern and therein evaluate if we could

reprogram S. cerevisiae as a synthetic oil producing yeast (Fig-

ure 1). Pyruvate decarboxylases (Pdc1, Pdc5, and Pdc6) cata-

lyze the decarboxylation of pyruvate to acetaldehydes, which

plays a key role in alcoholic fermentation in S. cerevisiae (Flik-

weert et al., 1999). A pdc negative strain (pdc� strain), with triple

deletion of PDC1/5/6, is unable to grow with glucose as the sole

carbon source (Flikweert et al., 1996). By deleting all the pdc

genes, two important processes are impaired. First, re-oxidation

of cytosolic NADH in connection with ethanol fermentation is

blocked. Second, the supply of cytosolic acetyl-CoA from
Cell 174, 1549–1558, September 6, 2018 1553
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Figure 5. Reprogramming Alcoholic Yeast

into a Synthetic Oil (FFA) Yeast by Abolish-

ing Ethanol Production

(A) The production profile of wild-typeS. cerevisiae

(green), the evolved PDC-negative strain E1B

(red), and the evolved synthetic oil yeast strain

(Y&Z055E; blue) in batch fermentations, wherein

strains were cultured in shake flasks at 200 rpm,

30�C on 30 g/L glucose. All data represent the

mean ± SD of biological triplicates.

(B) FFA production in fed-batch cultures of the

synthetic oil yeast with glucose limitation and

nitrogen restriction. Red circle indicates overall

FFA production at the end of fermentation.

(C) Time courses of DCW (blue symbols) and

consumed glucose (red symbols) during the

fermentation are shown.

(D) Time courses of pyruvate (red symbols),

ethanol (light blue symbols), and residual glucose

(orange symbols) during the fermentation are

shown. For (B)–(D), n = 2. Error bars, mean ± SD.

See also Figures S5 and S6.
acetaldehyde is blocked, which is required for lysine and cell

membrane synthesis (van Maris et al., 2004) (Figure S1B). It

was previously shown that adaptive laboratory evolution (ALE)

of pdc- strains enables restoration of growth on glucose through

selection for glucose-derepressed phenotypes (van Maris et al.,

2004), but such evolved strains achieve cell growth only through

attenuation of glucose uptake, thereby allowing for respiratory

metabolism.

Compared to a wild-type strain, the novel lipogenesis pathway

in our strain was designed to compensate for this problem due to

abolishment of ethanol fermentation. Specifically, (1) our engi-

neering ensures the supply of cytosolic acetyl-CoA by ACL,

and (2) the transhydrogenase cycle engineered here can convert

excess NADH to NADPH, ensuring sufficient regeneration of

NAD+ (Figure S1B). NADPH here could also be used for FFA pro-

duction to guarantee the balance of NADP. Thus, cell growth in

this context can be coupled to the lipogenesis pathway after

blocking ethanol production. Even with these modifications,

however, deletion of pdc in our FFA overproducing strain

Y&Z036 still resulted in lethality in glucose medium. We propose

that this growth deficiency is due to metabolic flux imbalance.

We therefore used adaptive laboratory evolution (ALE), a method

that uses the natural ability of cells to evolve genetic mutations

under high selection pressure, to fine tune the carbon flux and

restore growth (Figure S5A). This was achieved by starting with

growth on ethanol and minimal medium and, during the course

of evolution, gradually replacing ethanol with glucose, which

led after �200 generations, to growth on glucose being

achieved. The resulting culture produced high levels of FFAs

(1.0 g/L) in shake flasks with no detectible level of ethanol (Fig-

ure 5A). The FFA overproducing phenotype was clearly

maintained during the ALE, indicating our reprogramming of

metabolism to support growth in a pdc� strain had been

achieved. In this evolved strain (Y&Z055E), the ratio of unsatu-

rated to saturated fatty acid, especially C16:1 to C16:0, was

increased (Figure S5B). It has been shown that stearyl-CoA

desaturase introduces the first double bond into saturated fatty

acyl-CoA substrates using O2 and electrons from reduced flavo-
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protein cytochrome b5 (Stukey et al., 1990). The two electrons of

cytochrome b5 are supplied by NADH (Lee et al., 2001), suggest-

ing that our synthetic oil yeast handled high NADH pressure by

having more fatty acid unsaturation. The culture (Y&Z055E,

also herein referred to as ‘‘synthetic oil yeast’’) also accumulated

much less pyruvate compared with the strain E1B, an evolved

pdc� strain from the wild-type yeast (Zhang et al., 2015), sug-

gesting that metabolic flux was efficiently channeled toward

FFA biosynthesis (Figure 5A). However, Y&Z055E produced

higher levels of glycerol and succinate than the E1B strain (Fig-

ure S6), further suggesting there was still high NADH pressure

in this evolved strain. Subsequent glucose limited, nitrogen-

restricted fed-batch cultivation of strain Y&Z055E resulted in a

titer of 25 g/L FFAs with a yield comparable to Y&Z036 (Figures

4C, 4D, 5C, and 5D).

