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Introduction

The current petroleum-based approach for producing trans-
portation fuel and many commodity chemicals is not sus-
tainable. Chemical precursors made from biomass-derived 
sugars could be used to manufacture a large variety of 
chemicals without relying on petroleum [29]. Triacetic acid 
lactone (TAL, or 4-hydroxy-6-methyl-2-pyrone) has been 
proposed as a platform chemical. TAL is currently pro-
duced in a series of chemical steps starting with the pyroly-
sis of acetic acid [1]. It can also be produced by microbes 
and subsequently converted into a variety of commercially 
valuable chemicals via further chemical transformations 
[10]. Flavoring agents hexenoic acid and γ-caprolactone, 
as well as commodity chemical 2,4-pentanedione (acety-
lacetone, used in multiple commercial applications and as 
a building block for synthesis of heterocyclic compounds), 
and several other industrially useful chemicals can be syn-
thesized from TAL [2, 10, 21, 50].

TAL is produced by the type III polyketide synthase 
g2ps1, 2-pyrone synthase (2-PS), which was isolated from 
Gerbera hybrida [16]. Like other type III polyketide syn-
thases, 2-PS is a relatively small protein (43.7  kDa) that 
uses a single active site for decarboxylation and cycliza-
tion reactions.  2-PS utilizes acetyl coenzyme A (acetyl-
CoA) as an initial substrate and catalyzes the decarboxy-
lation and condensation of two malonyl-CoAs to produce 
TAL. Several studies have shown that TAL can be pro-
duced from both yeast and Escherichia coli with the inser-
tion of: g2ps1; a genetically modified fatty acid synthase B 
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gene; or genetically modified ketoreductase mutants of the 
6-methylsalycilic acid synthase gene (6-MSAS) [38, 45, 
49, 50]. The 2-PS enzyme is significantly smaller and does 
not require addition of a phosphopantetheinyl transferase 
gene for activity [49], and thus it requires fewer resources 
to create active 2-PS than active fatty acid synthase B or 
6-MSAS. Reported TAL titers in yeast and bacteria have 
been low; the highest titer of 2.2 g/L was recently measured 
in laboratory Saccharomyces cerevisiae strain BY4741 [7]. 
In that study, Cardenas and Da Silva reported a 37-fold 
increase in TAL concentration compared to the unaltered 
strain that was achieved through a combination of optimiz-
ing culture conditions and metabolic pathway engineering. 
Additionally, another recent study showed that engineering 
of the 2-PS enzyme and expression in E. coli enabled the 
production of 2.1 g/L TAL [45].

For TAL to be adopted as a substrate for the produc-
tion of biorenewable chemicals, an economical process for 
industrial scale production of TAL using lignocellulosic 
feedstocks is required. A robust TAL-producing industrial 
organism will be required for large-scale production. If 
biomass-derived sugars are eventually to be used as sub-
strates, the strain must also be tolerant to inhibitors that are 
generated during the deconstruction of these materials into 
usable monomeric sugars [28, 33]. In this study, inhibitor-
tolerant Saccharomyces strains of varied genetic (indus-
trial) background were transformed with the g2ps1 gene to 
(1) assess the effect of genetic variation on TAL production 
and (2) to identify candidate strains for further metabolic 
engineering to produce products derived from acetyl-CoA. 
The yeast strains were cultured using several different car-
bon sources and growth conditions to determine which 
strains and metabolic pathways result in the highest TAL 
production.

Methods

Strains and media

E. coli strain NEB10β [New England Biolabs (NEB); 
Ipswich, MA, USA] was used for routine maintenance 
and preparation of plasmids and was grown in LB 
medium [40]. Plasmids and microorganisms used in this 
study are listed in Tables 1 and 2. All yeast strains were 
grown in YP media and 2  % glucose unless otherwise 
noted. YP medium (10  g/L yeast extract, 20  g/L bacto-
peptone) was autoclaved without carbon source. Medium 
was supplemented with 200  μg/mL G418 (Enzo Life 
Sciences, Farmingdale, NY, USA) when needed for plas-
mid maintenance. Sterile carbon sources and G418 were 
added separately.

