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ABSTRACT: Plants and microbes commonly make terpenes and
terpenoids in small amounts and as complex mixtures, and their
chemical synthesis is often costly and inefficient. Hence, there are
many efforts to create robust and efficient biological production
platforms for this interesting class of molecules. In this study, our
effort was directed towards building a yeast production platform
using an unbiased genetic selection approach. Yeast strain BY4741
was subjected to EMSmutagenesis, followed by selection for growth
in the presence of nystatin, squalestatin, and exogenous cholesterol.
This unbiased screen selected for mutant yeast lines having a
dispensable mevalonate pathway and containing uncharacterized
SUE (sterol uptake enhancement) mutations supporting aerobic
uptake of exogenous sterol. These mutants were next screened for
high level accumulation of farnesol (FOH), an indicator for high
level accumulation of the key intermediate FPP, farnesyl
diphosphate. To further improve the FPP pool in these mutants,
insertional mutations into the ERG9 gene (coding for squalene
synthase) were introduced into those lines capable of accumulating
�50mg farnesol/L. This generated another series of lines that
accumulated farnesol levels over 70mg/L in small-scale shake
cultures. To evaluate the utility of these lines as a general production
platform for specific terpenes, select SUE/erg9 lines were trans-
formed with a vector harboring the Hyoscyamus muticus
premnaspirodiene synthase (HPS) gene encoding for a sesqui-
terpene synthase. The new yeast line ZX178-08 accumulated the
highest level of premnaspirodiene, up to 116mg/L, with FOH levels
of 23.6mg/L. In comparison, the parental line BY4741 accumulated
10 times less premnaspirodiene, 10.94mg/L, with no farnesol
detectable. Co-expression of the HPS gene with an amino-
terminal truncated, catalytic form of the hamster HMGR gene,
tHMGR, increased premnaspirodiene accumulation to
170.23� 30.44mg/L, almost a 50% increase. Further utility of
this yeast line was demonstrated for triterpene production. When
engineered for the production of a non-native triterpene, Zx178-08
accumulated upwards of 60mg/L of botryococcene. To engineer
more native triterpene accumulation, additional insertion mutants
into the ERG1 gene (coding for squalene epoxidase) were evaluated.
Insertion of a simple selection marker followed by over-
expression of a heterologous squalene synthase gene resulted in

greater than 85mg/L of squalene. However, when the ERG1
insertional mutant included chromosomal insertion of a truncated,
heterologous HMGR gene, squalene production was more than
tripled to 270mg/L. These results are discussed in comparison to
other recently developed terpene production platforms.
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Terpenes are a very large class of structurally diverse compounds
made by organisms in all kingdoms of life. The terpenes from plants
are perhaps the most extensively described as evident by well over
100,000 different terpenes reported in the literature (Buckingham,
2003). Terpenes are also widely recognized for their diverse utility
and applications with significant market values in medicines,
flavors and fragrances, agricultural chemicals, and industrial
chemicals. For example, taxol, a diterpene widely recognized for its
application as a chemotherapeutic agent, was first isolated from the
bark and needles of several Taxus plant species (Wall and Wani,
1995), now widely used to treat patients with lung, ovarian, breast,
and brain cancers, and reached peak annual sales of US$ 1.6 billion
in 2000 (Malik et al., 2011; Yared and Tkaczuk, 2012). Likewise,
Artemisinin, a sesquiterpene isolated from the plant Artemisia
annua, has been developed as a key pharmacological agent for the
control of malaria (Tu, 2011), with annual global demand exceeding
100 metric tons in 2006 (Kindermans et al., 2007). Patchouli,
another sesquiterpene, is a popular aromatic found in colognes,
perfumes and many other household cleaning products (Wu et al.,
2006). The current world demand for patchouli is 1,200–1,500 tons/
year with a 10–15% increase per year predicted (Ramya et al.,
2013). Menthol is a monoterpene obtained from mint family plants
and is a popular ingredient in many foods and consumer products
(Bedoukian, 1995). Triterpenes such as squalene, obtained from
various plant sources and the livers of deep sea sharks, have utility
as a nutraceutical product, are used extensively in many types of
cosmetics, and have special application as a lubricant for high
performance machinery (Bhilwade et al., 2010; Huang et al., 2009;
Reddy and Couvreur, 2009).

Although there is a large demand for specific terpenes, the
availability of single terpene entities is limited in nature. Terpenes
are generally made natively by plants and microbes in small
amounts and components of complex mixtures that vary with
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growth and environmental conditions, making it difficult to
reproducibly obtain large amounts of any one terpene constituent
(Wu et al., 2006). For instance, taxol was initially produced directly
from the bark of Pacific yew in a process that killed the producing
trees. Now most taxol is derived from a semi-synthetic process
wherein the basic backbone structure is obtained from plant cell
fermentation, followed by chemical conversion to the final product
(Jennewein and Croteau, 2001). Even though there is still ambiguity
about the biosynthetic pathway for taxol, many efforts have been
devoted to improving the production of intermediates, precursors,
and derivatives via metabolic engineering techniques to provide
alternative sources to meet the worldwide market demand for this
and other therapeutically classes of compounds (Ajikumar et al.,
2010; Besumbes et al., 2004; Boghigian et al., 2012; Engels et al.,
2008).
Organic chemical synthesis does not suffice for the production of