Pyruvate Kinase Mutation Is Essential for Restoring Cell
Growth to pdc� Mutants in Glucose
Whole-genome sequencing of three independent clones iso-

lated from the ALE experiment (Figures S2A and S5A) identified

30 mutational events, including large fragments or full chromo-

some duplications (Figure 6A; Tables S5 and S6). Mutations in

pyruvate kinase (PYK1) occurred in all three evolved clones:

two nonsense mutations (R68* in strain Y&Z056E and K196*

in strain Y&Z055E) and a missense mutation (R91I in strain

Y&Z054E) that is close to the catalytic pocket shown by struc-

tural analysis (Jurica et al., 1998) (Figure S7A). Pyk1, the major

pyruvate kinase converting phosphoenolpyruvate (PEP) and

ADP to pyruvate and ATP, is tightly regulated and activated

by fructose-1,6-bisphosphate (FBP) and considered as a key

control point of glycolytic flux (Boles et al., 1997). PYK2 en-

codes a second yeast pyruvate kinase which is FBP insensitive

(Boles et al., 1997). The evolved strains had much lower total

Pyk activity (Figure 7A), but higher Pyk2 activity (Figure 7B)

than the wild-type or un-evolved strain, suggesting that Pyk1

activity had been almost abolished and PYK2 was unregulated

in the evolved strains. Consistently, the PYK2 gene was found

to have a copy number increase in the evolved strain
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Figure 6. The Genetic Basis for Generating Synthetic Oil Yeast

(A) Venn diagram summarizing the intersection among mutations accumulated in the evolved strains isolated from three distinct evolution experiments. Pop-

ulation I: Y&Z054E (Y&Z057, Y&Z058, and Y&Z059); population II: Y&Z055E (Y&Z060, Y&Z061, and Y&Z062); population III: Y&Z056E (Y&Z063, Y&Z064, and

Y&Z065); PYK2 gene had a copy number increase in population III with 5-fold chromosome duplications. For more details see Tables S5 and S6.

(B) Growth curves for the three evolved strains. The strains were cultured in shake flasks at 200 rpm, 30�Cwith 20 g/L glucose. All data represent themean ±SD of

biological triplicates. Here, the strains Y&Z057, Y&Z060, and Y&Z063 were used from population I, population II, and population III, respectively. See also Figures

S5 and S7. The growth curve of the evolved strain, parent strain Y&Z036, and starting strain YJZ45 are shown in Figure S7.
Y&Z056E (Y&Z063, Y&Z064, and Y&Z065) (Figures 6A, 6B, and

S7D; Table S6).

Reintroduction of wild-type PYK1 gene to the evolved strain

completely abolished growth in glucose medium (Figure 7C)

and downregulation of PYK1 enabled the growth of the

unevolved pdc negative ancestor strain Y&Z053 in high concen-

trations of glucose (Figure S7B), confirming clear causality be-

tween the identified mutation in PYK1 and the evolved strain’s

ability to grow on glucose. We hypothesize that metabolic flux

adaptation could explain the appearance of mutations in

PYK1 during evolution (Figure 7D). High glycolytic flux during

cell growth and especially FFA biosynthesis results in NADH

accumulation in the mitochondria and the cytosol, as NAD+

cannot be regenerated when ethanol production is blocked.

The respiratory chain, another NADH oxidation system, is

repressed at high glycolytic fluxes due to the Crabtree effect

(Bakker et al., 2001). Furthermore, cytosolic NADH oxidation

can be a bottleneck, resulting from a higher ratio of unsaturated

fatty acids (Figure S5B) and an increased accumulation of

glycerol and succinate in the evolved synthetic oil yeast

(Figure S6). Furthermore, removal of the engineered transhydro-

genase cycle, consisting of the malate enzyme and malate

dehydrogenase transforming NADH into NADPH (Zhou et al.,

2016), decreases the growth rate of the evolved strain (Fig-

ure S7C). These results strongly suggest that high NADH levels

was the key pressure to overcome for restoring cell fitness and

FFA production. Downregulation of glycolytic flux, by selecting

for pyruvate kinase mutations, therefore allows the cell to bal-

ance flux through glycolysis with flux toward fatty acid produc-

tion, and at the same time relieve repression of respiration.

Thus, reduced glycolytic flux due to PYK1 mutations was a

way to relieve the Crabtree effect, a phenotype that is consis-

tent with a previous report highlighting that reduced pyruvate
kinase activity is sufficient to increase oxygen uptake and res-

piratory activity (Grüning et al., 2011).

DISCUSSION

Here, we successfully reprogramed the metabolism of

S. cerevisiae to over-produce FFAs and further demonstrate

that, with this reprogramming, it is possible to replace alcoholic

fermentation with lipogenesis as the main pathway for metabo-

lizing glucose. From an evolutionary perspective, cellular meta-

bolism has been optimized for conversion of carbon sources

into biomass and metabolic products, which can led to growth

advantages in their natural habitat. This has resulted in the

shaping of central carbonmetabolism into several different oper-

ational modes, such as the ‘‘glucose to ethanol’’ mode in

S. cerevisiae and ‘‘glucose to oil’’ mode in oleaginous yeast.

Through evolution, these operational modes have become

tightly regulated, making it challenging to engineer metabolism

for over-production of other metabolites. However, here we

demonstrate it is possible to replace the glucose to ethanol

metabolism of S. cerevisiaewith a synthetic pathway for conver-

sion of glucose to FFAs. Further, we demonstrate that with this

replacement pathway it is possible to remove ethanol production

without abolishing cell growth. With a yield of 0.1 g FFAs/g

glucose (�30% of the theoretical yield), the flux directed toward

lipogenesis is still not at the level of what is obtained in alcoholic

fermentation. However, the complete rewiring of metabolism did

not result in a major abolishment of cell growth, meaning that our

engineered (and evolved) strains represent a synthetic oil yeast

with a stable FFA over-production phenotype. Developing effi-

cient microbial cell factories often requires rewiring of central

metabolism, with the desired phenotype being stable for indus-

trial application, something which could be achieved using a
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Figure 7. Mutations in Pyruvate Kinase Are

Essential for the Evolved Synthetic Oil Yeast

Phenotype to Grow on Glucose

(A) The overall activity of pyruvate kinase (PK) in

the evolved strains was downregulated. Fructose-

1,6-bisphosphate (FBP) was added as an activator

of Pyk1.