Cloning of the 2‑pyrone synthase gene (g2ps1) 
for expression in Saccharomyces strains

The ADH1 terminator region (TADH1) from +1,040 to 
1,213 was amplified using primers 29 and 30 from S. cer-
evisiae genomic DNA using Phusion® High-Fidelity DNA 
polymerase (NEB) and cloned into pCR2.1 (Invitrogen, 
Carlsbad, CA, USA) for sequencing. Oligonucleotides 
(IDT, Coralville, IA, USA) used for this study are shown 
in Table 3. The yeast expression vector pRH503 was cre-
ated by inserting the TEF promoter and ADH1 termina-
tion regions into the SacI/SpeI and SalI/XhoI sites of the 
shuttle vector pRS415. The high-level, constitutive Ash-
bya gossypii TEF promoter was obtained from pRH499 
(GenScript, Piscataway, NJ, USA). The A. gossypii TEF 
promoter region was from −1 to −379 [43]. The [PTEF−
MCS−TADH1] fragment was inserted into the SacI/XhoI site 
of pRS416 to create expression vector pRH517 with the 
URA3 marker.

The URA3 marker was switched to kanMX4 to generate 
a vector that can be used with prototrophic strains. Plasmid 
pRH517 was cut with NcoI, which cuts once in the URA3 
open reading frame. NcoI-digested pRH517 was trans-
formed into the lab strain CEN.PK2-1C along with a DNA 
fragment containing the kanMX4 gene. To generate the 
kanMX4 DNA fragment, pRS410 was used as a template 
for PCR with primers 262 and 263. Flanking homology 
to direct homologous recombination to replace the URA3 
marker in pRH517 was included in primers 262/263. DNA 
was transformed into yeast cells using a standard lithium 
acetate method [19]. Cells from the transformation were 
resuspended in YPD and allowed to recover for at least 2 h 

Table 1   Plasmids used in this study

Plasmid Description Reference

pRS410 pBluescript II SK+, kanMX4,  
CEN6, ARSH4

Addgene 
#11258

pRS415 pBluescript II SK+, LEU2,  
CEN6, ARSH4

[41]

pRS416 pBluescript II SK+, URA3,  
CEN6, ARSH4

[41]

pUC57 Gene synthesis vector GenScript

pCR2.1 Cloning vector Invitrogen

pXP742-2PS Plasmid containing a his-tagged  
2PS gene

Da Silva Lab

pRH499 pUC57+ Ashbya gossypii TEF  
promoter (PTEF)

GenScript

pRH503 pRS415+ PTEF−MCS−TADH1 This work

pRH517 pRS416+ PTEF−MCS−TADH1 This work

pRH523 pPTEF−MCS−TADH1 (KanMX marker) This work

pRH525 pPTEF−2PS−TADH1 (KanMX marker) This work
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prior to plating to YPD plates containing G418. Plasmid 
pRH523 (i.e., pRH517 with URA3 switched to kanMX4) 
was recovered from CEN.PK2-1C.

The open reading frame for the G. hybrida 2-PS gene 
(Accession #Z38097) was PCR amplified from the plas-
mid pXP742-2PS (Da Silva lab). Primers 467 and 468 were 
used to generate a DNA fragment containing the g2ps1 

gene (and lacking the 6x-his tag). This DNA fragment was 
ligated into pCR2.1 for sequencing. Plasmid pRH525 was 
made by inserting the sequence-verified g2ps1 gene into 
the expression vector pRH523 using SpeI and SalI restric-
tion endonuclease sites added to the ends of the primers 
used for amplification. pRH525 was transformed into yeast 
strains using a standard lithium acetate method [19].

Table 2   Microorganisms used 
in this study

a  Euroscarf (European 
Saccharomyces cerevisiae 
archive for functional analysis), 
Frankfurt, Germany
b  ATCC (American Type 
Culture Collection) Manassas, 
VA
c  ARS (NRRL) culture 
collection, National Center 
for Agricultural Utilization 
Research, Peoria, IL
d  Phaff Yeast Culture 
Collection, University of 
California, Davis
e   Lesaffre Yeast Corporation, 
Milwaukee, WI
f  Plasmids contained in the 
strain are shown in brackets

Strain Genotype (description) Reference

CEN.PK2-1C MATa ura3-52 trp1-289 leu2-3,112 his3Δ1 MAL2-8C SUC2 Euroscarfa

BY4727 MATα his3Δ200 leu2Δ0 lys2Δ0 met15Δ0 trp1Δ63 ura3Δ0 ATCCb

D5A S. cerevisiae isolated from cheese whey ATCC

Y-7567 S. cerevisiae isolated from coconut water sediment ARSc

Y-12633 S. cerevisiae isolated from Ivory Coast palm wine ARS

04-151 Phaff S. uvarum isolated from a banana with D. melanogaster Phaff collectiond

Y-568 S. cerevisiae isolated from a distillery ARS

Y-634 S. cerevisiae (lager production strain) ARS

Y-863 S. paradoxus (lager production strain) ARS

Y-7408 S. cerevisiae (ale pitching yeast) ARS

Y-11876 S. cerevisiae isolated from a British brewery (ale production strain) ARS

