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ABSTRACT Saccharomyces cerevisiae is an established cell factory for production of
terpenoid pharmaceuticals and chemicals. Numerous studies have demonstrated that
deletion or overexpression of off-pathway genes in yeast can improve terpenoid produc-
tion. The deletion of YPLO62W in S. cerevisiae, in particular, has benefitted carotenoid
production by channeling carbon toward carotenoid precursors acetyl coenzyme A
(acetyl-CoA) and mevalonate. The genetic function of YPL0O62W and the molecular mech-
anisms for these benefits are unknown. In this study, we systematically examined this
gene deletion to uncover the gene function and its molecular mechanism. RNA se-
quencing (RNA-seq) analysis uncovered that YPLO62W deletion upregulated the pyruvate
dehydrogenase bypass, the mevalonate pathway, heterologous expression of galactose
(GAL) promoter-regulated genes, energy metabolism, and membrane composition syn-
thesis. Bioinformatics analysis and serial promoter deletion assay revealed that YPLO62W
functions as a core promoter for ALD6 and that the expression level of ALD6 is nega-
tively correlated to terpenoid productivity. We demonstrate that AYPLO62W increases the
production of all major terpenoid classes (C,o, C;5, Cor C50, @and C,q). Our study not only
elucidated the biological function of YPLO62W but also provided a detailed methodology
for understanding the mechanistic aspects of strain improvement.

IMPORTANCE Although computational and reverse metabolic engineering approaches
often lead to improved gene deletion mutants for cell factory engineering, the sys-
tems level effects of such gene deletions on the production phenotypes have not
been extensively studied. Understanding the genetic and molecular function of such
gene alterations on production strains will minimize the risk inherent in the devel-
opment of large-scale fermentation processes, which is a daunting challenge in the
field of industrial biotechnology. Therefore, we established a detailed experimental
and systems biology approach to uncover the molecular mechanisms of YPLO62W
deletion in S. cerevisiae, which is shown to improve the production of all terpenoid
classes. This study redefines the genetic function of YPLO62WW, demonstrates a strong
correlation between YPLO62W and terpenoid production, and provides a useful mod-
ification for the creation of terpenoid production platform strains. Further, this study
underscores the benefits of detailed and systematic characterization of the meta-
bolic effects of genetic alterations on engineered biosynthetic factories.

KEYWORDS ALD6, Saccharomyces cerevisiae, YPLO62W, terpenoids

accharomyces cerevisiae is an attractive platform for heterologous terpenoid pro-
duction due to its versatile features, including genetic tractability, biosafety, and
robustness in industrial fermentation (1-3). In S. cerevisiae, all terpenoids are produced
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from five-carbon (Cs) isopentenyl diphosphate (IPP) biosynthesized by the mevalonate
(MVA) pathway from the common precursor acetyl coenzyme A (acetyl-CoA). Terpe-
noids encompass a vast range of structures that fall into different classes based on the
number of Cg IPP precursors used for the synthesis: monoterpenoids, C,,; sesquiter-
penoids, C,s; diterpenoids, C,; triterpenoids, C5, from 2XC,5; and tetraterpenoids
(carotenoids), C,, from 2XC,, (1). Previous efforts in engineering pathway-relevant
genes to increase acetyl-CoA and MVA levels have successfully increased terpenoid
yield and productivity in S. cerevisiae (4, 5). However, many of these efforts treat the
manipulated metabolic pathways as independent entities, even though they are known
to be highly interconnected with the rest of cellular metabolism and therefore tightly
regulated (3, 6). This interconnectedness is why seemingly irrelevant genes can have
significant and unexpected effects on a given pathway (7-9). With the aid of in silico
strategies, 10 genes unrelated to the MVA or terpenoid production pathways were
individually deleted and shown to confer 8- to 10-fold increases to amorphadiene
production titers in S. cerevisiae (10). Thus, the screening of deletion collections in S.
cerevisiae can serve as a rich resource for identifying genetic targets beneficial to
terpenoid production (11).

Using a deletion collection, Ozaydin et al. (12) identified 24 individual deletions of
genes unrelated to carotenoid (C,,) production that nonetheless increased production
of this class of terpenoids in S. cerevisiae. However, only 3 deletions (AROX1, AYJLO64W,
and AYPL062W) also increased the production of the sesquiterpenoid bisabolene (C;5).
Due to the complex nature of genetic interactions and the unique properties of
different terpenoid classes, the impacts of modifying different genetic targets on
different terpenoid-producing strains have been shown to vary (8). Of the three genes
identified by Ozaydin et al., deletion of YPLO62W resulted in a 4-fold increase in
intracellular MVA levels (12). Previously, AYPLO62W was shown to reduce glycogen
accumulation (13, 14). More recently, we found that AYPLO62W possessed a crucial role
in reducing acetate accumulation and elevating acetyl-CoA content, thereby improving
lycopene (C,,) yield in S. cerevisiae (15). Although computational and genetic ap-
proaches for screening and reconstructing such highly effective gene deletion targets
are being developed and deployed in metabolic engineering, more detailed studies to
uncover the molecular mechanism of such gene deletions have been less forthcoming.
Understanding the genetic and molecular function of such gene alterations on pro-
duction strains will minimize risk inherent in the development of large-scale fermen-
tation processes, which is a daunting challenge in the field of industrial biotechnology.

In this study, we designed a systematic experimental approach incorporating sys-
tems biology approaches to elucidate the genetic function of YPLO62W and understand
how AYPLO62W improves carbon flow to acetyl-CoA and enhances terpenoid produc-
tion in S. cerevisiae. The transcriptional effects of YPLO62W deletion were analyzed by
RNA sequencing (RNA-seq) and revealed an impact on MVA formation, energy metab-
olism, heterologous gene expression, and cytomembrane composition. Moreover,
YPL062W was shown to be nontranscribed, and its deletion decreased the transcription
level of the downstream gene ALD6. Serial deletions of conserved domains of ALD6
promoter revealed that YPLO62W functions as a core promoter of ALD6. Finally, we
demonstrate the correlation between ALD6 transcription level and heterologous ter-
penoid production in S. cerevisiae.

RESULTS

AYPL062W can improve the production of all terpenoids. In our previous study,
AYPLO62W was found to enhance lycopene (C,,) production in S. cerevisiae by increas-
ing carbon flux to acetyl-CoA (15). Before conducting detailed experiments on the
mechanism of YPLO62W deletion, we first examined the generalizability of this gene
deletion by assaying its effect on the production of various classes of terpenoids in S.
cerevisiae, including (but not limited to) lycopene. SyBE_Sc14C02 (control strain) and
SyBE_Sc14C10 (AYPLO62W strain) were chosen as the host strains for recombinant
terpenoid pathways. The biosynthetic pathways of geraniol (monoterpenoid, C,,),
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FIG 1 The impact of AYPLO62W on terpenoid production. Recombinant strains expressing terpenoid production pathways were created and assayed to
investigate the effect of AYPLO62W on their corresponding production titers. Geraniol, amorphadiene, geranylgeraniol, zymosterol, and lycopene are
representative of monoterpenoid, sesquiterpenoid, diterpenoid, triterpenoid, and tetraterpenoid, respectively. The improvement in production titer is indicated
as A/C, which is the ratio of terpenoid production titer of the AYPLO62W strain to that of the control/parent strain.

amorphadiene (sesquiterpenoid, C,s), geranylgeraniol (diterpenoid, C,,), zymosterol
(triterpenoid, C;,) and lycopene (tetraterpenoid, C,,) were constructed by genomic
integration of corresponding terpenogenic modules (see Fig. S1 in the supplemental
material). AYPLO62W significantly increased geraniol, amorphadiene, geranylgeraniol,
zymosterol, and lycopene production in S. cerevisiae by 90%, 112%, 68%, 69%, and
146%, respectively (Fig. 1), showing that this deletion benefits the production of all
terpenoid classes. Deletion of YPLO62W in the control strain did not cause any obvious
growth deficiency when utilizing either glucose or ethanol as the sole carbon source
(Fig. S2). Therefore, YPLWO062W is a promising target for the engineering of S. cerevisiae
terpenoid production strains. AYPLO62W was advanced for detailed characterization of
its genetic and molecular effects on terpenoid production.