single entity terpene compounds to satisfy the market requirement.
Chemical synthesis of terpenes is often costly and inefficient
(Nicolaou et al., 1994). Furthermore, chemical synthesis also suffers
from generating enantiomeric mixtures, which adds other
complications and difficulties for downstream application to
separate and purify, if one particular stereochemical form of a
terpene is desired. Given such difficulties, there are many on-
going efforts to create robust, reliable and efficient biological
systems for the production of distinct classes of terpenes, and more
so for the generation of stereochemically pure forms of terpenes
(Asadollahi et al., 2008,2010; Fischer et al., 2011; Keasling, 2009;
Kirby et al., 2008; Martin et al., 2003; Paddon et al., 2013; Seki et al.,
2008; Takahashi et al., 2007; Wu et al., 2006).
In the current effort, we have taken a combination of genetic

and molecular genetic approaches to engineering a dispensable
mevalonate biosynthetic pathway in yeast. Our approach has been
to recognize that this pathway provides allylic diphosphate
precursors, DMAPP, IPP, FPP, and GGPP, for a number of
necessary and essential biosynthetic needs. For instance, DMAPP
and IPP for prenylation of macromolecules like tRNAs, FPP for
ergosterol biosynthesis and protein prenylation, and GGPP for
dolichol biosynthesis and other protein prenylation reactions. Our
approach has been to generate a sterol auxotrophic line with
unregulated flux of carbon through the mevalonate pathway
sufficient to provide DMAPP, IPP, FPP, and GGPP for essential
biosynthetic needs, yet robust enough such that carbon flux can
be diverted at any of these intermediates to build additional novel
terpene molecules. The aim of the current study was to engineer
yeast for high carbon flux down the mevalonate pathway
sufficient to enhance the accumulation of FPP for the efficient and
economic production of sesquiterpene and triterpene products
sufficient to meet the requirements of research, industrial
production, or therapeutic applications.

Materials and Methods

Chemical and Media Preparations

All chemical reagents were obtained from Sigma–Aldrich (St. Louis,
MO), BD Bioscience (Franklin Lakes, NJ), or Fisher Scientific
(Chicago, IL), while reagents for molecular manipulations were

from Stratagene (San Diego, CA), Takara (Shiga, Japan), Invitrogen
(San Diego, CA), and New England Biolab (Ipswich, MA).
Bacteria and yeast were grown using standard culture practices

as described in the supplementary information.

Ethyl Methane-Sulfonate (EMS) Mutagenesis

Strain BY4741 (MATa his3D0, leu2D0, met15D0, ura3D0) (Janke
et al., 2004) was used as the parental yeast line. BY4741 cells were
incubated overnight at 30 �C in 5mLYPD medium with shaking at
200 rpm, and used to establish a 200mL YPD shake flask culture.
When the yeast culture OD600 reached approximately 1.0, the cells
were spun down by centrifugation (10min at 4,000� g), and
washed twice with 20mL 0.1M sodium phosphate buffer, pH7.0.
Cells were concentrated by centrifugation again, re-suspended in
1mL 0.1M sodium phosphate buffer, transferred to a 14mL
FALCON culture tubes, treated with 300ml EMS (1.2 g/mL),
followed by incubation at 30 �C for 1 h with shaking. To stop the
mutagenesis, 8 mL of sterile 5% sodium thiosulfate was added to
yeast cells to inactivate the EMS. Cells were pelleted, washed with
8mL sterile water, concentrated by centrifugation, re-suspended in
1mL sterile water and 100ml aliquots plated onto YPD-NCS agar
plate (YPD plus 50mg/L cholesterol, 50mg/L nystatin, 50mg/L
squalestatin, 2% Bacto-agar). In some experiments, the washed
cells were resuspended in 1mL YPDE liquid media for recovery
overnight before plating on YPD-NCS agar medium. The cultures
were incubated for up to 2 weeks at 30 �C until distinct colonies
became visible.

Yeast Transformation and Colony Screens

Yeast strains were transformed with the respective vector constructs
using the FROZEN-EZ Yeast Transformation II Kit (Zymo Research,
Orange, CA) according to the manufacturer’s recommendations.
Resulting colonies were cultured and chemically profiled by GC-
MS using standard protocols as described in the supplementary
information.

GC-MS Detection and Quantification of Terpenes

Extraction and chemical profiling by GC-MS of the various yeast
cultures were preformed as described previously (Takahashi et al.,
2007) and detailed in the supplementary information.