Ethanol Red S. cerevisiae (developed for the industrial alcohol industry) Lesaffree

Y-630 S. cerevisiae isolated from a distillery ARS

Y-685 S. cerevisiae isolated from a distillery ARS

Y-629 S. cerevisiae isolated from distillery ARS

YRH1152 D5A [pRH525]f This work

YRH1174 Y-7567 [pRH525] This work

YRH1175 Y-12633 [pRH525] This work

YRH1176 04-151 Phaff [pRH525] This work

YRH1177 Y-568 [pRH525] This work

YRH1178 Y-634 [pRH525] This work

YRH1179 Y-863 [pRH525] This work

YRH1180 Y-7408 [pRH525] This work

YRH1181 Y-11876 [pRH525] This work

YRH1182 Ethanol Red [pRH525] This work

YRH1183 Y-630 [pRH525] This work

YRH1184 Y-685 [pRH525] This work

YRH1185 Y-629 [pRH525] This work

YRH1186 CEN.PK2-1C [pRH525] This work

YRH1187 BY4727 [pRH525] This work

Table 3   DNA oligonucleotides 
used in this study

Restriction endonuclease 
sites are shown italicized and 
underlined

Start codons are shown in bold

Primer # Sequence

029 5′-GGTCGACTAAATAAGCGAATTTCTTATGAT-3′
030 5′-GCTCGAGCGACCTCATGCTATACCTGA-3′
262 5′-TCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGC-3′
263 5′-TTCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCG-3′
467 5′-GGACTAGTATGGGATCTTACTCATCCGATGATGTGGAGGTG-3′

468 5′-CGGTCGACTCAGTTTCCATTGGCAACCGCAGCAGTAACG-3′
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Batch cultivation for TAL production

Strains were grown overnight in YPD plus G418 to an 
OD660 of 3–10. Cells from these overnight cultures were 
used to inoculate 20  mL cultures in 250-mL Erlenmeyer 
flasks to an initial cell density (OD660) of 0.1 (GeneSys 10 
vis, Thermo Fisher Scientific, Waltham, MA, USA). Cul-
tures were maintained at 30 °C in a shaking incubator. For 
the time course of TAL production, 1-mL aliquots were 
taken every 24 h for 120 h. For batch cultivation in medium 
with varying glucose concentrations (1, 20, 50, 100, 150, 
200 g/L glucose), samples were taken at 96 h. OD660 val-
ues were measured and the cells were removed either by 
centrifugation or filtering through a 0.45-μm pore PVDF 
filter (Mini-UniPrep, Whatman, Maidstone, UK). Cell-
free supernatant samples were diluted fivefold and 20 μL 
were analyzed for TAL concentration (see “Analytical 
methods”).

Analytical methods

TAL and modified TAL product (e.g., Compound I and 
Compound II) concentrations were determined using 
reverse-phase HPLC (RP-HPLC, Shimadzu Scientific 
Instruments equipped with: an SIL-20 AHT autosampler, an 
LC20AD pump, and SPD20A dual wavelength UV detec-
tor, under control of EZStart 7.4 SP1 chromatography soft-
ware). Separation was performed in gradient mode at a flow 
rate of 0.6 mL/min through a Shim-pack XR-ODS column 
(3  mm  ×  75  mm I.D., Shimadzu, Columbia, MD) while 
maintaining a constant column temperature of 40  °C. The 
binary gradient of 1.0 % acetic acid in water (A) and 100 % 
methanol (B) was initially 95 % A and 5 % B followed by 
a linear gradient to 75 % A and 25 % B over 6.8 min, fol-
lowed by a washout at 100 % B for 1 min and then re-equil-
ibrated with 95 % A and 5 % B for 10 min. Absorbance was 
measured at 280 and 254 nm. TAL was identified and quan-
tified based on a five-point standard curve generated with 
an authentic TAL standard (Sigma-Aldrich, St. Louis, MO, 
USA). Peak areas were measured with EZStart Software. As 
the exact identities of Compounds I and II were unknown, 
extinction coefficients and authentic standards were not 
available. Since Compounds I and II were derivatives of 
TAL, the extinction coefficient for TAL was used to esti-
mate their concentrations based on a TAL standard curve.

Residual carbon source remaining in the medium was 
analyzed by HPLC (Shimadzu Prominence 20, Shimadzu, 
Columbia, MD), and compounds were separated on an 
Aminex HPX-87H column (Bio-Rad Laboratories, Hercu-
les, CA, USA) with an isocratic flow rate of 0.6  mL/min 
(15  mM nitric acid in water) at 60  °C for 65  min. Sam-
ples were quantified with an RI detector, using authentic 
standards. Peak areas were measured using LCSolutions 

Software v 1.25 (Shimadzu, Columbia, MD), and differ-
ences within strains were measured using a Student’s T 
test. Differences across multiple strains were analyzed via 
the Wilcoxon signed rank test.