AYPL062W upregulates pyruvate dehydrogenase bypass, mevalonate path-
way, and energy metabolism. In order to determine the molecular mechanisms of
YPLO62W, RNA-seq analysis was applied to investigate the transcriptional effect of
YPLO62W deletion by comparing SyBE_Sc14C02 (control strain) and SyBE_Sc14C10
(AYPLO62W strain) during the glucose consumption phase (building up biomass) and
the ethanol consumption phase (synthesizing products) (Fig. 2). ALD6 is primarily
responsible for cytosolic acetate generation from acetaldehyde. In the central carbon
metabolic pathways of the AYPLO62W strain (Fig. 2B), ALD6 is significantly downregu-
lated during the whole-cell growth stage. Cells lacking ALD6 produce less acetate when
assimilating glucose in S. cerevisiae (16, 17). ALD4 encoding a major mitochondrial
aldehyde dehydrogenase is upregulated (Fig. 2C) to compensate for the loss of ALD6
(17, 18). In this case, cytosolic acetaldehyde (produced by decarboxylation of pyruvate)
is transported into mitochondria to generate acetate (16).

When glucose is depleted, cell growth enters the ethanol consumption phase. ADH2,
responsible for the oxidization of ethanol to acetaldehyde, is upregulated in strain A
(Fig. 2B). The genes involved in its reverse reduction reaction (ADH5 and SFAT) are
downregulated (Fig. 2B). ALD4 is also upregulated during the ethanol consumption
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FIG 2 Transcriptional changes of genes involved in fatty acid catabolism, MVA formation, and energy metabolism by AYPLO62W, whose reactions mainly occur
in the peroxisome (A), cytoplasm (B), and mitochondrion (C), respectively. The key metabolites in each pathway are marked in bold. Transcriptional data are
boxed next to each gene. Strain names are abbreviated as follows: C, SyBE_Sc14C10, and A, AYPLO62W strain SyBE_Sc14C02. Strains were cultured under both
2% (mass/vol) (2% G) and 4% (mass/vol) (4% G) glucose conditions. The time reading after the “@” symbol in the legend indicates the sampling time within
the glucose consumption phase (i.e., 4 h) or the ethanol consumption phase (i.e., 12 h). The relative transcription level for each gene is indicated as A/C, which
is the ratio of the transcription level in the AYPLO62W to that in the control strain. Genes that are significantly upregulated and downregulated and genes

without significant transcriptional differences are colored red, blue, and gray, respectively.

phase (Fig. 2B). The upregulation of ADH2 may be concomitant with upregulation of
ALD4, which is reported to increase the reduction flux of NAD™ not only in mitochon-
dria but also in the cytosol (19). The increase in NAD™ reduction flux should improve
ATP production and the biosynthetic pathway (19). Moreover, the pyruvate dehydro-
genase (PDH) bypass is enhanced by increased expression the genes coding for
rate-limiting enzymes ACS1 and ACS2 in strain A (Fig. 2B). ACST and ACS2 upregulation
is necessary for the generation of cytosolic acetyl-CoA from acetate (20, 21). Further-
more, several MVA pathway genes (ERG10, ERG13, HMG1, and ERG20) are also signifi-
cantly upregulated in the AYPLO62W strain (Fig. 2B). Among these activated genes,
HMG1 and ERG20 encode the major rate-limiting enzymes of MVA pathway (22, 23). The
combined above-mentioned changes push ethanol via acetyl-CoA toward MVA, prob-
ably leading to the increased intracellular MVA level and increased terpenoid produc-
tion by AYPLO62W (24, 25).

In addition to the central carbon metabolism, YPLO62W deletion also impacts other
types of cell metabolism. The genes responsible for fatty acid B-oxidation (FAA2, FAA4,
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PHS1, POX1, and POTT) are upregulated in the AYPLO62W strain, especially during cell
growth on nonfermentable carbon sources (i.e., ethanol or acetate) (Fig. 2A). The
B-oxidation of fatty acids occurs in peroxisomes and serves as another important
source of acetyl-CoA through the glyoxylate cycle (26). The glyoxylate shunt plays an
essential role in allowing growth on nonfermentable carbon sources, as it offers the net
synthesis of C, dicarboxylic acid for the tricarboxylic acid (TCA) cycle. The TCA cycle not
only generates reducing equivalents for ATP synthesis but also provides metabolic
precursors for biomass formation. The genes involved in glyoxylate cycle (ICL1, MLST,
and DAL7 [Fig. 2B]) and TCA cycle (CIT3, LSC1, LSC2, and YJLO45W [Fig. 2C]) are
significantly upregulated by AYPLO62W in the ethanol consumption phase, likely ben-
efitting the flux of both the glyoxylate shunt and the mitochondrial TCA cycle (27, 28).
Upregulation of the TCA cycle has previously proven to be beneficial for terpenoid
production by increasing the supply of both energy and reducing power (29, 30).
Therefore, upregulation of glyoxylate cycle in combination with strengthening of the
TCA cycle by AYPLO62W improves energy storage for terpenoid biosynthesis.

AYPL062WW improves heterologous expression of GAL promoter-regulated genes.
In order to investigate the influence of YPLO62W deletion on the heterologous terpe-
noid biosynthetic pathway, lycopene-producing strain SyBE_Sc14C07 (control strain;
Lycopene_C) and SyBE_Sc14C23 (AYPLO62W strain; Lycopene_A) were selected for
transcriptome analysis. In our previous study, we attributed acetate accumulation to
the marginal lycopene production of control strain on 4% (mass/vol) glucose (15). In
this study, the RNA-seq data demonstrated that the transcription of three heterologous
genes responsible for inducible lycopene synthesis (CrtE, CrtB, and Crtl) were signifi-
cantly upregulated by AYPLO62W under 4% (mass/vol) glucose, whereas no significant
difference was detected between strains Lycopene_C and Lycopene_A on 2% (mass/
vol) glucose (Fig. 3A). Meanwhile, since CrtE, CrtB, and Crt/ are under the control of
inducible galactose (GAL) promoters (Pga,; and Pgai10) (15), the effect of AYPLO62W on
their activities was characterized by promoter fusion with RFP in the host control strain
and AYPL0O62W strain. Deletion of YPLO62W significantly increased Pga ; and Pgaiqo
activities on 4% (mass/vol) glucose (Fig. 3C). However, the impact on GAL promoter
activities under 2% (mass/vol) glucose (Fig. 3B) was less statistically robust. Therefore,
reverse transcription-PCR (RT-PCR) was conducted to measure the transcription levels
of CrtE, CrtB, and Crtl under 2% (mass/vol) glucose. As shown in Fig. 3D to F, the
transcription of these three genes was significantly upregulated during the ethanol
consumption phase (at 12 h), indicating that AYPLO62W ubiquitously increases the
expression of heterologous genes activated by GAL promoters. The conflicting results
between RNA-seq and RT-PCR assays are due to differences in sensitivities of the
methods and the fact that differentially expressed genes were defined with a low-
resolution threshold (log, fold change > 1.0). Figure 3B and C show that the overall
decreases in promoter activities on 4% (mass/vol) glucose compared to 2% (mass/vol)
glucose are likely due to catabolite repression (31). Deletion of YPLO62W increases the
flux of the carotenoid (C,,) pathway by increasing heterologous gene expression and
facilitates increased terpenoid production.