Construction of the Squalene Synthase (ERG9) and
Squalene Epoxidase (ERG1) Knockout Mutations

Insertional mutations into the ERG9 and the ERG1 genes relied on
standard procedures as described more fully in the Supplementary
Information. Essentially, DNA sequences at either ends of the target
loci were appended to either a hygromycin selection marker (for
ERG9 KO), or the KanMX4 marker or the KanMX4 gene plus
truncated HMGR gene (for ERG1 KO), and these combined DNA
fragments amplified by PCR were transformed into our target yeast
lines followed by the selection for the indicated antibiotic markers.
The insertional mutants were confirmed by PCR and then
chemically profiled by GC-MS.
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Expression of Terpene Synthases and HMGR Genes in
Yeast

The various expression vectors used in these studies are illustrated
in Figures S2 and S3 in the supplementary information. The yeast
GPD promoter (P-GPD), also referred to as TDH3 promoter, was
amplified from the pYM-N14 plasmid described by (Janke et al.,
2004) using the primers GPD-BamHIF and GPD-NotIR primers and
inserted into the pESC-HIS3 vector (Agilent Technologies, Santa
Clara, CA) digested with BamHI and NotI to replace the original
GAL1/10 divergent promoters. The resulting plasmid was named
pESC-HIS3-GPD. The HPS gene was cloned into NotI and SpeI sites
of pESC-HIS3-GPD to obtain the yeast expression vector pESC-
HIS3-GPD-HPS similar to that described by Takahashi et al. (2007)
(Fig. S2). The pESC-LEU2-GPD vector was built in the same way as
pESC-HIS3-GPD vector. The hamster HMGR full-length and
truncated HMGR genes (Chappell et al., 1995) were cloned into
NotI and SpeI sites of pESC-LEU2-GPD to obtain the yeast
expression vector pESC-LEU2-GPD-tHMGR and pESC-LEU2-GPD-
HMGR full constructs. The Botryococcus braunii squalene synthase
and botryococcene synthase (SSL1-3) expression constructs were
built similarly using the corresponding genes described in (Niehaus
et al., 2011) and illustrated in Figure S3. Yeast lines transformed
with these constructs were then evaluated for their production of
the sesquiterpene premnaspirodiene and the triterpenes squalene
and botryococcene as a measure of the availability of intermediates
of the mevalonate biosynthetic pathway for the biosynthesis of new
terpenes.

Results

Overall Strategy to Generate New Yeast Strains for
Terpene Production

Figure 1 outlines the approach used to generate yeast lines
providing the robust terpenoid biosynthesis of precursors that can
be utilized for the production of many different classes of terpenes.
The strategy takes advantage of the native mevalonate (MVA)
pathway that operates normally in yeast for the biosynthesis of
ergosterol, the dominant sterol found in yeast. Ergosterol is the
main product of the yeast mevalonate pathway, is an important
membrane component, and is essential for yeast growth. If the
ergosterol biosynthetic pathway is blocked or inhibited, yeast die. In
fact, this is the basis for many pharmacological drugs to control
fungal infections in man (Maertens, 2004) and agricultural
chemicals to control fungal infection in plants (Casida, 2009). To
further complicate matters, wild type yeast can take up exogenously
supplied sterol from their environment only under anaerobic
conditions (Zavrel et al., 2013).

In order to efficiently channel terpene biosynthetic intermediates
from the ergosterol biosynthetic pathway, a SUE (sterol uptake
enhancement) mutation supporting the aerobic uptake and
utilization of exogenous sterol was first created (Bourot and Karst,
1995; Shianna et al., 2001). A SUEmutation is thus a yeast line that
can meet all its sterol needs by an exogenous source of sterol,
thereby making the endogenous ergosterol biosynthetic pathway
dispensable. The SUE mutation was then complemented by the

introduction of a knockout mutation in the ERG9 gene (squalene
synthase) (Zhang et al., 1993), resulting in a yeast line where the
MVA pathway was still operational for the biosynthesis of FPP and
downstream allylic intermediates like geranylgeranyl diphosphate
(GGPP), yet intermediates in the pathway (DMAPP, IPP, and FPP)
could be diverted to the biosynthesis of other non-essential terpene
components. In order to follow and select for the desired mutant
lines, the yeast lines could be monitored for farnesol (FOH)
accumulation, the dephosphorylated form of farnesyl diphosphate
as noted earlier by Song et al. (2003). If the MVA pathway in the
yeast line continued to operate as proposed, then one would expect
carbon flux to FPP to continue. But, because the downstream
utilization of FPP by squalene synthase was abolished, then the
accumulating FPP would be subject to the endogenous phosphatase
activity (Faulkner et al., 1999) for its conversion to FOH, which
could be used as an initial screen for monitoring development of the
mutant yeast line. Further engineering of such a yeast line could
then take advantage of the FPP, DMAPP, and IPP pools for their
diversion to the biosynthesis of monoterpenes (10 carbon
compounds), sesquiterpenes (15 carbon compounds), diterpenes
(20 carbon compounds), and triterpenes (30 carbon compounds).