Compound I analysis

Strain 1185 was resuspended in YP (+G418) media without 
a carbon source and 0.61 mL of 100 % ethanol was added 
initially and every 24 h for 72 h. Cultures were harvested 
at 72  h, cells were collected by centrifugation, and TAL 
and Compound I peaks were measured by RP-HPLC as 
described above. The pH of the supernatant was increased 
in 0.5 pH unit increments by the addition of potassium 
hydroxide. Aliquots at each 0.5 pH unit were incubated for 
20 h and products were analyzed by RP-HPLC.

Yield calculations

Actual yield (g TAL/g carbon source) was calculated as the 
total TAL formed divided by the total carbon source con-
sumed. Percent yield was determined as the actual yield/
theoretical yield  ×  100. Maximum theoretical yield was 
determined assuming the entire carbon source was con-
verted to TAL. Theoretical yields for glucose, ethanol, ace-
tate, and glycerol were determined to be 0.47, 0.91, 0.71, 
and 0.46 g/g, respectively (see Supplementary Data).

TAL production from varied carbon sources

Strains were grown overnight in YPD plus G418 to an 
OD660 of 3–10. Aliquots were collected by centrifuga-
tion at 3,000×g for 3  min and washed with 1  mL sterile 
water. Cell pellets were resuspended in 1 mL sterile water. 
This concentrated cell solution was added to 20  mL of 
YP (+G418) media containing 2 % w/v glycerol, ethanol, 
potassium acetate (pH 7), or glucose in a 125  mL Erlen-
meyer flask (OD of 1). Cells were gown for 96 h in batch 
culture at 30 °C. The OD660 was measured, and the solution 
was filtered, diluted fivefold, and analyzed by RP-HPLC 
and HPLC as described above.

Fed‑batch cultivation with ethanol feed

Strain 1185 was grown overnight in YPD plus G418 to 
an OD660 of 3–10. Aliquots were centrifuged at 3,000×g 
for 3 min and cells resuspended in 5 mL water. Cells were 
added to 60 mL YP (+G418) media in DASGIP bioreac-
tors (300  mL volume bioreactor) (Eppendorf, Hamburg, 
Germany) for an OD660 of 15. Cultures were aerated at 6 
L/h and 100  % ethanol was added at rates of 0.03, 0.06, 
0.105 and 0.15 g/h. Ethanol did not accumulate during the 
cultivation. The bioreactor cultures were not subject to pH 
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control. Samples were taken at 24 h intervals and TAL pro-
duction was quantified by RP-HPLC as described above.

Efflux measurements

Cells were grown in batch culture in 125-mL flasks using 
YPD plus G418 medium as described above with a starting 
OD660 of 0.1. Samples (1 mL) were taken at 96 h and quanti-
fied by RP-HPLC as described above. The cells were then 
rinsed twice and resuspended in 5 mL water and incubated 
at 30  °C. Cells were collected by centrifugation at various 
time points and the amount of TAL in the cell-free superna-
tant was quantified by RP-HPLC. Time courses were fit to 
single exponentials using Kaleidagraph software v 4.1. Intra-
cellular concentrations were calculated from the extracellular 
concentration at the final time point during the efflux divided 
by the cellular volume, using the following equation:

in which [TALin] is the intracellular TAL concentration (g/L), 
TE is the total amount of effluxed TAL (g), VC is the spe-
cific cell volume (L/g DW) of cells, DW is cell dry weight 
(g  DW). The specific cell volume used for calculations 
(VC = 2.66 × 10−3 L/g DW) was based on previous calcu-
lations of cell volume and mass and does not change signifi-
cantly with increasing ploidy [23, 24]. A conversion factor of 
0.623 ± 0.0364 g DW/L-OD was determined using g DW and 
corresponding OD measurements for all seven selected strains. 
This conversion factor was used to convert OD to dry weight.