Analysis of the effect of AYPLO62W on cytomembrane composition. Since most
terpenoid compounds are hydrophobic, they tend to accumulate in the lipophilic
cytomembrane and subsequently elicit membrane stress (32, 33). As shown in Fig. 4B,
lycopene accumulates in the cell membrane. A high concentration of lycopene in-
creases membrane fluidity and disturbs membrane packing (34, 35). In S. cerevisiae,
heterologous carotenoid accumulation leads to reduced levels of intracellular fatty
acids and ergosterol. In order to adapt to the stresses, yeast cells change their
membrane composition or structure (36-38). In this respect, we hypothesized that the
deletion of YPLO62W would affect cytomembrane composition. To test the above
hypothesis, the expression levels of genes in the membrane biosynthesis pathway as
well as the compositions of membrane components were analyzed in host strains (the
control strain and the AYPLO62W strain) and lycopene-producing strains (Lycopene_C
and Lycopene_A).
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FIG 3 The effect of AYPLO62W on heterologous gene expression. (A) The transcriptional changes of CrtE, CrtB, and Crtl in lycopene-producing strains revealed
by RNA-seq analysis. Strains SyBE_Sc14C07 (control strain, Lycopene_C) and SyBE_Sc14C23 (AYPLO62W strain, Lycopene_A) were cultured under both 2%
(mass/vol) (2% G) and 4% (mass/vol) (4% G) glucose conditions. The time reading after the “@” symbol in the legend indicates the sampling time within the
glucose consumption (the top line of the table) and ethanol consumption phases (the bottom line of the table). The relative transcription level for each gene
is indicated as Lycopene_A/C, which is the ratio of the transcription level of the recombinant lycopene pathway in the AYPLO62W strain to that in the control
strain. Genes that are significantly upregulated and downregulated and genes without significant transcriptional differences are colored red, blue, and gray,
respectively. (B and C) The effects of AYPLO62W on P, , and Pg, , activities when cultured under 2% (mass/vol) glucose (B) or 4% (mass/vol) glucose (C).
Promoter activities are represented as relative fluorescence intensities of RFP in the control strain (SyBE_Sc14C02, C) and AYPLO62W strain (SyBE_Sc14C10, A)
without lycopene synthesis. (D, E, and F) The transcription level of genes CrtE (D), CrtB (E), and Crt/ (F) in lycopene-producing strains (Lycopene_C and
Lycopene_A) as determined by real-time PCR. Cells were cultured under 2% (mass/vol) glucose, and samples were taken within the glucose consumption phase
(i.e., 4h) or the ethanol consumption phase (i.e., 12 h). The relative transcription level for each gene was determined as 2-22CT using gene ALG9 for
normalization. All data are from at three or more experimental replicates. Statistically significant differences are indicated as follows: *, P < 0.05, and **, P <
0.01 (two-tailed Student t test).

In S. cerevisiae, ergosterol and zymosterol constitute the predominant sterols in cell
membrane. When YPLO62W is knocked out, most of genes involved in ergosterol
biosynthesis (ERG1, ERG11, ERG24, ERG25, ERG6, ERG3, and ERG5) are upregulated during
the ethanol consumption phase (Fig. 4A). On 2% (mass/vol) glucose fermentation
condition, the levels of precursor squalene and zymosterol in the AYPL062W strains are
significantly lower than those in the control strains at 4 h and 12 h, respectively (Fig. 4C
and D). Conversely, AYPLO62W causes significant increases in squalene and zymosterol
contents (by 83.9% and 30.9%, respectively) at 46 h in noncarotenogenic strains
(Fig. 4C). No significant difference in ergosterol content was observed in noncarotege-
nic strains during the whole fermentation process (Fig. 4C).
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or A/C, which are the ratios of the transcription levels in the AYPLO62W strain to that in the no-deletion control strain for
either lycopene-producing recombinant strains or nonproducing parental strains. Genes that are significantly upregulated
and downregulated and genes without significant transcriptional differences are colored red, blue, and gray, respectively.
(B) Visual microscopic analysis of AYPLO62W strains with/without lycopene synthesis (Lycopene_A and A). Cells were
cultured under 2% (mass/vol) glucose for 46 h. The contents of squalene, zymosterol, and ergosterol in (C) host strains (C
and A) and (D) lycopene-producing strains (Lycopene_C and Lycopene_A) cultured on 2% (mass/vol) glucose are
quantified from experimental triplicates.
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In contrast, in the lycopene-producing AYPLO62W strains significant increases zy-
mosterol and ergosterol contents (by 86.7% and 34.5%, respectively) at 46 h of fer-
mentation, while the effect on squalene content was negligible (Fig. 4D). The large
amounts of squalene in lycopene-producing strains (Fig. 4D) results from the overex-
pression of a deregulated tHMG]1, the main bottleneck of the early ergosterol pathway
(39, 40). These results suggested that YPLO62W deletion enhances the intracellular
sterol levels during the ethanol consumption phase, which could increase tolerance to
these hydrophobic molecules (i.e., lycopene). Indeed, the intracellular ergosterol con-
tent has been proven to be correlated with p-limonene tolerance in S. cerevisiae (41).

In addition to sterols, fatty acids are key components of the cytomembrane, serving
as the backbone of the lipid bilayer. The majority of genes associated with fatty acid
biosynthesis (ACCT, FAS1, TES1, ADH6, and OLET) are transcriptionally upregulated in the
YPLO62W deletion strain (Fig. 5A). The contents of C,q, and C,q., (at 46 h) in the
noncarotenogenic AYPLO62W strain are significantly increased by 21.3% and no signif-
icant difference is detected in C,4 fatty acid content (Fig. 5B). Total fatty acid contents
in AYPLO62W strains are significantly increased relative to those in control strains (Fig.
5B and C), consistent with upregulation of the fatty acid biosynthesis pathway by
AYPLO62W.

As for lycopene-producing strains, recovery of the TRP auxotroph gave a significant
rise to the overall contents of fatty acids relative to the TRP~ host strains (42), as
illustrated in Fig. 5B and C. Moreover, the abundances of C,4,, and C,g.; were signifi-
cantly increased (46 h, increased by 8.4%) by AYPLO62W as well as C,., and Cyq., (46 h,
increased by 63.8%) (Fig. 5C). Exogenous unsaturated fatty acids (i.e., oleic acid and
linoleic acid) would help to enhance carotenoid yield by preventing against the
decreased membrane fluidity caused by carotenoid accumulation (36, 43). However,
the unsaturation index, a key factor evaluating yeast membrane fluidity outside of
ergosterol content, remained unchanged in all test strains (Fig. 5D and E).

Redefinition and reconstitution of YPLO62W. Previous annotation claimed
YPLO62W as a likely open reading frame (ORF) related to glycogen metabolism and MVA
formation (12-14). However, our RNA-seq data show that YPLO62W is not actively
transcribed (Fig. 6A). Moreover, it was found that the deletion of YPLO62W decreases
the transcription level of its downstream gene ALD6 without influencing the upstream
gene TIM50 (Fig. 6A). When the upstream region of ALD6 (from nucleotide [nt] +35 to
— 1444 relative to the transcription start site of gene ALD6, Fig. 6B) harboring promoter
A (P,; full-length ALD6 promoter) or promoter L (P; P, with YPLO62W deleted) was
fused with RFP, it was found that the activity of P, was only 4.2% of P, activity (Fig. 6B),
demonstrating that YPLO62W is part of the ALD6 promoter and is involved in regulation
of ALD6 transcription.

To characterize the role of YPLO62W, we performed serial deletion of the upstream
region of ALD6 in the control strain SyBE_Sc14C02, generating strains SyBE_Sc14C96
through SyBE_Sc14C105 (Table 1). Seven conserved domains (IX to Ill) of ALD6 pro-
moter predicted by evolution conservation (Fig. S3) were serially deleted (obtaining
promoters Pg to P,) and fused with RFP to identify the core promoter of ALD6 (at 48 h
of cultivation in Fig. S4). As illustrated in Fig. 6B, increasing deletions of domains VI, VII,
and VI from the corresponding promoters C (VIIl to 1), D (VIl to 1), and F (VI to 1)
dramatically reduced promoter activities, leaving merely 62.3% (obtaining promoter D),
46.5% (obtaining promoter F), and 6% (obtaining promoter H, V to I) of the full-length
promoter (P,, domains | to IX) activity, respectively. Further deletions of the remaining
domains (V to Ill) in P, to P, exhibit no additional significant decrease in promoter
activity (Fig. 6B). These results indicate that domains VIII, VIl, and VI form the core
promoter of ALD6.