Steps in the Development of Yeast With a Dispensable
Mevalonate Pathway

To initiate the new yeast line development, we subjected parental
yeast line BY4741 through three phases of selection. Figure 2
illustrates these three phases. In phase I, chemical mutagenesis was
used to introduce SUEmutations, which were identified by selecting
for yeast cells that did not have a functioning ergosterol biosynthetic
pathway and could only grow in the presence of exogenous
cholesterol. The SUE mutation was created by subjecting wild type
yeast strain BY4741 to EMS mutagenesis to introduce random
mutations in the whole genome, followed by selection on plates
containing three selection agents: nystatin; cholesterol; and
squalestatin. Nystatin binds to ergosterol in the cell membrane
causing non-selective membrane permeability and leads to cell
death (Silva et al., 2006). Nystatin thus selects against cells that have
ergosterol in their membranes. However, yeast has an absolute
requirement for sterols in order for their membranes to function
properly. Hence, by having the mutagenized yeast plated in the
presence of cholesterol, which nystatin cannot bind to, only yeast
that can take up the exogenous cholesterol under aerobic conditions
and properly incorporate the cholesterol into their membranes
survive. Squalestatin is a potent inhibitor of squalene synthase and
eliminates the yeast’s ability to synthesize ergosterol (Bergstrom
et al., 1995), thus assuring that the surviving yeast have a
dispensable mevalonate pathway.

Two hundred of the initial yeast colonies growing aerobically
after mutagenesis on medium containing nystatin, cholesterol and
squalestatin were replicate plated onto medium containing
squalestatin or squalestatin and ergosterol. One hundred and
thirty-four of the colonies grew on both plates, and only 66 of the
colonies re-grew on the squalestatin plates supplemented with
ergosterol but did not grow on the squalestatin only plates. This
indicated that only 33% of the initial 200 colonies picked exhibited
the desired phenotype.
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In phase II, the 66 yeast lines demonstrating an absolute
requirement for exogenous sterols for growth were grown in liquid
medium containing squalestatin plus ergosterol, and chemically
profiled by GC-MS after 6 days (Fig. 3). Like the parental line
BY4741, 20 of the culture lines did not accumulate detectable
amounts of farnesol. Forty-six of the cultures accumulated 1–60mg
of FOH/L equivalent of culture, with nine of these accumulating
more than 50mg FOH/L. Eight of mutant lines accumulating 50 or
more mg/mL of FOH were carried forward for phase III knockout
mutagenesis of the squalene synthase gene, ERG9.
The objective in phase III was to obtain a knockout mutation of

the ERG9 (squalene synthase) gene, thus assuring the dispensable
nature of the endogenous mevalonate pathway for ergosterol
biosynthesis. Site specific recombinationwas afforded by appending
5’ and 3’ regions surrounding the native ERG9 gene onto a
hygromycin selection marker gene, then introducing this linear
gene construct into each of the selected yeast lines from the phase II
screening under conditions to promote site-specific, double
recombination with the native ERG9 gene. The knockout mutants
were then selected by plating the cells in the presence of ergosterol
and hygromycin. Recombination as depicted in Figure 2 should
result in the coding region of the ERG9 gene being substituted with

the hygromycin resistance marker gene. Replica plating of the
resulting hygromycin resistant colonies onto plates plus and minus
for ergosterol confirmed that only erg9 knockout colonies grew with
sterol supplement, and did not grow on plates without sterol
supplement. Confirmation of the ERG9 substitution was obtained
by screening the genomic DNA of the selected sterol dependent
yeast colonies for the hygromycin marker gene in proximity to
genomic DNA sequences normally found 3’ to the ERG9 coding
region. Using genomic DNA isolated from hygromycin resistant
colonies as the PCR templates with a hygromycin specific primer
(hphF) and a primer specific to a genomic DNA sequence found 3’ to
the ERG9 gene (ERG9 450DwR), a PCR amplification product of
approximately 1,500 bp would be expected and was readily evident
in the colonies tested (Fig. 4A). A third level of ERG9 knockout was
provided by chemically profiling the selected lines for their
accumulation of farnesol when grown in small-scale liquid cultures.
As noted previously, the parental line BY4741 does not accumulate
farnesol (the dephosphorylated product of FPP), but the selected
lines, like ZX178-08 typically accumulated greater than 100mg of
FOH/L equivalent as determined by GC-MS (Fig. 4B).
Eight independent colonies from each of the erg9 knockout lines

were then re-evaluated for their growth in liquid media and the

Figure 1. Overall approach for generating yeast lines that would have a dispensable sterol biosynthetic pathway, and would provide opportunities for diverting intermediates

(DMAPP, IPP, and FPP) from the mevalonate (MVA) pathway for the biosynthesis of other terpene compounds.
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dispensable nature of their mevalonate pathway by checking for
their accumulation of farnesol (Fig. 5). Surprisingly, upwards of
twofold variation in the levels of farnesol accumulation were
observed in some of the eight independent cultures from a single
erg9 knockout line. For example, line ZX178-05 accumulated 32mg
FOH/L while line ZX178-03 accumulated �79mg FOH/L. Twenty
percent variation in terpene production is not unusual in
experimental replicates of cultures arising from the same initial
yeast colony, but greater than 20% suggested additional genetic and
epigenetic alterations that could be segregating, separating and
manifesting in these populations. Nonetheless, 11 of the resulting
yeast lines accumulated more than 70mg/L farnesol in test tube
scale cultures and were targeted for qualification of novel terpene
production ability.