(B) The activity of PYK2 in the evolved strains was

increased. Here, no FBP was added as an acti-

vator. Statistical analysis was performed using

one-tailed Student’s t test (*p < 0.05, **p < 0.01,

***p < 0.001).

(C) The evolved phenotype was abolished by

expression of PYK1. The strains were precultured

in shake flasks at 200 rpm, 30�C with 20 g/L

glucose for 3 days to remove intracellular stores of

C2 metabolites, then subcultured in shake flasks

at 200 rpm, 30�C with 20 g/L glucose for mea-

surement of optical density at 600 nm (OD600). All

data represent the mean ± SD of biological tripli-

cates.

(D) A model depicting why the downregulation of

pyruvate kinase might be beneficial for cell growth

of the pdc� strain.

See also Figures S6 and S7.
similar approach as outlined here. Furthermore, as we suc-

ceeded in redirecting high flux toward cytosolic acetyl-CoA,

our engineered strain could also be used for production of other

valuable chemicals that are derived from cytosolic acetyl-CoA

(van Rossum et al., 2016). We are therefore confident that our

engineering efforts can support future developments toward

bio-based production of fuels and chemicals.

Compared with traditional design schemes in metabolic engi-

neering where individual genes or modules are tested and then

integrated, we coupled the metabolic design to cellular fitness.

The lack of sufficient information on enzyme kinetics and meta-

bolic regulation often causes unexpected imbalances in newly

designed metabolic networks. In contrast, combining metabolic

engineering and evolution allows optimization and balancing of

the metabolic network with respect to biosynthesis and cell

growth and helps to overcome regulatory constraints. Here, we

implemented a metabolic design that allows for coupling of

FFA production and cellular growth, enabling high FFA produc-

tion without penalizing cell growth. As we observed, complete

rewiring of central carbon metabolism, wherein ethanol fermen-

tation is replaced with lipogenesis for FFA overproduction, leads

to deleterious growth effects as a result of regulatory constraints.

However, adaptive laboratory evolution allowed us to overcome

this constraint, and through genome-sequencing, we identified

the causal mutation. Through a single point mutation in Pyk1,

attenuation in the activity of this enzyme was obtained, ensuring

a balance between glycolytic flux and fluxes toward FFA produc-

tion and respiration. Furthermore, the evolved metabolic

network showed to be phenotypically stable and can therefore

form the basis for commercial microbial-based FFA production.

Our study clearly shows that adaptive laboratory evolution can

help establish a balanced metabolic network. We therefore envi-

sion that by incorporating adaptive laboratory evolution into

future metabolic engineering efforts, using a design-build-evolu-
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tion-test (DBET) cycle (Nielsen and Keasling, 2016), the process

of developing efficient cell factories can be further advanced.

Our evolved synthetic oil yeast produces high level of glycerol,

subsequently we expect that further rounds of ‘‘DBET’’ cycle

could abolish glycerol production with enhanced NADH

consumption by the transhydrogenase cycle, or other routes.

In other words, wemay further couple cell growth to FFA produc-

tion by better balancing NADH production and consumption

through further adaptive laboratory evolution. Furthermore, the

‘‘DBET’’ cycle presented here can easily be established for opti-

mization of other cell factories.

In summary, our results demonstrated that rational design,

combined with adaptive laboratory evolution, enabled creation

of a synthetic oil yeast with a high production level of FFAs, from

the original alcoholic fermentation operation of S. cerevisiae.

Furthermore, our analysis shows that mutation of pyruvate ki-

nase PYK1 can result in reduced glycolytic flux, hereby relieving

the Crabtree effect. The associated metabolic reprogramming

demonstrates that despite millions of years of evolution of

S. cerevisiae, its metabolism is remarkably plastic, which is

also seen in other cellular systems, such as the transformation

of metabolism in human cells when they become malignant.
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Hollenberg, C.P., and Heinisch, J.J. (1997). Characterization of a glucose-

repressed pyruvate kinase (Pyk2p) in Saccharomyces cerevisiae that is

catalytically insensitive to fructose-1,6-bisphosphate. J. Bacteriol. 179,

2987–2993.
Bowman, S.B., Zaman, Z., Collinson, L.P., Brown, A.J., and Dawes, I.W.

(1992). Positive regulation of the LPD1 gene of Saccharomyces cerevisiae

by the HAP2/HAP3/HAP4 activation system. Mol. Gen. Genet. 231, 296–303.

Bricker, D.K., Taylor, E.B., Schell, J.C., Orsak, T., Boutron, A., Chen, Y.C., Cox,

J.E., Cardon, C.M., Van Vranken, J.G., Dephoure, N., et al. (2012). Amitochon-

drial pyruvate carrier required for pyruvate uptake in yeast, Drosophila, and

humans. Science 337, 96–100.