Domain VI (nt —599 to —545 relative to transcription start site) is the only region
within the ALD6 core promoter overlapping YPLO62W (which covers domains Ill to VI).
To further study the role of this domain, mutations were introduced into P, and P at
domain VI (Fig. 6B). To avoid structural changes to the promoter region, transversion
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FIG 5 The effect of AYPLO62W on fatty acid biosynthesis. (A) Transcriptional profiles of fatty acid biosynthesis genes in host
strains control (C, SyBE_Sc14C02) and AYPLO62W (A, SyBE_Sc14C10) and corresponding lycopene-producing strains
(Lycopene_C, SyBE_Sc14C07 and Lycopene_A, SyBE_Sc14C23) cultured on 2% (mass/vol) glucose. Transcriptional data are
boxed next to each gene. The time reading after the “@” symbol in the legend indicates the sampling time within the
glucose consumption phase (i.e., 4 h) or the ethanol consumption phase (i.e., 12 h). The relative transcription level for each
gene is denoted as Lycopene_A/C or A/C, which are the ratios of the transcription levels in the AYPLO62W strain to that
in the no-deletion control strain for either lycopene-producing recombinant strains or nonproducing parental strains.
Genes that are significantly upregulated and downregulated and genes without significant transcriptional differences are
colored red, blue, and gray, respectively. (B and C) Fatty acid contents in host strains (C and A [B]) and lycopene-producing
strains (Lycopene_C and Lycopene_A [C]) cultured on 2% (mass/vol) glucose. are quantified from experimental triplicates.
(D and E) Unsaturation index of host strains (C and A [D]) and lycopene-producing strains (C and A [E]) cultured on 2%
(mass/vol) glucose. Unsaturation index was calculated as the ratio of unsaturated fatty acid content to that of total fatty
acids.
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FIG 6 Redefinition and reconstitution of YPLO62W. (A) YPLO62W is not expressed, and its deletion negatively impacts ALD6 expression.
Transcriptional profiles of Chr XVI (bp 429929 to 434090). Schematic diagram of genome structure spanning YPLO62W locus (Chr XVI [bp
429929 to 434090]). Transcriptional profile of gene contexts (from TIM50 through YPLO62W to ALD6) in host strains (SyBE_Sc14C02, C and
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mutations interchanging either two purine nucleotides (A and G) or two pyrimidine
nucleotides (C and T) were made according to the method of Makino K et al. (44).
Mutation of domain VI within P, (generating P.) decreased promoter activity by 68.7%,
an effect roughly equivalent to deletion of domain VI from P. (Fig. 6B). Therefore,
domain VI exhibits the strongest ALD6 promoter activity among the nine conserved
domains and is the most important region for promoter activity within YPLO62W. Since
we did not observe transcription of YPLO62W, we posit that YPLO62W is part of the core
promoter regulating the transcription of ALD6.

This observed connection between YPLO62W deletion, decreased ALD6 expression,
and increased terpenoid production prompted us to explore the correlation between
ALD6 transcription and terpenoid production in S. cerevisiae. ALD6 expression was
measured by RT-PCR (Fig. S5) in the control and serial deletion strains corresponding to
P through P,. The C,,, Cis, Cso, Cs0, and C,q terpenoid biosynthesis pathways were
introduced into these control and serial deletion strains, and production of the respec-
tive terpenoid was quantified (Fig. S5). As shown in Fig. 6C to G, the transcription level
of ALDE6 is inversely correlated to terpenoid production across all terpenoid classes.

DISCUSSION

Various nonessential genes can impact terpene production in S. cerevisiae in unique
and orthogonal ways (12). For example, AKEX1, ALAC1, ASOL1, and AYPK9 increase
carotenoid production while decreasing bisabolene production, while YPL062W dele-
tion enhances both carotenoid and bisabolene production (12). In this study, it was
further demonstrated that AYPLO62W increases the productivity of geraniol (monoter-
penoid), amorphadiene (sesquiterpenoid), geranylgeraniol (diterpenoid), and zymos-
terol (triterpenoid), as well as lycopene (tetraterpenoid) (Fig. 1), suggesting that
AYPL0O62W improves terpenoid production regardless of the class of product. Moreover,
deletion of YPLO62W does not impair cell growth on either glucose or ethanol as the
sole carbon source (Fig. S2). These characteristics make AYPLO62W a promising and
powerful engineering target for the creation of terpenoid-producing S. cerevisiae strains
for commercial production.

Although computational and reverse metabolic engineering approaches often lead
to improved gene deletion mutants for cell factory engineering (7), the systems level
effects of such gene deletions on production phenotypes have not always been
extensively studied. Understanding the genetic and molecular function of such gene
alterations regarding production will minimize the risks inherent in the development of
large-scale fermentation processes, a daunting challenge in the field of industrial
biotechnology (45). In a study by Ferreira et al., the creation of multiple deletion
mutants enabled the study of fatty acid dynamics in lipid metabolism and generated a
platform strain with interesting properties that provided insights into the future
development of lipid-related cell factories (46). In an analogous manner, this study
established a detailed experimental and systems biology approach to uncover the
molecular mechanisms of a key gene deletion (AYPL062W) in metabolically engineered
yeast. Through transcriptome analysis, it was concluded that (i) the AYPLO62W strain
enhanced pathway expression through upregulated mitochondrial PDH bypass and
fatty acid B-oxidation pathways contributing to intracellular acetyl-CoA levels (Fig. 2),

FIG 6 Legend (Continued)
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SyBE_Sc14C10, A) on 2% (mass/vol) glucose. Cells were sampled at 4 h and 12 h. (B) Characterization of YPLO62W as the core promoter
driving transcription of ALD6. Various constructs (P, to P,) containing all or part of the sequence spanning the YPLO62W locus were fused
to RFP, and their activities were measured by relative fluorescence intensities at 48 h of cultivation on 2% (mass/vol) glucose. P, is a
full-length promoter. P; to Py, P, and P, toP, each contain increasingly larger truncations of the conserved region. P, and P, contain
transversion mutations in conserved domain VI (marked in orange). The null-expression control P, has YPLO62W entirely replaced by a
KanMX cassette. The correlation between the transcription levels of ALD6 and terpenoid production titers. Geraniol (monoterpenoid) (C),
amorphadiene (sesquiterpenoid) (D), geranylgeraniol (diterpenoid) (E), zymosterol (triterpenoid) (F), and lycopene (tetraterpenoid) (G)
were selected to test the correlation between ALD6 transcription levels and terpenoid production. The relative production for each
terpenoid was determined as the ratio of product titer in each strain harboring a truncated conserved region to that of the control strain
containing and intact P, region. The relative transcription level of ALD6 was determined as the ratio of the transcription level of ALD6

controlled by corresponding truncated promoter to that of ALD6 regulated by the intact P, region.

April 2019 Volume 85 Issue 7 €01990-18

aem.asm.org 11


https://aem.asm.org

Chen et al.