Qualification of the New Mutant Yeast Lines for Their
Utility to Produce Terpene Compounds

Sesquiterpene Production

Eight of the yeast lines harboring a SUE mutation and having the
native ERG9 gene deleted in one selection series (Fig. 5, the ZX
series) and another line derived from an identical, but independent
selection series (line 2–2) were evaluated indirectly for the available
of terpene biosynthetic intermediates, and specifically FPP, to
support sesquiterpene biosynthesis in comparison to the parental
strain BY4741 (Fig. 6A). Hyoscyamus premnaspirodiene synthase
(HPS), a catalytically active sesquiterpene synthase first isolated

from Hyoscyamus muticus, was chosen for this evaluation because
HPS has been characterized for its expression in bacteria (Mathis
et al., 1997) and in yeast (Takahashi et al., 2007). An appropriate
HPS gene expression vector was engineered into the indicated yeast
lines and the subsequent transformants screened for premnaspir-
odiene accumulation when the yeast were grown as 30mL shake
flask cultures with SCE media containing leucine, tryptophan,
uracil, and methionine for 12 days at 23 �C. Yeast line ZX178-08
accumulated the highest level of premnaspirodiene, up to
116� 23.64mg/L, with FOH levels of 23.6� 14.5 mg/L. In
comparison, the parental line BY4741 accumulated 10 times less
premnaspirodiene, 10.94� 3.12mg/L, with no farnesol accumu-
lation detected.

HMGR (3-hydroxy-3-methylglutaryl coenzyme A reductase)
catalyzes the irreversible conversion of 3-hydroxy-3-
methylglutaryl coenzyme A to mevalonate and is considered a
key regulatory step controlling sterol biosynthesis metabolism in all
eukaryotic organisms (Siperstein and Guest, 1960). The 5’ end of
HMG CoA Reductase gene encodes for sequences responsible for
tethering the HMGR enzyme to the endoplasmic reticulum and
mediating a regulatory network controlling sterol-mediated
inhibition of HMGR gene transcription (Gil et al., 1985). To
engineer elevated HMGR enzyme activity into yeast and further
advance terpene product engineering, a truncated and full-
length version of the hamster HMG-CoA reductase gene were co-
expressed with HPS gene in the newly developed yeast line ZX178-
08. The truncated hamster HMGR was produced by removing the
DNA sequences encoding for the regulatory and N-terminal,

Figure 2. Three phases in selection of yeast lines dependent upon exogenous sterols for aerobic growth and having a dispensable mevalonate biosynthetic pathway.
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membrane-spanning domains (Chin et al., 1985). Constitutive
expression of this truncated form of the hamster HMGR gene in
transgenic tobacco was previously shown to lead to a three- to
sixfold increase in the total HMGR enzyme activity and a three- to
tenfold increase in total sterol accumulation (Chappell et al., 1995).
Co-expression the HPS gene plus the full length HMGR gene in
yeast line ZX178-08 improved premnaspirodiene production to
132� 11.5 mg/L with 31.2� 7.2 mg/L FOH (Fig. 6C). In contrast,
co-expression of HPS gene along with truncated HMGR gene
resulted in premnaspirodiene production of 170.2� 30.4 mg/Lwith
21.88� 3.82mg/L farnesol, almost an increase of 50mg of

premnaspirodiene per liter relative to line ZX178-08 with the
HMGR gene (Fig. 6B). Also shown in Figure 6B and C are the culture
growth curves, which are approximately half the growth rate of that
for the parental line BY4741, which reached the same culture
saturation level within 5–6 days rather than 10–12 days. About 50–
80% of the total premnaspirodiene and farnesol produced was
detected in the culture medium, suggesting that the newly
development yeast strain might have secreted these terpenes, or that
these particular terpenes possibly diffused down a concentration
gradient, or were released upon cell lysis.

Triterpene Production

A further demonstration of the dispensable nature of the
mevalonate (MVA) pathway in strain ZX178-08 was sought. The
potential to divert accumulating FPP as a consequence of cell
culture growth towards the biosynthesis of other potential high-
valued triterpenes was thus examined. Botryococcene is a squalene-
like triterpene found only in the green algae Botryococcus braunii
race B (Okada et al., 1995), whose production in yeast would not
likely be subject to catabolism. Botryococcene is a direct precursor
to all classes of combustible fuels, gasoline, jet fuel and diesel
(Hillen et al., 1982). We hence introduced a chimeric construct
consisting of fusing squalene synthase-like genes SSL-1 and 3 into
ZX178-08. SSL1-3M consists of the SSL1 and SSL3 genes fused with
a triplet repeat linker of GGSG in-between the two genes, plus a 71
amino acid membrane-spanning domain of the carboxyl terminus
of the Botryococcus braunii squalene synthase according to Niehaus
et al. (2011). The SSL-1 gene encodes for a pre-
squalene diphosphate synthase, which catalyzes the conversion of
FPP to the cyclopropyl intermediate pre-squalene, a relatively
unusual and unstable intermediate. When coupled with the
expression of SSL-3, pre-squalene is converted into botryococcene
in a NADPH dependent manner. Previous work demonstrated that
the fusion of these two genes into SSL1-3 resulted in more efficient
biosynthesis of botryococcene (Niehaus et al., 2011). This gene
fusion under the control of a moderately active ADH1 promoter was
thus transformed into yeast ZX178-08 line to evaluate triterpene
production capacity for botryococcene (Fig. 7). Similar to
premnaspirodiene production, botryococcene accumulation paral-
leled cell culture growth for the first 4 days, after which the
accumulation rate decreased by half. Interestingly, this occurred as
the cell cultures were reaching their maximum density, followed by
a rather unusual decline, perhaps indicative of a toxicity of the
accumulating botryococcene. Like sesquiterpene accumulation, the
botryococcene accumulated predominately (>70%) in the culture
medium.
In contrast to botryococcene, production of squalene, another