Results

Screening Saccharomyces strains for TAL production

Fifteen Saccharomyces strains of varied genetic background 
were transformed with the low-copy plasmid pRH525 for 

(1)[TALin] =
TE

VC×DW

expressing the g2ps1 gene for 2-pyrone synthase. These 
strains consisted of laboratory and industrial (wine, beer, dis-
tillery, and bioethanol production) yeast. The TEF promoter 
was used to induce 2-PS production, as it more consistently 
produced TAL than the commonly used ADH2 promoter 
(Fig. S1). TAL production was initially measured in batch 
culture with glucose as the carbon source. In all strains, TAL 
production peaked on day 4 or 5 and did not significantly 
increase after that (Fig. 1a). The amount of TAL produced 
varied 63-fold between strains, with the greatest amount of 
TAL produced by strain 1174 at 0.63 ± 0.058 g/L and the 
smallest amount produced by strain 1176 at 0.01 ± 0.001 g/L 
(Fig.  1b). The five highest TAL-producing strains, 1152, 
1174, 1179, 1182, and 1185, were analyzed further. Two lab 
strains, 1186 and 1187 (CEN.PK and BY4727 backgrounds, 
respectively; Table 2) were also included.

Efflux of TAL

At the concentrations produced in this study, TAL has been 
shown to cause only a minor decrease in cell growth [7]. 
When added at elevated concentrations (e.g., 10 g/L TAL), 
a more significant decrease in growth rate and biomass 
yield was reported (especially with minimal medium) [7]. 
High intracellular TAL concentrations could result in tox-
icity and hinder optimization at the higher TAL produc-
tion levels required for an industrial process. An efflux 
experiment was performed to determine if TAL is actively 
exported from the cell. After TAL production was complete 
(96  h), yeast cells were removed from media and resus-
pended in water. TAL efflux values were measured with 
respect to time (after cell resuspension in water) and fit to a 
single exponential (Fig. 2a, b). Data that fits a single expo-
nential is consistent with a single efflux event under single 
turnover conditions [17]. Additional phases were observed 
in strains 1179 and 1187, and this analysis is beyond the 
scope of the paper. All other strains fit a single exponential 
well (R2 > 0.87 for all replicates).

Fig. 1   Screening Saccharomyces strains for TAL production from 
glucose. a Representative time courses of TAL production from 6 
of the 15 strains engineered to express the g2ps1 gene. b Amount of 

TAL present at 96 h for all 15 strains evaluated. The average of three 
independent cultures is shown. Error bars represent the standard 
deviation
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The single exponential indicates that one method of 
efflux predominates, but does not distinguish between 
active and passive transport. We measured the concentra-
tion gradient between intracellular and extracellular TAL 
to distinguish between diffusion-based and active efflux. 
Both passive and facilitated diffusion would result in equal 
intra- and extracellular TAL concentrations at equilibrium. 
If TAL was actively pumped out of the cell, the extracel-
lular concentration would exceed the intracellular. Intracel-
lular TAL concentrations were determined from the total 
TAL effluxed into water (Fig. 2c). In all strains, there was 
a significantly lower (7- to 28-fold less) TAL concentration 
inside the cells than was present in the medium (Fig. 2c). 
These data suggest that an active method for TAL efflux is 
responsible for establishing the concentration gradient.

TAL production using different carbon sources

TAL production was compared for cells grown in medium 
containing 20  g/L glucose, ethanol, glycerol, or acetate 
(Fig. 3a). TAL production was highest from cells cultured 
in medium containing ethanol  >  glucose  >  acetate, and 
lowest in medium containing glycerol regardless of strain 
(WSR α < 0.05 for all pairwise combinations). Cells grown 
in medium containing ethanol had the highest cell density 
(OD660), followed by glucose, with acetate and glycerol 
having similar low cell growth (WSR α < 0.05) (Fig. S2a). 
The highest TAL titer of 0.95 ±  0.056  g/L was achieved 

Fig. 2   Efflux of TAL from cells. a, b Time courses of TAL efflux 
from cells into water. Efflux experiments were performed in triplicate 
and efflux data were fit to single exponentials. A representative time 
course for each strain is shown. Solid lines represent the fit to a sin-
gle exponential. c Measured extracellular and calculated intracellular 
TAL concentrations at 96 h. Extracellular TAL (black) and intracellu-
lar TAL (light gray). Data shown are the averages of three independ-
ent cultures. Error bars represent the standard deviation Fig. 3   Analysis of TAL production. a TAL production with cells 

cultured for 96  h in medium containing different carbon sources. b 
Percent yield. c Specific TAL production (amount of TAL produced 
per biomass). Glucose (black), ethanol (gray), glycerol (white), and 
acetate (crosshatch). Data shown are the averages of three independ-
ent cultures. Error bars represent the standard deviation
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with strain 1185 (Y-629 background) followed by strain 
1182 (Ethanol Red background) with 0.90  ±  0.066  g/L. 
The highest percent yields were approximately 7 % of the-
oretical yield (Fig. 3b). Specific TAL production (g TAL/g 
cell dry weight) was compared to identify strains and/or 
conditions that produce more TAL per cell (Fig.  3c). On 
average, specific production with glucose was significantly 
lower than on ethanol for pairwise combinations (Fig. 3c, 
WSR α < 0.01). Using this same test, across all strains, spe-
cific production on acetate was not significantly different 
from production on either ethanol or glucose. Specific TAL 
production from glycerol was significantly lower than the 
other three carbon sources (WSR α < 0.01).