Castegna, A., Scarcia, P., Agrimi, G., Palmieri, L., Rottensteiner, H., Spera, I.,

Germinario, L., and Palmieri, F. (2010). Identification and functional character-

ization of a novel mitochondrial carrier for citrate and oxoglutarate in Saccha-

romyces cerevisiae. J. Biol. Chem. 285, 17359–17370.

Charusanti, P., Conrad, T.M., Knight, E.M., Venkataraman, K., Fong, N.L., Xie,

B., Gao, Y., and Palsson, B.O. (2010). Genetic basis of growth adaptation of

Escherichia coli after deletion of pgi, a major metabolic gene. PLoS Genet.

6, e1001186.

Deatherage, D.E., and Barrick, J.E. (2014). Identification of mutations in labo-

ratory-evolved microbes from next-generation sequencing data using breseq.

Methods Mol. Biol. 1151, 165–188.

Flikweert, M.T., Van Der Zanden, L., Janssen, W.M., Steensma, H.Y., Van

Dijken, J.P., and Pronk, J.T. (1996). Pyruvate decarboxylase: an indispensable

enzyme for growth of Saccharomyces cerevisiae on glucose. Yeast 12,

247–257.

Flikweert, M.T., de Swaaf, M., van Dijken, J.P., and Pronk, J.T. (1999). Growth

requirements of pyruvate-decarboxylase-negative Saccharomyces cerevi-

siae. FEMS Microbiol. Lett. 174, 73–79.

Grüning, N.M., Rinnerthaler, M., Bluemlein, K., Mülleder, M., Wamelink,
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Experimental Models: Organisms/Strains

S. cerevisiae, Background: CEN.PK113-5D Jens Lab N/A
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Nielsen (nielsenj@chalmers.se).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Strains
Yeast strains for preparation of competent cells were cultivated in YPD consisting of 10 g l-1 yeast extract (Merck Millipore, Billerica,

MA, USA), 20 g l-1 peptone (Difco) and 20 g l-1 glucose (Merck Millipore). Strains containing URA3-based plasmids or cassettes were

selected on synthetic complete media without uracil (SC-URA), which consisted of 6.7 g l-1 yeast nitrogen base (YNB) without amino

acids (Formedium, Hunstanton, UK), 0.77 g l-1 complete supplement mixture without uracil (CSM-URA, Formedium), 20 g l-1 glucose

(Merck Millipore) and 20 g l-1 agar (Merck Millipore). The URA3 maker was removed and selected against on 5-FOA plates, which

contained 6.7 g l-1 YNB, 0.77 g l-1 CSM-URA and 0.8 g l-1 5-fluoroorotic acid. Shake flask batch fermentations for production of

free fatty acids were carried out in minimal medium containing 2.5 g l-1 (NH4)2SO4, 14.4g l-1 KH2PO4, 0.5 g l-1 MgSO4∙7H2O,

30 g l-1 glucose, trace metal and vitamin solutions supplemented with 60 mg l-1 uracil if needed (Verduyn et al., 1992). Cultures

were inoculated, from 24 h precultures, at an initial OD600 of 0.1 with 15 mL minimal medium in 100mL non- baffled flask and culti-

vated at 200 rpm, 30�C for 72 h. Glucose feed beads (SMFB63319, Kuhner Shaker, Basel, Switzerland) (Jeude et al., 2006) with a
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release rate of 0.25 g l-1 h-1 were added to the medium to replace the 30 g l�1 glucose if needed, and the culture time is 80h for total

release the glucose. For nitrogen restricted culture, 1.4 g l-1 (NH4)2SO4 was used. When culture the pdc negative strain, ethanol was

used as carbon source. For all engineered strains, see Table S1.

METHOD DETAILS

Implementation of CRISPR/Cas9 system
A cas9 expression cassette was integrated at the X1-5 site (Mikkelsen et al., 2012) in YJZ045. In detail, the upstream homologous arm

X1-5up was amplified from CEN.PK113-5D genomic DNA with primer pair pSOY003/pSOY004. The amplification of the Kluyvero-

myces lactis URA3 (KIURA3) expression cassette was performed by using primer pSOY005/pSOY006 and pWJ1042 as a template

(Reid et al., 2002). The module TEF1p-cas9-CYC1t was amplified from IMX581 genomic DNA with primer pair pSOY007/pSOY008.

The downstream homologous arm X1-5 dw was amplified from CEN.PK113-5D genomic DNA with primer pair pSOY009/pSOY010.

The whole fragments of X1-5up+(TEF1p-cas9-CYC1t)+KlURA3+X1-5 dwwas assembled by fusing the DNA parts of X1-5up, TEF1p-

cas9-CYC1t, KlURA3 and X1-5 dw with overlapping PCR. Then, the entire fragment was used to transform YJZ045 and transform-

ants were selected on SC-URA plates. Clones were verified by primer pair pSOY001/pSOY002. Subsequently, 2–3 clones with

correct module integration were cultivated overnight in YPD liquid medium and then plated on 5-FOA plates after washing for looping

out of the KlURA3 cassette via homologous recombination between the flanking repeats to obtain strain Y&Z001.