linear, branched chain triterpene, could be subject tometabolism by
the innate sterol biochemical machinery. Hence, we first sought to
inactive squalene epoxidase, the key enzymatic step committing
squalene to sterol biosynthesis. A second reason for wanting to
inactive the squalene epoxidase enzyme relates to another
interesting observation. That is, while our yeast squalene synthase
knock out line (erg9) can be transformed with the homologous yeast
gene and thus complement the erg9mutation, we have not been able
to obtain yeast transformants harboring other plant or animal

Figure 3. Quantitation of farnesol (FOH) levels in yeast lines demonstrated to have

an exogenous sterol requirement for growth. Selected yeast lines were grown as test

tube shake cultures with 40mg/mL of ergosterol and 40mg/mL of squalestatin for

6 days prior to chemically profiling culture aliquots by GC-MS.
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squalene synthase genes under transcriptional control of a
constitutive promoter. However, when those plant or animal
squalene synthase genes are under the control of inducible
promoters, like the Gal10 promoter, then transformants of ZX178-
08 could be obtained and squalene accumulation could be induced
upon addition of galactose. We have simply assumed that when
squalene is constitutively produced by the foreign plant and animal
squalene synthases, the resulting squalene can be convert to 2–3’
epoxidosqualene or other downstream derivatives in a manner that
would be toxic to the cells. Based on these two reasons, we sought to
delete the squalene epoxidase gene (ERG1) to enhance the
prospects of triterpene engineering.

Insertional inactivation of the ERG1 gene was created by
introducing a fragment containing the G418 resistance gene
(KanMX4) flanked by 34 bp fragments of the LoxP recombinase
system sandwiched (to allow for future recovery of the selection
marker) between 400 bp fragments of the 5’ and 3’ ERG1 gene
(Fig. S4). Introduction of this sequence into ZX178-08 and
subsequent selection yielded many G418 resistant colonies. Yeast
having correct homologous recombination between the trans-
formed fragment and desired regions of the ERG1 coding sequence
were further confirmed by PCR amplification with primers outside
the recombination region (Fig. S4) and this series of yeast were
named ZXA. The gene encoding for truncated, catalytic active
hamster HMGR (HMG-CoA reductase) (Chin et al., 1985), a rate
limited enzyme of MVA pathway, was also integrated into ERG1
gene region along with KanMX4 selection cassette, and the G418
selected lines referred to as ZXB. The ZXB lines were confirmed by
PCR similar to that for the ZXA lines (Fig. S4).

Yeast lines ZXA and ZXB where then transformed with an
expression cassette harboring the B. braunii squalene synthase gene
(Okada et al., 2000) driven by the strong constitutive GPD promoter
(Fig. S3). While other plant, animal and fungal squalene synthase
genes have been evaluated, the algal squalene synthase appears to

be catalytically superior in terms of kinetic efficiency (Kcat/Km),
and hence greater squalene accumulation (Niehaus et al., 2011;
Okada et al., 2000). For comparison, FOH accumulation by
untransformed ZXA (Fig. 8A) and ZXB (Fig. 8B) was determined
over a 12-day cultivation cycle. FOH accumulated to over 120mg/L
in ZXA, and upwards of 300mg/L in ZXB. When transformed with
the algal squalene synthase construct, ZXA accumulated 17.35mg/L
FOH and 87.18mg/L squalene over the same time period.
Interestingly, the ZXB yeast line accumulated 70.24mg/L FOH
and almost 250mg/L squalene.

Discussion

Terpenes and terpenoids are a highly diverse class of natural
products with important biological active and commercially value.
Nonetheless, the high cost and low efficiency of their isolation from
natural sources and the complexity of their chemical synthesis have
limited the development of single entity terpene products. Several
labs, including ours, have focused on utilizing and manipulating the
advantages of yeast native sterol biosynthesis pathway for the
production of specific classes of terpenes, like sesquiterpenes
(Asadollahi et al., 2008, 2010; Nguyen et al., 2012; Paddon et al.,
2013; Ro et al., 2006; Song, 2003; Takahashi et al., 2007; Westfall
et al., 2012; Yuan and Ching, 2014). However, given the advantages
of yeast as a fermentable organism, we desired the development of a
yeast line that would have facility for the production of diverse
terpenes from those having a 10-carbon backbone (monoterpenes)
to those with 30 carbon backbones (triterpenes), as well as the
capacity for biochemical diversification (Takahashi et al., 2007). In
the current work, we presented a methodological approach using
genetic and molecular genetic tools to select yeast lines, including
ZX 178-08, ZXA and ZXB that offer many of these advantages.