TABLE 1 S. cerevisiae strains used in this study
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Strain name Description Source or reference
CEN.PK2-1C MATa ura3-52 trp1-289 leu2-3,112 his3A1 MAL2-8C SUC2 EUROSCARF
SyBE_Sc14C02 CEN.PK2-1C Agall Agal7 Agal10:HIS3 15
SyBE_Sc14C10 CEN.PK2-1C Agall Agal7 Agal10:HIS3 Ayplo62w:KanMX 15
SyBE_Sc14C07 SyBE_Sc14C02 trp1:TRP1_Tcyc-BtCrtl-Pea, 10Pear1-PaCrtB-Tpgk; 15
leu2:LEU2_T 47 tHMGT-Pga, 16-Poar -PaCrtE-Tgppy,
SyBE_Sc14C23 SyBE_Sc14C10 trp1:TRP1_Tcyc-BtCrti-Pga; 107-Poar 1-PaCrtB-Togy; 15
leu2:LEU2_T 47 tHMGT1-Pga, 16-Pgar -PaCrtE-Tgppy,
SyBE_Sc14C71_Tri SyBE_Sc14C02 leu2:LEU2_T y-tHMGT-Pgp, 10 This study
SyBE_Sc14C72_Tri SyBE_Sc14C10 leu2:LEU2_T pery-tHMGT-Pep, 10 This study
SyBE_Sc14C73_Mono SyBE_Sc14C02 trp1:TRP1_Pgp, ;-GES-Tpgk; leu2:LEU2 Ty tHMGT-Pgp, 10 This study
SyBE_Sc14C74_Mono SyBE_Sc14C10 trp1=TRP1_Pga, 1-GES-Tpgy leu2:LEU2 Ty -tHMGT-Pga, 10 This study
SyBE_Sc14C75_Sesqui SyBE_Sc14C02 trp1:TRP1_Pgp, ;-ADS-Tpgy; leu2:LEU2_T 4 -tHMG1-Pga, 0 This study
SyBE_Sc14C76_Sesqui SyBE_Sc14C10 trp1:=TRP1_Pga, ;-ADS-Tpgy; leu2:LEU2 T pcr-tHMGT-Pga, 10 This study
SyBE_Sc14C77_Di SyBE_Sc14C02 leu2:LEU2_T 47-tHMGT1-Pga; 107Par ;- TMGGPPS-Tgpp, This study
SyBE_Sc14C78_Di SyBE_Sc14C10 leu2:LEU2_T 4 tHMGT1-Pgp; 107Par - TMGGPPS-Tp This study
SyBE_Sc14C80 SyBE_Sc14C02 leu2::LEU2_Tcyc,-RFP This study
SyBE_Sc14C81 SyBE_Sc14C02 leu2:LEU2_Tcyc;-RFP-Pgp; This study
SyBE_Sc14C82 SyBE_Sc14C10 leu2:LEU2_Tcyc,-RFP-Pgpy This study
SyBE_Sc14(C83 SyBE_Sc14C02 leu2:LEU2_Tcyc;-RFP-Pgpi 10 This study
SyBE_Sc14C43 SyBE_Sc14C10 leu2:LEU2_Tyc;-RFP-Pgas 10 15
SyBE_Sc14C84 SyBE_SC14C02 leu2:LEU2 Teye;-RFP-PA (_1aas 435 This study
SyBE_Sc14C85 SyBE_Sc14C02 leu2:LEU2_Try;-RFP-Py (_1067 +35) This study
SyBE_Sc14C86 SyBE_Sc14C02 leu2:LEU2_Tryc;-RFP-Pc (_g35 - 35 This study
SyBE_Sc14C87 SyBE_Sc14C02 leu2:LEU2_Terye;-RFP-Pp (744 435 This study
SyBE_Sc14C88 SyBE_Sc14C02 leu2:LEU2_Tcyci-RFP-Pr (1444 135, mutwy This study
SyBE_Sc14C89 SyBE_Sc14C02 leu2:LEU2_Try;-RFP-Pr (_gss 35 This study
SyBE_Sc14C90 SyBE_Sc14C02 leu2:LEU2_Tyc;-RFP-Ps (_gss 435, mutvi This study
SyBE_Sc14C91 SyBE_Sc14C02 leu2:LEU2_Tryc;-RFP-Pyy (544 435 This study
SyBE_Sc14C92 SyBE_Sc14C02 leu2:LEU2_Teryc;-RFP-P; (_s04 35 This study
SyBE_Sc14C93 SyBE_Sc14C02 leu2:LEU2_Tyc;-RFP-P; (358 35 This study
SyBE_Sc14C94 SyBE_Sc14C02 leu2:LEU2_Tery;-RFP-Py (_ 553 35 This study
SyBE_Sc14C95 SyBE_Sc14C02 leu2:LEU2_Teyc;-RFP-P, (_ 1444 35, aypliosaw:kanmix) This study
SyBE_Sc14C96 SyBE_SC14C02 ALDG6:KanMX Py (1067 +35) This study
SyBE_Sc14C97 SyBE_Sc14C02 ALDG6:KanMX_P. (_gss 35 This study
SyBE_Sc14C98 SyBE_Sc14C02 ALDG6:KanMX_Pp (744 - 35 This study
SyBE_Sc14C99 SyBE_Sc14C02 ALD6:KanMX_Pg (1444 +35, mutvi) This study
SyBE_Sc14C100 SyBE_Sc14C02 ALD6:KanMX_P (_gsg +35) This study
SyBE_Sc14C101 SyBE_Sc14C02 ALD6:KanMX_Pg (_sss - 35, mutvi) This study
SyBE_Sc14C102 SyBE_Sc14C02 ALD6:KanMX_P,; (_sas - 3s) This study
SyBE_Sc14C103 SyBE_Sc14C02 ALD6:KanMX_P,; (_so4 - 35) This study
SyBE_Sc14C104 SyBE_Sc14C02 ALD6:KanMX_P, _s,g - 35 This study
SyBE_Sc14C105 SyBE_Sc14C02 ALDG6:KanMX_Py (553 - 35) This study
SyBE_Sc14C97_Tri SyBE_Sc14C02 ALD6:KanMX_Pc leu2:LEU2_T 4;-tHMG1-Pg4, 10 This study
SyBE_Sc14C98_Tri SyBE_Sc14C02 ALD6:KanMX_Pp, leu2:LEU2_T pcr-tHMGT-Pga, 10 This study
SyBE_Sc14C99_Tri SyBE_Sc14C02 ALD6:KanMX_P leu2:LEU2_T yerr-tHMGT-Pes 16 This study
SyBE_Sc14C100_Tri SyBE_Sc14C02 ALD6:KanMX_Pg leu2:LEU2_T 4r,-tHMG1-Pga, 10 This study
SyBE_Sc14C101_Tri SyBE_Sc14C02 ALD6:KanMX_Pg leu2:LEU2_T yer-tHMGT-Py, 10 This study
SyBE_Sc14C102_Tri SyBE_Sc14C02 ALD6:KanMX_P,, leu2:LEU2_T p7,-tHMG1-Pgp, 10 This study
SyBE_Sc14C105_Tri SyBE_Sc14C02 ALD6:KanMX_P, leu2:LEU2_T - tHMGT-Pgp; 40 This study
SyBE_Sc14C97_Mono SyBE_Sc14C02 ALD6:KanMX_Pc trp1:TRP1_Pga, ;-GES-Tpgy; leu2:LEU2_T 47 -tHMGT-Pgy; 10 This study
SyBE_Sc14C98_Mono SyBE_Sc14C02 ALD6:KanMX_Pp, trp1:TRP1_Pgp, ;-GES-Tpgk; leu2:LEU2_T - tHMGT-Pgp, 10 This study
SyBE_Sc14C99_Mono SyBE_Sc14C02 ALD6:KanMX_Pg trp1:TRP1_Pga, -GES-Tpgy; leu2:LEU2 Ty~ tHMG1-Py, 10 This study
SyBE_Sc14C100_Mono SyBE_Sc14C02, ALD6:KanMX_P trp1:TRP1_P g, -GES-Tpgy; leu2:LEU2_T 7 -tHMG1-Pga, 10 This study
SyBE_Sc14C101_Mono SyBE_Sc14C02 ALD6:KanMX_Pg, trp1:TRP1_Pgp, 1-GES-Tpgk; 1eu2:LEU2_T e tHMGT-Pga, 10 This study
SyBE_Sc14C102_Mono SyBE_Sc14C02 ALD6:KanMX_P,, trp1:TRP1_P gy, -GES-Tpgk; leu2:LEU2_T 7 -tHMGT1-Pgy, 10 This study
SyBE_Sc14C105_Mono SyBE_Sc14C02 ALD6:KanMX_Py trp1:TRP1_Pgp, 1-GES-Tpgk, 1eu2:LEU2_T 4c7-tHMGT1-Pgp; 10 This study
SyBE_Sc14C97_Sesqui SyBE_Sc14C02 ALD6:KanMX_Pc trp1:TRP1_Pgu, ;-ADS-Tpgy; leu2:LEU2 T 4r-tHMG1-Pgy, 10 This study
SyBE_Sc14C98_Sesqui SyBE_Sc14C02 ALD6:KanMX_P, trp1:TRP1_Pgp, ;-ADS-Tpgy; leu2:LEU2_T 4y -tHMGT1-Pga; 0 This study
SyBE_Sc14C99_Sesqui SyBE_Sc14C02 ALD6:KanMX_Pg trp1:=TRP1_Pca, -ADS-Tpgk; 1eu2:LEU2_T 47 -tHMGT-Pgp; 40 This study
SyBE_Sc14C100_Sesqui SyBE_Sc14C02 ALD6:KanMX_Py, trp1:TRP1_P g, -ADS-Tpgk; leu2:LEU2_T 7 -tHMG1-Pgy, 19 This study
SyBE_Sc14C101_Sesqui SyBE_Sc14C02 ALD6:KanMX_Pg trp1:TRP1_Pgp -ADS-Tpgk; leu2:LEU2_T - tHMGT-Pga, 10 This study
SyBE_Sc14C102_Sesqui SyBE_Sc14C02 ALD6:KanMX_P,,, trp1:TRP1_Pgp, ;~ADS-Tpgk; leu2:LEU2 T 47 tHMGT-Pgp; 10 This study
SyBE_Sc14C105_Sesqui SyBE_Sc14C02 ALD6:KanMX_P trp1:TRP1_Pgp, ;~ADS-Tpgy, leu2:LEU2_T 4 - tHMGT-Pgp; 40 This study
SyBE_Sc14C97_Di SyBE_Sc14C02 ALDG6:KanMX_P leu2:LEU2_T cry-tHMGT-Pay 10-P opy - TMCItE-Tepms This study
SyBE_Sc14C98_Di SyBE_Sc14C02 ALD6:KanMX_Pp, leu2:LEU2_T pc7-tHMGT-Pgp; 10-Pgar - TMCIE-Tgppy, This study
SyBE_Sc14C99_Di SyBE_Sc14C02 ALD6:KanMX_P leu2:LEU2_T e -tHMGT-P g, 19-Pgar - TMCrtE-Tgpp,, This study
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Strain name