Genetic manipulation by CRISPR/Cas9 system
With the CRISPR/Cas9 system, the deletion of genes and the integration of expression cassettes was performed according to a pre-

viously described method (Yu et al., 2017). To select for specific guide RNAs, all potential gRNAs for a given gene were compared

with all potential off-targets in the entire CEN.PK113-7D genome using the Yeastriction webtool, which is freely available at http://

yeastriction.tnw.tudelft.nl. All gRNA plasmids were constructed following a previously described method (Mans et al., 2015). The

construction of the expression cassettes was performed by fusion PCR. ThePYC1 genewas amplified fromCEN.PK113-5D genomic

DNA by primers pSOY042 and pSOY045. mPYC1 was constructed by adding a mitochondrial localization signal (MLSLRQSIRFFK-

PATRTLCSSRYLL) sequence by primer pSOY044. The p416GPD-PYC1 and p416GPD-mPYC1 plasmids for episomal expression

were constructed by Gibson assembly. The native promoters of ACC1 (from �481 bp to 0 bp) and PYC1 (from �200 bp to 0 bp)

were replaced by the TEF1 promoter using the CRISPR/Cas9 system. To select for specific guide RNAs for the promoter areas,

all potential gRNAs were compared with all potential off-targets in the entire CEN.PK113-7D genome using the CRISPRdirect

tool, which is freely available at http://crispr.dbcls.jp/ (Rodriguez et al., 2016b). ACLa and ACLb were amplified from pACLab

(Rodriguez et al., 2016b). The native promoter of PGI1 (from �405 bp to 0 bp) and IDH2 (from �456 bp to 0 bp) were replaced

with relevant fragments. The promoters of ISU1, ATP14, QCR10, COX9, NAT1, INH1, SDH4, ATP5, GSY1, GSP2, RBK1, GSP1

and MCM1 were amplified from CEN.PK113-5D genomic DNA. Their sequences were listed in Table S4. The native promoter of

LEU2 (from�195 bp to 0 bp) and ERG9 (from�138 bp to 0 bp) were replaced by theHXT1 promoter using the CRISPR/cas9 system.

All gRNA plasmids were constructed following a previously describedmethod (Mans et al., 2015). The construction of the expression

cassettes was performed by fusion PCR. All primers are listed in Table S2.

Adaptive evolution
The adaptive evolution of Y&Z053 (Y&Z036 pdc1D, pdc5D, pdc6D) toward growth on glucose as the sole carbon source were

performed in three independent culture lines in 100 mL shake flasks with 15 mL medium at 30�C, which involved two phases. In

the first phase, strains were cultivated in minimal medium containing 0.5% glucose and 2% ethanol and then serially transferred

every 48 or 72 h using minimal medium with a gradually decreased ethanol concentration and increased glucose concentration

for 45 days. Subsequently, the strains were transferred into minimal medium containing 2% glucose as the sole carbon source

and evolved for increased growth by serial transfer every 48 or 72 h for 50 days. The three evolved independent culture lines

were named as Y&Z054E, Y&Z055E, and Y&Z056E. Single clone isolates were obtained from the Y&Z054, and designated as

Y&Z057, Y&Z058, and Y&Z059. Single clone isolates were obtained from the Y&Z055, and designated as Y&Z060, Y&Z061, and

Y&Z062. Single clone isolates were obtained from the Y&Z056, and designated as Y&Z063, Y&Z064, and Y&Z065 (Figure S5A).

Genomic DNA Sequencing and Data Analysis
Total genomic DNA of selected strains was extracted by using the Blood & Cell Culture DNA Kit (QIAGEN). Then DNA was prepared

using the Illumina TruSeq Nano DNA HT 96 protocol, according to the manufacturer’s instructions. The samples were sequenced

using an Illumina NextSeq High kit, paired-end 300 cycles (2 3 150 bp). Each sample was represented by 2.2–6.4 million sequence

reads. Breseq (Deatherage and Barrick, 2014) 0.30.2 with bowtie (Langmead and Salzberg, 2012) 2.2.8 was used tomap the reads of

each sample to the genome of S. cerevisiae CEN.PK 113-7D (Jenjaroenpun et al., 2018). The option junction-alignment-pair-limit set

to 0 (no limit) to ensure all possible new junctions were evaluated. The sequencing data for the initial strain (Y&Z036) was also pro-

cessed with breseq and used as a reference for removing false-positives from the sample analysis. Briefly, the evidence for each

mutation site found in the evolved samples was compared against the same site in the reference strain. If the same type of mutation

was present in the same location of the reference strain, then the candidate mutation was discarded as a false-positive. Large-scale
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chromosome duplication/deletion were identified by analyzing the coverage maps generated by breseq for each chromosome. All

the mutations and genes in chromosome duplication area were listed in Tables S5 and S6.

In vitro enzyme activity assay
The cell was cultured in flask at 0.05. When the OD600 reach 1to 2, samples were centrifuged, washed, and resuspended in potas-

sium phosphate buffer (10mM, pH 7.5, with 2mMEDTA) and stored at�20�C. Before being assayed, samples were thawed, washed,

and resuspended in assay buffer from the pyruvate kinase assay kit (abcam). Extracts were prepared with a FastPrep-24 (Nordic

biolabs) using 0.75 g glass beads (G8772, Sigma) per ml cell suspension in five bursts (20 s per burst at speed 6, with 5min intervals

for cooling). Unbroken cells and debris were removed by centrifugation (4�C, 20min, 21,000*g). the supernatant was used for enzyme

activity assays. And the fructose-1,6-bisphosphate (sigma) used as activator if needed. Protein concentrations in the cell extracts

were determined by the Pierce BCA protein assay kit (23225, Thermo).