Comparison of TAL production with varying batch glucose 
concentration

Several strains produced similar amounts of TAL from 
glucose and ethanol (Fig.  3a). Strain 1185 (Y-629 with 
pRH525) was selected for further analysis because it con-
sistently produced high TAL titers, and Y-629 produced 
TAL when the ADH2 promoter was used to express 2-PS, 
whereas the other high-producing strains did not (Fig. S1). 
Several higher glucose concentrations (50, 100, 150, and 
200  g/L) were tested to determine if variation of the ini-
tial glucose concentration would lead to an increase in TAL 
production (Fig. 4a). A low glucose concentration (1 g/L) 
was also used to determine if respiratory metabolism of 
glucose, which occurs at low glucose concentrations, 
would result in a higher percent yield. Increasing the glu-
cose concentration did not result in higher production; final 
TAL concentration was equivalent for 20 and 50 g/L glu-
cose (0.48 ± 0.068 and 0.55 ± 0.20 g/L) and lower under 
all other conditions. The highest yield was also observed 
with 20  g/L glucose (5.2  ±  0.72 percent yield). Respira-
tory metabolism in the cultures with 1 g/L glucose did not 
increase TAL yield (Fig. 4b).

TAL production using fed‑batch cultivation with ethanol 
feed

Although respiratory metabolism of glucose (1 g/L glucose 
in batch culture) did not increase TAL yield compared to 
glucose fermentation (Fig.  4b), respiratory metabolism of 
ethanol did result in a higher percent yield compared to 
cells grown under fermentative conditions (Fig.  3b, batch 
culture for strain 1185 in medium with ethanol vs. glu-
cose). In an effort to optimize the culture under respiratory 
conditions and increase cytosolic acetyl-CoA, we evaluated 
TAL production using strain 1185 cultured in a fed-batch 
bioreactor with ethanol feed. Dissolved oxygen was main-
tained at 30 % and the feed rate of ethanol was varied at 
0.03, 0.06, 0.105, and 0.15 g/h. All four conditions resulted 

in significantly higher TAL concentrations than those 
attained in batch cultivation with the highest titer reaching 
5.2  ±  0.46  g/L (Fig.  5a). Lower ethanol feed rates (0.03 
and 0.06 g/h) resulted in a steady increase in TAL titer. Ini-
tial TAL productivity was increased when the ethanol feed 
rate was increased to 0.105 and 0.15 g/h. However, rather 
than further increasing final TAL titer, TAL decreased rap-
idly after reaching an intermediate concentration (Fig. 5a). 
This rapid decrease in TAL concentration did not appear to 
be dependent on the maximum TAL concentration, as the 
maximum final TAL concentration was higher in cultures 
using a lower ethanol feed rate than in the 0.15 g/h sample, 
which had the earliest TAL decrease. Rather, loss of TAL 
from the medium appeared dependent on the rate of TAL 
production. Cultures with the highest TAL productivity 
showed the earliest onset of TAL disappearance, whereas 
cultures with lower TAL productivity continued to slowly 
accumulate TAL and were able to reach higher titers.

Modification of TAL

In cell culture with elevated carbon source conditions, 
such as the fed-batch bioreactors (0.105–0.15  g/h ethanol 
feed) and batch culture with higher glucose concentra-
tions (50–200 g/L), additional products were observed that 
eluted at later RP-HPLC retention times. Distinct lower 
polarity peaks were observed at 12.8  min (Compound II) 

Fig. 4   Batch culture of 1185 with varying glucose concentrations. 
a TAL production by strain 1185. b Percent yield with strain 1185. 
Data shown are the averages of three independent cultures. Error 
bars represent the standard deviation
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and 13.2 min (Compound I) (Fig. 5b). These products had 
temporal profiles (Fig. 5c, d) that showed a progression in 
which TAL concentration peaked, followed by appearance 
of Compound I, then Compound II. These products were 
not observed in the RP-HPLC chromatograms from strains 
lacking the g2ps1 gene (data not shown). Compounds I and 
II could also be generated by incubating the parent strain 
with exogenously added TAL at elevated concentrations, 
indicating that they were TAL derivatives (data not shown).