Description

Source or reference

SyBE_Sc14C100_Di
SyBE_Sc14C101_Di
SyBE_Sc14C102_Di
SyBE_Sc14C105_Di
SyBE_Sc14C97_Tetra

SyBE_Sc14C02 ALD6:KanMX_Py leu2:LEU2_T yep-tHMG TPy 15-Paar - TMCHE-Tapry
SyBE_Sc14C02 ALD6:KanMX_Pg leu2:LEU2 T yepy-tHMG1-P g0y 10-Ponr - TMCItE-Tgpp
SyBE_Sc14C02 ALD6:KanMX_P,, leu2:LEU2_T yery-tHMG1-P ey 10-Panr - TMCHE-T cppss
SyBE_Sc14C02 ALD6:KanMX_Py, leu2:LEU2_T yery-tHMGT-P ey 15-Pear - TMCHE-T apry
SyBE_Sc14C02 ALD6:KanMX_Pc trp1:TRPT_T cyer-BtCrti-P g 10-Peas -PaCrtB-Tpax;

leu2:LEU2_T yery-tHMGT-P e, 10-Papr1-PACItE-Tappy

SyBE_Sc14C98_Tetra SyBE_Sc14C02 ALD6:KanMX_Pp, trp1:TRPT_T eyer-BCrt-Peay 15-Pens 1-PaCrtB-Togks

leu2:LEU2_T pery-tHMGT-P g 51 10-P o ar 1-PACHE-T opps

SyBE_Sc14C99_Tetra SyBE_Sc14C02 ALD6:KanMX_Pg trp1:TRPT_T eye - BtCrti-Pen ;0P ans ;-PaCrtB-Tocs

leu2:LEU2_ T pery-tHMGT-P g gy 10-P oar 1-PACHE-T cpps

SyBE_Sc14C100_Tetra SyBE_Sc14C02 ALD6:KanMX_Py trp1:TRP1_T eyer-BtCrt-Pan 16-Peas1-PaCrtB-Toax;

leu2:LEU2_ T yerytHMGT-P e, 16-Papr1-PACItE-Tappy

SyBE_Sc14C101_Tetra SyBE_Sc14C02 ALD6:KanMX_Pe trp1:TRPI_T eycr-BtCrt-Pan 15-Pears-PaCrtB-Toak;

leu2:LEU2_T yery-tHMGT-P e, 10-Papr1-PACItE-Tappy

SyBE_Sc14C102_Tetra SyBE_Sc14C02 ALD6:KanMX_P,, trp1:TRPT_T cyer-BCrt-Peay 16-Pens ;-PaCrtB-Tpck:

leu2:LEU2_T pery-tHMGT-P g 51 10-P oar 1-PACHE-T opps

SyBE_Sc14C105_Tetra SyBE_Sc14C02 ALDG6:KanMX_Py trp1:TRPT_T cyer-BtCrt-Peas 10-Paas-PaCrtB-Togkr

leu2:LEU2_ T pery-tHMGT-P g gy 10-P oar 1-PACHE-T cpps

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study

upregulation of the MVA pathway for an increased flux from acetyl-CoA to MVA
(Fig. 2B), and enhanced expression of heterologous terpenoid genes (Fig. 3); (ii)
upregulation of the TCA cycle and glyoxylate shunt increasing the energy resources
available for terpenoid biosynthesis (Fig. 2); and (iii) upregulation of fatty acid and
ergosterol biosynthesis pathways increased the abundance of fatty acids and sterols
(Fig. 4), potentially reflecting a wider dynamic range of membrane composition for
better tolerance to terpenoid accumulation stress (36, 41, 43). It is known that adequate
precursor and energy supply, high efficiency of the heterologous expression system,
and a compatible microenvironment for target compound accumulation are important
for maximizing production of natural products in microbes (47). Surprisingly, all of these
characteristics critical for highly efficient cell factories are affected by the deletion of
YPLO62W .

Detailed analysis of YPLO62W expression revealed that YPLO62W is not transcribed
and that its deletion significantly downregulates the downstream gene ALD6 (Fig. 6A).
ALD6 contributes to the primary cytosolic acetaldehyde dehydrogenase activity, and
cells lacking ALD6 produce less acetic acid during fermentation (16, 17). In this study,
deletion of YPLO62W directly downregulated ALD6 expression, leading to reduced
acetate accumulation. Serial deletions of conserved domains within ALD6 promoter
revealed that YPLO62W (containing domain VI) acted as a core promoter of ALD6 (Fig.
6B). Although the evolution prediction based on UCSC Genome Browser did not
suggest any potential cis-elements binding within domain VI, Walkey et al. (48) re-
ported that the sequence from nt —551 to —556 (GAGGGG) within this region was the
binding site of a zinc finger transcriptional activator YMLO81W. Mutation of this GA
GGGG site led to 54% reduction in ALD6 promoter activity (48), which corresponds well
with the 68.7% decrease resulting from the base transition mutation of domain VI in our
study (Fig. 6B). Therefore, AYPLO62W might function by disrupting the interaction
between YMLO81W and the ALD6 promoter.

The expression level of ALD6 was negatively correlated to terpenoid production, and
this correlation was independent of terpenoid class (Fig. 6C to G). Therefore, the
regulation of ALD6 by YPLO62W acts as a crucial control element for terpenoid produc-
tion. The genetic function of YPLO62W explains the correlation between YPLO62W and
terpenoid biosynthesis and provides a powerful engineering platform for yeast terpe-
noid biosynthesis in general by using AYPLO62W strains.

This study emphasizes that detailed characterization of genetic alterations is a
reliable way to generate knowledge and understanding of the genetic, physiological,
metabolic, and phenotypic effects of strain modifications. This understanding and the
knowledge that results from it enable more effective and efficient engineering of
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commercial production strains and minimize the risks associated with commercial
strain, process, and scale-up development.

MATERIALS AND METHODS

Strains, media, and culture conditions. S. cerevisiae SyBE_Sc14C02 and SyBE_Sc14C10 (15), derived
from CEN.PK2-1C, were created as the host strains for this work. All yeast strains engineered in this study
are listed in Table 1. E. coli DH5« was used for routine cloning procedures. Yeast strains for normal
cultivations were cultured in yeast extract-peptone-dextrose (YPD) medium (15) or YPE medium (1%
[mass/vol] yeast extract, 2% [mass/vol] peptone, and 2% [vol/vol] ethanol). Synthetic complete (SC)
medium (15) was used for yeast recombinant selection. Shake flask batch fermentations for terpenoid
production were carried out in YPDG medium according to our previous work (15). The cultivation was
maintained for 48 h under 2% (mass/vol) glucose or 60 h under 4% (mass/vol) glucose. For two-phase
fermentation, isopropyl myristate (IPM) was added to YPDG medium at a final concentration of 20%
(vol/vol).