Several of the tools we have used in this study have been used
before. For instance, nystatin has been used for more than three

Figure 4. Molecular and chemical confirmation of the erg9 knockout mutation. DNA isolated from four independent colonies selected for substitution of the hygromycin

resistance (HPH) gene for the ERG9 gene were used as PCR templates with an HPH specific primer and a primer specific for the genomic DNA surrounding the ERG9 locus (A). If the

HPH gene did insert and replace the ERG9 gene, the expected amplification product would be 1,538 bp. Farnesol accumulation in a yeast line (ZX178-08) selected for a dispensable

mevalonate biosynthetic pathway plus erg9 knock out in comparison to that accumulating in the parental line (BY4741) used to generate the new mutant yeast lines (B). GC

chromatographs of hexane extracts prepared from BY4741 and ZX178-08 are compared with peak identities confirmed by MS (data not shown).
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Figure 5. Quantitation of FOH levels in SUE, erg9 mutant lines of yeast

demonstrated to have an exogenous sterol requirement for growth and resistance to

hygromycin. Cultures were grown for 6 days prior to extracting and quantifying their

farnesol (FOH) levels by GC-MS.

Figure 6. Comparison of terpene accumulation levels in yeast lines (ZX and

2–2 series) developed as terpene production platforms. Each of the ZX cell lines,

as well as the parental line (BY4741), were independently transformed with an

expression vector harboring the Hyoscyamus premnaspirodiene synthase gene

or along with vectors harboring either a truncated (tHMGR) or full length hamster

HMGR (HMGR). The yeast lines were then grown 12 days prior to chemically

profiling for their cell constituents by GC-MS and quantifying the levels of

premnaspirodiene and farnesol found in each (A). Comparison of cell culture

growth, premnaspirodiene and farnesol accumulation by yeast strain ZX178-08

also co-expressing the truncated HMGR (B) or full length HMGR (C) over 12 days

were also monitored.
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decades for the isolation of genes associated with ergosterol
biosynthesis (Parks et al., 1995). The major difference when it was
first used was that the yeast mutants had to be selected under
anaerobic conditions. This was because wild type yeast could only
take up exogenous sterols under anaerobic conditions. The discovery
of mutants allowing for sterol uptake aerobically opened up
additional opportunities for using nystatin selection. The mutant
yeast genes responsible for sterol uptake enhancements have
subsequently been described (Zavrel et al., 2013), and are associated
with biochemical processes distantly related to the mevalonate or
ergosterol biosynthetic pathway. However, Ro et al. (2006)were one of
the first to recognize the advantages of these genes for assembling a
yeast line capable of accumulating high levels of the amorphadiene,
the sesquiterpene hydrocarbon precursor to the potent anti-
malaria therapy artemisinin, to about one-half the level reported
here. Westfall et al. (2012) followed up with a complementary effort
examining the benefit of over-expressing each of the mevalonate
biosynthetic pathway genes using chromosomal integration
techniques rather than plasmid-based efforts, which with process
engineering advances was capable of yielding 10’s of grams of
amorphadiene per liter (Paddon et al., 2013). In contrast, Asadollahi
et al. (2008, 2010) created yeast lines for terpene production based on
fine-tuning expression of various mevalonate biosynthetic genes
using a variety of molecular genetic tools with the aim of not having
to supply the cultures with exogenous sterols. Ozaydin et al. (2013)
screened a yeast deletion collection for improved terpene production
strain by color screening based on carotenoid production, then tested
the highest carotenoid producing strains for bisabolene production.
Deletion of three genes with additional mevalonate pathway
modifications, improved bisabolene production from 40mg/L to
800mg/L in shake flask scale culture, and further to 5.2 g/L in
optimized bioreactor conditions. While the levels of sesquiterpene
hydrocarbons produced by these lines of yeast were comparable to

others, savings in cost for medium components when scaling such a
production platform were evident.

Chemical screens, especially for farnesol, have also been
described for the isolation of mutants having uncontrolled flux
of carbon down the mevalonate pathway (Song, 2003). However,
what has not been described previously is an attempt to isolate
mutants capable of taking up and complementing their sterols
needs with exogenous sterols under aerobic conditions while
simultaneously selecting for a dispensable mevalonate pathway
using the exquisitely specific squalene synthase inhibitor
squalestatin (Bergstrom et al., 1995). Our rationale, which is a
unique, unbiased randommutagenesis and screening approach, did
not require a priori hypotheses or a computational network
algorithm to select what genes to manipulate. Those strategies,
while successful as noted above, essentially represent trial and error
testing approaches. Instead, our method relied on a positive
physiological growth selection of the desired mutant phenotypes.
Hence, we successfully isolated many suitable yeast lines, but

Figure 7. Comparison of cell culture growth (circles), farnesol (triangles) and

botryococcene (squares) accumulation by yeast line ZX178-08 expressing a chimeric

SSL-1,3 gene encoding for botryococcene synthase under the control of an ADH1

promoter. Farnesol and botryococcene were determined by GC-MS.