One potential reactive site on TAL is the 4 position 
hydroxyl group; we hypothesized that the TAL deriva-
tive involved ester formation at this hydroxyl. To test this 
hypothesis we attempted to convert Compound I back 
into TAL. To saponify this potential ester linkage, sam-
ples containing Compound I were incubated at increasing 
pH from 6 to 12. Increasing the pH from 6 to 9 resulted 
in an increased TAL signal and a concomitant lower signal 
of Compound I; however, higher pH did not increase the 
amount of Compound I converted to TAL, possibly due to 
degradation of both TAL and Compound I (Fig. 6). These 
data indicated that Compound I is a modification of TAL.

Discussion

Previous studies of TAL production that have utilized S. 
cerevisiae have each investigated a single laboratory strain 
[7, 49]. This work is the first to increase TAL production 
through the genetic diversity available in more robust indus-
trial strains. Genome sequencing of industrial strains and 
comparison to lab strains have identified significant differ-
ences at the level of single nucleotide polymorphism and 

the presence of additional genes and pathways in industrial 
strains that are lacking in lab strains [4, 5, 42, 48]. Aside 
from providing the increased stress tolerance [14, 33] 
required for an industrial process, industrial strains have 
previously been shown to increase the fermentation of 
xylose to ethanol [3, 6, 13, 18, 22] compared to lab strains. 
The strains tested in this study were identified previously 
in a screen for increased resistance to inhibitors present in 
corn stover hydrolysate (to be reported elsewhere) and thus 
should be ideal for further engineering for the production of 
biorenewable TAL from lignocellulosic biomass feedstocks.

Fig. 5   TAL production using 
continuous ethanol feed. a 
TAL production (g/L) over 
time. b RP-HPLC chromato-
grams showing the loss of TAL 
and subsequent production 
of Compounds I and II from 
0.15 g/h feed. c Compound I 
production (g/L) over time. d 
Compound II production (g/L) 
over time. Since Compounds I 
and II were derivatives of TAL, 
the extinction coefficient for 
TAL was used to estimate their 
concentrations based on a TAL 
standard curve. Data shown are 
the averages of three inde-
pendent cultures. Error bars 
represent the standard deviation. 
Symbols for panels a, c, d are: 
0.15 g/h (filled circle), 0.105 g/h 
(square), 0.06 g/h (cross), and 
0.03 g/h (filled triangle)

Fig. 6   Base treatment of Compound I. Potassium hydroxide was 
added to culture supernatant and aliquots were taken at intervals of 
0.5 pH. Samples were incubated at RT for 20 h and measured by RP-
HPLC. Concentration data were normalized to the amount of Com-
pound I and TAL present at pH 6. Compound I [normalized concen-
tration (filled circle)] and TAL [variation in normalized concentration 
(filled square)] are shown on separate axes. Declining values for TAL 
beyond pH 7.5 indicate that TAL is unstable at elevated pH. Nega-
tive values for TAL beyond pH 10 result from degradation of TAL 
to levels below the amount present at pH 6. Error bars represent the 
standard deviation of three biological replicates
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TAL production using 2-PS requires both acetyl and mal-
onyl-CoA. In S. cerevisiae, malonyl-CoA is produced from 
acetyl-CoA by ACC1. While some yeast species provide 
multiple pathways to produce acetyl-CoA, in S. cerevisiae, 
cytosolic acetyl-CoA is only produced by acetyl-CoA syn-
thase (ACS1 and ACS2) [35]. The flux through these path-
ways is influenced by many factors, and increasing flux to 
cytosolic acetyl-CoA has been the focus of several meta-
bolic engineering studies [7, 9, 11, 25–27]. Variation due to 
the genetic differences between yeast strains could also lead 
to different flux through this pathway, with the potential 
for certain strains to have an increased capacity to produce 
TAL. Initial screening of Saccharomyces strains of diverse 
genetic background showed that TAL production varied sig-
nificantly (63-fold) depending simply on choice of strain 
used to express g2ps1. While industrial strains did produce 
the most TAL, many of the strains produced less TAL than 
the intermediate levels produced by laboratory strains.

Cells utilize different metabolic pathways depending on 
the available carbon source. Changing the carbon source 
and culture conditions can improve TAL yield and provide 
useful information for further metabolic engineering strat-
egies and process engineering approaches. This approach 
(i.e., using fed-batch cultivation with ethanol feed vs. batch 
culture with glucose) was recently shown in yeast to sig-
nificantly increase production of amorphadiene, a precursor 
of the anti-malarial drug artemisinin which also requires 
acetyl-CoA for its production in yeast [30, 31, 47]. While 
fermentation is the most efficient pathway for ethanol pro-
duction, it results in low intracellular acetyl-CoA concen-
trations, and is thus not ideal for production of products 
made from acetyl-CoA. Respiratory metabolism provides a 
sixfold increase in acetyl-CoA flux compared to fermenta-
tion [20, 32] and should provide more acetyl-CoA to the 
TAL production pathway.