Fed-batch fermentation
The batch and fed-batch fermentations for free fatty acid production were performed in 1.0 l bioreactors, with an initial working

volume of 0.25 l, in a DasGip Parallel Bioreactors System (DasGip). The initial batch fermentation was carried out in minimal medium

containing 5 g l-1 (NH4)2SO4, 3 g l-1 KH2PO4, 0.5 g l-1 MgSO4∙7H2O, 60mg l-1 URA, 20 g l-1 glucose, tracemetal and vitamin solutions.

The temperature, agitation, aeration and pHweremonitored and controlled using a DasGip Control 4.0 System. The temperature was

kept at 30�C, initial agitation set to 800 rpm and increased to maximally 1,200 rpm depending on the dissolved oxygen level. Aeration

was initially provided at 36 sl h-1 and increased to maximally 48 sl h-1 depending on the dissolved oxygen level. The dissolved oxygen

level was maintained above 30%, the pH was kept at pH 5.6 by automatic addition of 4 M KOH and 2 M HCl. The aeration was

controlled and provided by a DasGipMX4/4 module. The composition of the off-gas wasmonitored using a DasGip Off Gas Analyzer

GA4. Addition of the acid, base, and glucose feedwas carried out with DasGipMP8multi-pumpmodules (pump head tubing: 0.5mm

ID, 1.0 mm wall thickness). The pumps, pH and DO probes were calibrated before the experiment. During the fed-batch cultivation,

the cells were initially fed with a 200 g l-1 glucose solution with a feed rate that was exponentially increased (m = 0.05 h-1) to maintain

a constant biomass-specific glucose consumption rate. The used minimal medium contained 15 g l-1 (NH4)2SO4, 9 g l-1 KH2PO4,

1.5 g l-1 MgSO4∙7H2O, 180mg l-1 uracil, 3 x tracemetal and 3 x vitamin solutions.When the volume of the fermentation broth reached

0.4-0.45 l, the feed solution was switched to the following composition: 25 g l-1 (NH4)2SO4, 15 g l-1 KH2PO4, 2.5 g l-1 MgSO4∙7H2O,

300 mg l-1 uracil, 600 g l-1 glucose, 5 x trace metal and 5 x vitamin solutions (Figures S4D and S4E). For strain Y&Z036, 40ml medium

were fed without air supply within 15h at the late phase and then stop feeding with air supply for another 9h to finish the fermentation

and show all the potential of this strain (Figure S4D). The initial feed rate was calculated using the biomass yield and concentration

that were obtained during prior duplicate batch cultivations with these strains. The feeding was started once the dissolved oxygen

level was higher than 30%. Dry cell weight measurements were performed by filtrating 3-5 mL of broth through a weighed 0.45 mm

filter membrane (Sartorius Biolab, Göttingen, Germany) and measuring the weight increase after drying for 48 h in a 65�C oven. The

filter was washed once before and three times after filtrating the broth with 5 mL deionized water. During fermentation, floating dead

cells and fatty acid residues were found to stick to the inner wall or the bottom of the fermenter. After fermentation, all particles were

resuspended in the fermentation culture to accurately measure the total FFAs production. Measurements were performed in

triplicates.

Metabolite extraction and analysis
FFAs titers in whole-cell culture (only FFAswasmeasured in this study) were quantified following previously publishedmethods (Zhou

et al., 2016). Specifically, 0.2mL of cell culture (or an appropriate volume of cell culture diluted to 0.2ml) were transferred to glass vials

from 72 h or 80 h incubated cultures, then 10 mL 40% tetrabutylammonium hydroxide (base catalyst) was added immediately

followed by addition of 200 mL dichloromethane containing 200 mM methyl iodide as methyl donor and 100 mg l-1 pentadecanoic

acid as an internal standard. The mixtures were shaken for 30 min at 1,200 rpm by using a vortex mixer, and then centrifuged at

4,000 g to promote phase separation. A 150 mL dichloromethane layer was transferred into aGC vial with glass insert, and evaporated

3 h to dryness. The extracted methyl esters were resuspended in 150 mL hexane and then analyzed by gas chromatography (Focus

GC, Thermo Fisher Scientific) equipped with a Zebron ZB-5MS GUARDIAN capillary column (30 m3 0.25mm3 0.25 mm, Phenom-

enex) and a DSQII mass spectrometer (Thermo Fisher Scientific). TheGCprogramwas as follows: initial temperature of 40�C, hold for

2min; ramp to 130�C at a rate of 30�C per minute, then raised to 280�C at a rate of 10�C per min and hold for 3min. The temperatures

of inlet, mass transfer line and ion source were kept at 280�C, 300�C and 230�C, respectively. The injection volume was 1 ml. The flow

rate of the carrier gas (helium) was set to 1.0 mLmin�1, and data were acquired at full-scan mode (50–650 m z-1). Final quantification

was performed using the Xcalibur software. The yield of extracellular fatty acids was calculated by dividing the mass of the product

formed by the total mass of carbon (glucose) supplied at inoculation. Maximum theoretical yield values assumed simplified biochem-

ical reactions as outlined in Varman et al. (2014).