DNA manipulation. Integration modules used for yeast homologous recombination were con-
structed as described previously (15) and performed according to Fig. S1. Oligonucleotides used in this
study are listed in Table 2. The genes encoding geraniol synthase (GES) originating from Catharanthus
roseus and amorphadiene synthase (ADS) from Artemisia annua were custom-synthesized by Genewiz
(Beijing, China) for optimal expression in S. cerevisiae (Fig. S6). The genes encoding geranylgeranyl
diphosphate synthase (GGPPS) from Taxus x media, CrtE from Pantoea agglomerans, and Blakeslea
trispora-derived CrtB and Crtl were synthesized in our last work (15). Terpenogenic modules included
geraniol biosynthetic modules (modules 1 and 4 [Fig. S1]), amorphadiene biosynthetic modules (modules
2 and 4 [Fig. S1]), geranylgeraniol biosynthetic modules (module 5 [Fig. S1]), zymosterol biosynthetic
modules (module 4 [Fig. S1]), and lycopene biosynthetic modules (modules 3 and 5 [Fig. S1]).

To construct serially deleted ALD6 promoters, the conserved domains of ALD6 promoter (region from
nt +35 to —1444 relative to the transcription start site of gene ALD6) were predicted by evolution
prediction based on the UCSC Genome Browser (http://genome-asia.ucsc.edu) (49). Serially deleted
ALD6 promoters containing different conserved domains were assembled into promoter-activity-
characterization modules according to module 6 (Fig. S1) and promoter replacement modules according
to module 7 (Fig. S1), respectively. Base transition mutation of conserved domain was introduced
through interchanged mutation between either two purine nucleotides (A and G) or two pyrimidine
nucleotides (C and T) according to the method of Wang et al. (50) and assembled according to modules
6 and 7 in Fig. S1.

Promoter activity assay. Promoter activity was characterized by the relative fluorescence intensity
of red fluorescent protein (RFP) as previously described (51). The relative fluorescence intensity was the
ratio of the fluorescence to optical density at 600 nm (ODy,,) for each strain during cultivation. The strain
SyBE_Sc14C80 without promoter fused to RFP was used as a negative control. Activities of PGAL1 and
PGAL10 were determined in the background of strains SyBE_Sc14C02 and SyBE_Sc14C10, respectively.
Culturing procedures for the resulting strains (SyBE_Sc14C80-SyBE_Sc14C83, and SyBE_Sc14C43) (Table
1) were the same as terpenoid fermentation in YPDG medium supplemented with 2% (mass/vol) or 4%
(mass/vol) glucose, respectively. To determine the activities of P, to P, the serially deleted ALD6
promoters were fused to RFP in strain SyBE_Sc14C02. The resulting strains (SyBE_Sc14C84 to
SyBE_Sc14C95) (Table 1) were cultivated in YPD medium for fluorescence assay.

Microscopic analysis. For microscopic observation, strain SyBE_Sc14C23 was used to investigate
lycopene accumulation after 46 h of shake flask fermentation. Nonproducing strain SyBE_Sc14C10 was
used as a control. Cells were harvested by centrifugation, washed, and diluted with sterile water to an
ODy,, of 5.0. Images were taken with an Olympus CX41 (Olympus, Tokyo, Japan) at magnifications of
X40 and X100.

Metabolite quantification. Fatty acids from whole yeast cells were extracted, methyl esterified, and
quantified as previously described (52). A fatty acid methyl ester (FAME) standard mixture with acyl chain
lengths ranging from Cg to C,, (Sigma) was used for quantification. The fatty acid was calculated as
milligrams per gram (dry cell weight [DCW]). Total fatty acid concentrations were calculated as the sum
of C,¢ to C,4 (saturated and unsaturated) fatty acids. The unsaturation index was calculated as the ratio
of unsaturated fatty acids to total fatty acids. Sterols, including squalene, zymosterol, and ergosterol,
were extracted and quantified by gas chromatography-mass spectrometry (GC-MS) as described by Su
et al. (53). The contents of sterols were determined by standard curves of squalene, zymosterol, and
ergosterol (Sigma), respectively, and expressed as milligrams per gram (DCW). Lycopene quantification
was performed as described by our group (15). Production of geraniol, amorphadiene, and gera-
nylgeraniol was carried out as liquid-liquid two-phase fermentation using a 20% (vol/vol) IPM overlay and
analyzed by GC-MS as described by Jiang et al. (54), Ro et al. (4), and Tokuhiro et al. (55), respectively.
Terpenoid production was quantified by comparison with standard curves of authentic compounds
purchased from Sigma.

RNA-sequencing analysis. Cells were harvested from cultivation under both 2% (mass/vol) and 4%
(mass/vol) glucose fermentation conditions according to our previous work (15). In the case of 2%
(mass/vol) glucose, cells were sampled at 4 h (glucose consumption phase) and 12 h (ethanol consump-
tion phase). Cells in 4% (mass/vol) glucose were harvested at 6 h (glucose consumption phase) and 24 h
(ethanol consumption phase) (15). Total RNA was isolated following the NEBNext Ultra RNA protocol and
using the NEBNext poly(A) mRNA magnetic isolation module (New England BioLabs [NEB]) according to
the manufacturer’s instructions and was qualified and quantified with an Agilent 2100 bioanalyzer
(Agilent Technologies). Sequencing service was performed by Genewiz Inc. on the lllumina HiSeq2500
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TABLE 2 Oligonucleotides used in this study

Applied and Environmental Microbiology

Oligonucleotide purpose and name

Sequence (5'-3’)

For construction of Pg,, ;-GES/ADS-Tpgk;, TRPT homologous arm
TPR1_LF
TPR1_LR
GAL1p_F
GAL1p_R
GES_F
GES_R
ADS_F
ADS_R
PGK1t_F
PGK1t_R
TPR1_RF
TPR1_RR

PCR verification of Pg 1-GES/ADS-Tpgk;, TRPT homologous arm

TPR1_VF
GAL1p_VR
GAL1p_VF
TPR1_VR

For construction of Tpcr-tHMG1-Pga, 50, LEU2 homologous arm
with LEU2 marker
LEU2_LF
LEU2_LR
TDH2t_F
TDH2t_R
ACT1t_F
ACT1t_R
tHMG1_F
tHMG1_R
GAL10p_F
GAL10p_R
LEU2_RF
LEU2_RR

PCR verification of Tpcr-tHMG1-Pgp 10, LEU2 homologous arm
with LEU2 marker
LEU2_VF
GAL10p_VR
GAL10p_VF
LEU2_VR

For construction of Pga1/cat10/Pa-RFP-Teycr, LEU2 homologous

arm with LEU2 marker
LEU2_LF
TDH2t_R
CYC1t_RFP_F
CYC1t_LEU_R
RFP_F
RFP_R
GAL1p_F
GAL1p_R
GAL10p_F
GAL10p_R
A/E/L_F
B_F
C_F

GTTTAAACGGAAGAGGAGTAGGGAA
TACGATGCTGTTCTATTAAATGCT
AGCATTTAATAGAACAGCATCGTAAGTACGGATTAGAAGCCGC
TATAGTTTTTTCTCCTTGACGTTA
TAACGTCAAGGAGAAAAAACTATAATGTCATTACCATTGGCTACACC
CTATCGATTTCAATTCAATTCAATTTAGAAACAAGGTGTGAAAAATAAAGC
TAACGTCAAGGAGAAAAAACTATAATGTCTTTGACTGAAGAAAAGCC
CTATCGATTTCAATTCAATTCAATTTAGATAGACATTGGGTAAACCAAC
ATTGAATTGAATTGAAATCGATAG
CGTCATAACTGCAAAGTACACATATATAACGAACGCAGAATTTTCG
ATATATGTGTACTTTGCAGTTATGACG
GTTTAAACACGCCAACCAAGTATTT