Fermentative vs. respiratory production of TAL was 
investigated by several ways in this study. S. cerevisiae uses 
respiratory metabolism when cultured with ethanol, glyc-
erol, or acetate as the carbon source. Separately, culture 
with low glucose concentration (<2–5 g/L) also allows res-
piration. These culture conditions were evaluated for their 
effect on TAL production and yield. TAL production was 
highest with ethanol as the carbon source. Polyketide and 
terpene pathways begin with acetyl and/or malonyl-CoA, 
and these pathways are glucose-repressed in S. cerevisiae. 
Ethanol is assimilated via conversion to acetyl-CoA and 
this pathway may supply more acetyl-CoA for conversion 
to TAL [12, 47] as it has a more direct route to acetyl-CoA 
than glucose or glycerol. Thus, fewer opportunities exist 
for intermediates to be siphoned off into other pathways.

Acetate, however, should have a similarly direct path-
way to acetyl-CoA, but cells cultured in medium with 
acetate as the carbon source produced significantly less 

TAL. While cells cultured with acetate were able to con-
sume all of the acetate, cell density for these cultures was 
significantly lower compared to cultures with glucose or 
ethanol (Fig. S2). Acetate flux through acetaldehyde rather 
than acetyl-CoA may predominate [36], so that cells in 
acetate media would not have the acetyl-CoA flux of those 
in ethanol. Weak organic acids like acetic acid are known 
for their ability to deplete ATP [34]. Acetic acid (pKa 4.75) 
dissociates in the yeast cytosol (pH ~ 7) leading to acidifi-
cation. Cells counter the acidification by actively transport-
ing the dissociated protons out of the cell, at the expense of 
1 ATP:proton. Synthesis of acetyl-CoA requires ATP; ATP 
limitation due to acidification of the cytosol could explain 
the low TAL production from acetate.

Biodiesel production generates large amounts of crude 
glycerol as a by-product. This abundance of glycerol by-
product has generated considerable interest in identifying 
strains capable of using it as a substrate. Most laboratory 
strains of S. cerevisiae grow poorly on glycerol. How-
ever, there is intraspecies diversity with respect to glycerol 
metabolism and strains have been identified that exhibit 
increased ability to assimilate glycerol [44]. Three of the 
strains tested were able to metabolize 50–75 % of glycerol 
(Fig. S2b) and strain 1179 attained a cell density equal to 
its growth on glucose or ethanol (Fig. S2a). However, TAL 
production was extremely low for all of the strains cultured 
with glycerol.

Our work identified a potential bottleneck in TAL pro-
duction that was not reported in previous studies [7, 49]. At 
elevated TAL productivity, TAL was rapidly modified by 
the cells. Since Compound I can be converted back to TAL 
by increasing pH, we believe that the modified TAL product 
contains an ester linkage to the 4 position hydroxyl group. 
Under our conditions, these products did not form after a 
particular TAL concentration was reached, but instead TAL 
appears to be modified when a high rate of TAL produc-
tion is reached. As TAL is slightly toxic to S. cerevisiae [7], 
modification of TAL could be a stress response to a rapid 
TAL increase. Future work will be required to identify and 
prevent the formation of these additional products.

Our results are consistent with active TAL export from 
the cell via a single pathway. However, the identity of the 
efflux pump is not yet known. Active efflux can keep intra-
cellular TAL concentrations low until the rate of TAL pro-
duction is faster than the rate of efflux, beyond which we 
hypothesize that TAL modification occurs. Stress responses 
can be alleviated with a faster efflux of the toxic chemicals 
from the cells [37, 39, 46] and transporter engineering has 
been shown to improve tolerance to alkane biofuels [8, 
15]. Identifying the transporter responsible for TAL export 
and increasing the rate of TAL efflux may be a potential 
approach to further improve TAL tolerance and limit the 
conversion of TAL to Compound I.
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TAL was produced at concentrations of 5.2 g/L in indus-
trial Saccharomyces strains without engineering of either 
the 2-PS gene or metabolic pathways of the yeast strain. 
TAL percent yields obtained for these strains were low 
(4–7 % from glucose), but were comparable to the 1–5.3 % 
yield reported for an unmodified laboratory strain [7]. Pre-
vious studies have shown 20-fold improvement in TAL pro-
duction from an engineered g2ps1 gene in E. coli [45], and 
12-fold improvement through strain engineering in S. cer-
evisiae [7]. The use of either of these methods, combined 
with the strain identified in our study, will likely increase 
TAL yield further, indicating that S. cerevisiae is an excel-
lent candidate for production of this platform chemical.
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