The extracellular glucose, glycerol, ethanol and organic acid concentrations were determined by high-performance liquid chroma-

tography analysis. In detail, a 1.5 mL broth sample was filtered through a 0.2 mm syringe filter and analyzed on an Aminex HPX-87G

column (Bio-Rad) on an Ultimate 3000 HPLC (Dionex Softron GmbH). The column was eluted with 5 mM H2SO4 at a flow rate of

0.6 mL min�1 at 45�C for 26 min.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using one-tailed Student’s t-Test (*, p < 0.05; **, p < 0.01 and ***, p < 0.001). The mean ± s. d. for

3 biological replicates in a representative measurement is shown.

DATA AND SOFTWARE AVAILABILITY

The full list of strains, primers and plasmids are available in Tables S1, S2, and S3. The sequences of promoters and codon optimized

genes are available in Table S4. The mutations and genes are available in Tables S5 and S6. The accession number for the genome

sequence data of evolved strains reported in this paper is [NCBI]: [SRP151103]. See the link: https://www.ncbi.nlm.nih.gov/sra/

SRP151103.
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Supplemental Figures

The construction of (oil) fatty acid overproduction strain.

Increase FFAs production ability by simulating oleaginous yeast.

1. Subcellular engineering for acetyl-CoA supply by ACL. (Fig. 2)
2. Increase NADPH by fine-tuning the PPP pathway and glycolysis. (Fig. 3)
3. The effect of nitrogen limitation.

A. Carbon flux redistribution. (Fig. 3)
B. Growth decoupled or restricted. (Fig. 4)

4. Evaluation of the strain in fermenter. (Fig. 4)

①
②

③
1. Abolishment of ethanol production. (Fig. 5)
2. The Genetic Basis for the synthetic oil yeast. (Fig. 6, 7)

Construction of glucose-FFAs metabolic model

Abolishment of glucose-ethanol metabolic model
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Figure S1. Schematic Illustration of All the Modifications in the Strain, Related to Figure 1

(A) Blueprint of the reprograming process. Reprograming S. cerevisiae into a FFAs producing yeast: First, the construction of a strain with high FFAs production

capacity; Second, increase the FFAs producing ability and set up the new metabolic network, which includes enhancing carbon flux through subcellular en-

gineering, matching the NADPH supply by upregulating the pentose phosphate pathway (PPP) and fine-tuning of ATP supply by downregulating the TCA cycle.

Third, abolishing the original metabolic model by removing ethanol fermentation.

(B) The rewired metabolic pathways for synthetic oil yeast. The previously engineered targets in the starting strain YJZ45 are shown in green. The engineering

targets from this study are shown in red, to fine tune gene expression, weaker promoters were used.

(C) The annotations of all the genes and promotors in (B).



Figure S2. FFA Production Was Impaired by Overexpression of PDH Subunit, Related to Figures 1 and 2

(A) Flowchart of yeast strain construction in this study. a. Developed strains in connection to engineering of subcellular metabolic trafficking. From YJZ45 to

Y&Z019, the production level was improved by 46%. b. The strains regarding fine-tuning the PPP, TCA cycle and glycolysis. From strain Y&Z019 to Y&Z036, the

(legend continued on next page)



FFAs production ability were improved by 55%. c. Nitrogen restriction improved FFAs production about 47%. d. Adaptive laboratory evolution resulted in the

synthetic oil yeast. The key branch point strains were labeled with *.

(B) FFAs production level in the engineered strains.

(C) The cell growth of the strains in (B). FFAs production obtained with engineered strains in shake flasks after 72 h cultivation at 200 rpm, 30�C. Statistical analysis
was performed using one-tailed Student’s t-Test (*p < 0.05; **p < 0.01 and ***p < 0.001). All data is represented as the mean ± s.d. of biological triplicates.



Figure S3. FFA Production Was Increased by Metabolic Engineering, Related to Figures 2, 3, and 4
(A) Metabolite shuttling from cytoplasm into mitochondrion improved FFAs production.

(B) Metabolite shuttling from mitochondrion into cytoplasm improved FFAs production. FFAs production obtained with engineered strains in shake flasks after

72 h cultivation at 200 rpm, 30�C. Statistical analysis was performed using one-tailed Student’s t-Test (*p < 0.05; **p < 0.01 and ***p < 0.001). All data is rep-

resented as the mean ± s.d. of biological triplicates.

(C) Total channelling of carbon into precursors decreases FFAs production. The deletion of isocitrate dehydrogenase decreases FFAs production due to impaired

cell growth.

(D) The cell growth of the strains in (C). FFAs production obtained with engineered strains in shake flasks after 72 h cultivation at 200 rpm, 30�C. All data is

represented as the mean ± s.d. of biological triplicates.

(E) Fine tuning of IDH2 expression for optimized TCA flux improved FFAs production in background strain Y&Z019.

(F) Fine tuning of IDH2 expression for optimized TCA flux improved FFAs production in background strain Y&Z025. The strains were cultivated in shake flasks for

80h at 200 rpm, 30�C with glucose beads (30 g l-1 glucose). The glucose feed beads can release glucose slowly, which will avoid the Crabtree effect. Statistical

analysis was performed using one-tailed Student’s t-Test (*p < 0.05; **p < 0.01 and ***p < 0.001). All data is represented as themean ± s.d. of biological triplicates.