Figure 8. Comparison of cell culture growth, farnesol and squalene accumulation

in yeast lines ZXA (panel A) and ZXB (panel B). Control cultures of ZXA and ZXB (black

symbols) weremonitored relative to lines ZXA and ZXB transformedwith an expression

cassette harboring an algal squalene synthase gene direct by the strong, constitutive

GPD promoter. ZXA is derived from ZX178-08 by having an insertional deletion of the

native squalene epoxidase gene (ERG1), while ZXB is likewise constructed except the

substitution insertion also harbors an additional copy of a hamster truncated HMGR

gene.
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ZX178-08 possessed the best attributes for reproducible and robust
production of specific terpene compounds. The other yeast lines
isolated during this effort certainly possess other unknown
mutations which could serve as additional resources to study the
fundamental mechanisms regulating terpene and sterol biosyn-
thesis in yeast.
In phase I, chemical mutagenesis was used to isolate mutants

capable of taking up exogenously supplied sterol from medium under
aerobic condition in the presence of squalestatin. In phase II, high
farnesol accumulating lines were identified by GS-MS profiling when
the mutants were grown under conditions mimicking the knockout of
squalene synthase enzyme activity. Because farnesol is the
dephosphorylated form of FPP, these high FOH accumulating lines
demonstrated an enhanced carbon flux to FPP. Development of the
erg9 (yeast squalene synthase) knockout mutants in phase III relieved
the need for squalestatin use. The obtained yeast lines are thus blocked
in the flow of FPP to the ergosterol biosynthesis pathway, whichmakes
for appreciable flux of carbon through all the key isoprenoid
intermediates leading up to and including FPP, any of which might be
diverted for the biosynthesis of any other class of terpene. In contrast,
Ro et al. (2006) and Asadollahi et al. (2008) utilized an alternative
strategy to control the fluxof FPP to downstream sterol biosynthesis by
introducing a regulatory promoter in front of the ERG9 gene, thus
attenuating the flow of FPP to sterol biosynthesis and availing FPP for
the biosynthesis of other designer terpenes upon induction conditions.
Heterologous expression of the HPS sesquiterpene synthase gene

was used to demonstrate the sesquiterpene production capability of
the new developed yeast lines. In terms of overall culture growth
and sesquiterpene accumulation, ZX178-08 grew about 2-
times more robustly based on growth rate (time to reach cell
culture saturation) and accumulated about twice the level of
premnaspirodiene as previously described for the SW-24 and CALI-
7 yeast lines (Takahashi et al., 2007). Over-expression of truncated
and full-length HMGR genes encoding for the catalytic domain of
HMG-CoA reductase also augmented premnaspirodiene accumu-
lation 20–50% in shake flask experiments, comparable to the
observations of Ro et al. (2006) for amorphadiene production.
Additional utility of the yeast lines developed here was provided

by their assessment for triterpene production. While the
accumulation of botryococcene was greater than 65mg/L, squalene
production was much more significant. This was particular so for
the line ZXB, which harbors a truncated HMGR gene, inserted into
the squalene epoxidase locus (ERG1). However, more interesting is
the comparison of squalene accumulation in line ZXB harboring the
algal squalene synthase gene versus FOH accumulation in ZXB
without an added triterpene synthase (Fig. 8B). Farnesol
accumulation in the latter case was in excess of 300mg/L, while
squalene accumulation in the former case was roughly comparable
at approximately 250mg/L. Because each squalene molecule is
derived from the biosynthetic coupling of two FPP molecules, the
production of squalene in ZXB is roughly equivalent to the
biosynthesis of 500mg/L of FPP, about double the amount of FOH
that accumulates in ZXB without the introduced squalene synthase
expression cassette. Hence, the data in Figure 8B supports the
notion that more efficient utilization of FPP can result in additional
carbon flux down the MVA pathway to compensate for the draw of
FPP to divergent biosynthetic products, also consistent with FPP

possibly playing a role in a feedback regulatory mechanism
(Gardner and Hampton, 1999).
Altogether, the new yeast strains described here arise from a

combination of genetic and molecular genetic screens impacting
known and unknown genes resulting in alternative production
platforms suitable for sesquiterpene and triterpene production, and
portends well for other classes of terpene products as well. Finally,
the suite of yeast lines developed here provides the resources for a
genome wide association study, a study that could identify new loci
contributing to metabolic fluxes and regulatory networks in an
unbiased, yet directed approach (Oud et al., 2012).

This work would not have been possible without the help and support of the
entire Chappell laboratory. This work was sponsored, in part, by a research
contract from Procter & Gamble.
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