AGACATGGAGGGCGTTATTA
CTTTATTGTTCGGAGCAGTG
TGCGTCCTCGTCTTCACCG
AGTTTGATTCCATTGCGGT

GTTTAAACATAACGAGAACACACAGGG
ATCATTAAAGTAACTTAAGGAGTTAAATTTAAGCAAGGATTTTCTTAACTTC
ATTTAACTCCTTAAGTTACTTTAATGAT

GCGAAAAGCCAATTAGTGT

TCTCTGCTTTTGTGCGC
ACACTAATTGGCTTTTCGCTACACGGTCCAATGGATAAAC
GTAAGAATTTTTGAAAATTCAATATAAATGGTTTTAACCAATAAAACAGTC
GCGCACAAAAGCAGAGATTAGGATTTAATGCAGGTGAC
TTATATTGAATTTTCAAAAATTCTTAC
CAAATATCATAAAAAAAGAGAATCTTTAGTGGTTATGCAGCTTTTCCA
AAAGATTCTCTTTTTTTATGATATITG
GTTTAAACTCCATCAAATGGTCAGG

GGAATACTCAGGTATCGTAAGATGC
CTTTATTGTTCGGAGCAGTG
CGCTTAACTGCTCATTGCTAT
CGTTAAGGCCGTTTCTGACA

GTTTAAACATAACGAGAACACACAGGG

GCGAAAAGCCAATTAGTGT
CTGGTGGTATGGATGAATTATATAAATAAGGCCGCATCATGTAATTAGTT
ACACTAATTGGCTTTTCGCGCAAATTAAAGCCTTCGAGC
ATGGTTTCAAAAGGTGAAGAAGAT
TTATTTATATAATTCATCCATACCACCAG
CAAATATCATAAAAAAAGAGAATCTTTAGTACGGATTAGAAGCCGCC
ATCTTCTTCACCTTTTGAAACCATTATAGTTTTTTCTCCTTGACGTTAAAG
CAAATATCATAAAAAAAGAGAATCTTTAGTGGTTATGCAGCTTTTCCA
ATCTTCTTCACCTTTTGAAACCATTTATATTGAATTTTCAAAAATTCTTACTT
CAAATATCATAAAAAAAGAGAATCTTTACAAAAGAACTATTTAATGTTCATGAAG
CAAATATCATAAAAAAAGAGAATCTTTCTACCACTGCACCTCCTAACAT
CAAATATCATAAAAAAAGAGAATCTTTGAATATAAGGCCGCCGCC
CAAATATCATAAAAAAAGAGAATCTTTACTTTCCGCGGACGCTAA
CAAATATCATAAAAAAAGAGAATCTTTATGATAGAATTGGATTATGTAAAAGGTG
CAAATATCATAAAAAAAGAGAATCTTTCTGTTTTTCGACATAAATGAGGG
CAAATATCATAAAAAAAGAGAATCTTTACGTCATTGTTGCATATGGC
CAAATATCATAAAAAAAGAGAATCTTTACCGTTTTGGGCATCGGG
CAAATATCATAAAAAAAGAGAATCTTTCACCGACCATGTGGGCAAA
ATCTTCTTCACCTTTTGAAACCATTGTATTCTGATAGTATGTGTTTGTGTATG
AAAGATTCTCTTTTTTTATGATATITG

GTTTAAACTCCATCAAATGGTCAGG
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TABLE 2 (Continued)

Applied and Environmental Microbiology

Oligonucleotide purpose and name

Sequence (5'-3’)

PCR verification of Pga1/caL10/Pa-L.-RFP-Teycq, LEU2 homologous
arm with LEU2 marker
LEU2_VF
LEU2_VR

For construction of Py, ALD6 homologous arm
with KanMX marker

ALD6_LF

ALD6_LR

KanMX_F

KanMX_F

B_vivoF

C_vivoF

D_vivoF

E_vivoF

F/G_vivoF

H_vivoF

|_vivoF

J_vivoF

K_vivoF

A-L_vivoR

ALD6_RF

ALD6_RR

PCR verification of Pg, ALD6 homologous arm
with KanMX marker
ALD6_VF
ALD6_VR

Primers for real-time PCR
Actin_F
Actin_R
ALD6_F
ALD6_R
ALGY_F
ALGY9_R
CrtE_F
CrtE_R
CrtB_F
CrtB_R
Crtl_F
Crtl_R

GGAATACTCAGGTATCGTAAGATGC
CGTTAAGGCCGTTTCTGACA

GTTTAAACATTTACGCTGAAAGACTATGTT
TTAAAATTTAACATAGAAAAAATAAATAGGC
GCCTATTTATTTTTTCTATGTTAAATTTTAATCTGTTTAGCTTGCCTCGTCC
GTTTTCGACACTGGATGGCG
CGCCATCCAGTGTCGAAAACCTACCACTGCACCTCCTAACAT
CGCCATCCAGTGTCGAAAACGAATATAAGGCCGCCGCC
CGCCATCCAGTGTCGAAAACACTTTCCGCGGACGCTAA
CGCCATCCAGTGTCGAAAACACAAAAGAACTATTTAATGTTCATGAAG
CGCCATCCAGTGTCGAAAACATGATAGAATTGGATTATGTAAAAGGTG
CGCCATCCAGTGTCGAAAACCTGTTTTTCGACATAAATGAGGG
CGCCATCCAGTGTCGAAAACACGTCATTGTTGCATATGGC
CGCCATCCAGTGTCGAAAACACCGTTTTGGGCATCGGG
CGCCATCCAGTGTCGAAAACCACCGACCATGTGGGCAAA
GCAGTGTCAAAGTGTAGCTTAGTCATTGTATTCTGATAGTATGTGTTTGTGTATG
ATGACTAAGCTACACTTTGACACTGC
GTTTAAACGGTGTTTTCAGTGGAAGG

CAGCACCAAGTTCCCGCTC
CTACCCTGACTGGAAGGCGG

ACCATGTTCCCAGGTATTGC
TGGACCACTTTCGTCGTATTC
GAACTTCACCACCTTAGAGCCA
GCAGCGGGTTTCAAGATACA
TAATCCGGGCTGGTTCCATGC
TAGAAGTAGACCCAGTGGACAGATAGCG
TGTTCTCTGCTATGTTGCAGATAGTCGC
TGTTCCTGTCCTTTCCTGTCTCTGG
ACACCTGGTGTAGACATTGCGATG
GGTTAATGCAACTTCTTGGAAAGCGGC
CGAGAGGATAGGAGACCACTTGGAC
ACCTACCGAATCCTAAAGGTCCCTC

platform. Image analysis and base calling were conducted by HiSeq control software on the HiSeq
instrument. Data were normalized to reads per kilobase per million reads (RPKM) using Htseq software
(56). Differentially expressed genes were identified by DESeq2 software (57) with log, fold change of
>1.0 and a corrected P value of <0.05. The R software environment was used for hierarchical clustering
analysis. RNA-seq data were calculated from two biological replicates. The Saccharomyces Genome
Database (SGD) (58) was used to gather and annotate gene information.

Real-time PCR. To determine the relative transcriptional level of ALD6, CrtE, CrtB, and Crtl, cells
were harvested after 4 h or 12 h of cultivation in YPDG (2% [mass/vol] glucose). Isolation of total RNA
was as described in the previous section. Reverse transcription was performed using a PrimeScript
RT reagent kit with genomic DNA (gDNA) eraser (TaKaRa Biotech) according to the manufacturer’s
instructions. SYBR Premix Ex Taq Il (Tli RNaseH Plus) and ROX plus (TaKaRa Biotech) were used for
RT-PCR experiments with the primers listed in Table 2. Target gene expression was normalized to
actin or ALG9 expression. The relative gene transcription analysis was performed using the threshold
cycle (2724¢T) method (59). RT-PCR data were calculated from three biological replicates. Statistical
analysis was performed with SPSS 19.0, with significance levels shown in figures as follows: *, P <
0.05, and **, P < 0.01.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.01990-18.
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