(G) The cell growth of the strains with decoupled FFAs production. The strains were cultivated in shake flasks for 80h at 200 rpm, 30�Cwith glucose beads (30 g l-1

glucose and 2.5 g l-1 (NH4)2SO4). The glucose feed beads can release glucose slowly, which will avoid the Crabtree effect. For nitrogen restricted conditions,

1.4 g l-1 (NH4)2SO4 was used. All data is represented as the mean ± s.d. of biological triplicates.
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Figure S4. The Solid, Precipitated FFAs after Fermentation, Related to Figures 4 and 5

(A) FFAs precipitated and stuck to the fermenter inner wall during the fermentation.

(B) FFAs stuck to the sensors.

(C) Solid FFAs layer after centrifugation. After fermentation, all particles were resuspended in the fermentation culture, and 1.5ml samples was picked up and

centrifuged at 5000 g for 40min.

(D) Feed profile of glucose in the glucose-limited and nitrogen-restricted fermentation process of the strain Y&Z036, Related to Figure 4. During the fed-batch

cultivation, the cells were initially fed with a 200 g l-1 glucose solution with a feed rate that was exponentially increased to maintain a constant biomass-specific

glucose consumption rate. Then, glucose feeding speed is based on the dissolved oxygen level. The Nitrogen limitation was achieved by changing into low

Nitrogen feed solution.

(E) Feed profile of glucose in the glucose-limited and nitrogen-restricted fermentation process of the synthetic oil yeast strain Y&Z055E, Related to Figure 5.

During the fed-batch cultivation, the cells were initially fed with a 200 g l-1 glucose solution with a feed rate that was exponentially increased tomaintain a constant

biomass-specific glucose consumption rate. Then, glucose feeding speed is based on the dissolved oxygen level. The Nitrogen limitation was achieved by

changing into low Nitrogen feed solution.



Figure S5. The Change of FFAs Profiles and Adaptive Evolution Process, Related to Figure 5

(A) Adaptive Evolution Process of the pdc negative synthetic oil strain. Three single colonies were picked up from strain Y&Z053 and re-named as Y&Z054,

Y&Z055 and Y&Z056. They are evolved in three separated flasks. The strains were cultivated in minimal medium containing 0.5% glucose and 2% ethanol and

(legend continued on next page)



then serially transferred every 48 or 72h using minimal medium with a gradually decreased ethanol concentration and increased glucose concentration for

45 days. Subsequently, the strains were transferred into minimal medium containing 2% glucose as the sole carbon source and evolved for increased growth by

serial transfer every 48 or 72h for another 50 days. After evolution, they were labeled as population I, population II, and population III.

(B) The change of FFAs profiles during the reprogramming process. Y&Z001: the starting strain. Y&Z019: the strain with increased supply of the cytosolic acetyl-

CoA (see Figure 2). Y&Z036: the strain with fine-tuning of the PPP pathway, TCA cycle and glycolysis (see Figure 3). Y&Z052: the strain with growth restricted

design (see Figure 4). Y&Z055E: the evolved Synthetic oil yeast (see Figure 5).



Figure S6. Batch Culture of the Synthetic Oil Yeast Strain Y&Z055E and E1B Strain, Related to Figure 5 and 7

(A–F) Time courses of OD600 value (A), pyruvate (B), glycerol (C), succinate (D), acetate (E), and ethanol (F) in batch culture. Fermentation product profiles obtained

with engineered strains in shake flasks during 5d cultivation at 200 rpm, 30�C with 30 g l-1 glucose. All data represent the mean ± s.d. of biological triplicates.



Figure S7. The Cell Growth of Key Strains, Related to Figure 6 and 7

(A) The structure of PYK1 and the mutations. Pyruvate kinase (Pyk1), converting phosphoenolpyruvate (PEP) and ADP to pyruvate and ATP, is one of the major

control points of glycolysis. Structural analysis indicates that the mutations are close to catalytically pocket regions of the enzyme, either as stop codon.

(B) Downregulation of pyruvate kinase enabled the growth of pdc negative strain in high concentration of glucose. The strains were cultured in shake flasks at

200 rpm, 30�Cwith 20 g/L glucose and 0.5% (v/v) ethanol. All data represent themean ± s.d. of biological triplicates. The activity ofGSP1 promoter is almost 30%

of the native PYK1 promoter, 6-fold of native PYK2 promoter. The activity of MCM1 promoter is almost 15% of the native PYK1 promoter, 3-fold of native PYK2

promoter. The PYK1 gene was deleted in Y&Z053, then aPYK2 gene under the promoter ofGSP1 orMCM1 in a low plasmid was introduced into the cell to get the

strain Y&Z053 pyk1D GSP1p-PYK2 or Y&Z053 pyk1D MCM1p-PYK2. (GSP1, Ran GTPase; MCM1, Sequence-specific DNA-binding RNA polymerase II tran-

scription activator and repressor)

(C) Deletion of transhydrogenase cycle decreased the cell growth of evolved strain Y&Z063. The transhydrogenase cycle can transformNADH into NADPH,which

contains PYC1, RtME and ‘Mdh3. The strains were cultured in shake flasks at 200 rpm, 30�C with 20 g/L glucose. All data represent the mean ± s.d. of biological

triplicates. The initial OD600 value is 0,1. See also Figure S1.

(D) The growth curve of the evolved strain Y&Z060, the parents strain Y&Z036 and the initial strain YJZ045. The strains were cultured in shake flasks at 200 rpm,

30�C with 20 g/L glucose. All data represent the mean ± s.d. of biological triplicates. The initial OD600 value is 0,025.
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