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Abstract

Background: The limitation of storage space, product cytotoxicity and the competition for precursor are the major
challenges for efficiently overproducing carotenoid in engineered non-carotenogenic microorganisms. In this work,
to improve (3-carotene accumulation in Saccharomyces cerevisiae, a strategy that simultaneous increases cell storage
capability and strengthens metabolic flux to carotenoid pathway was developed using exogenous oleic acid (OA)
combined with metabolic engineering approaches.

Results: The direct separation of lipid droplets (LDs), quantitative analysis and genes disruption trial indicated that
LDs are major storage locations of 3-carotene in S. cerevisiae. However, due to the competition for precursor between
(3-carotene and LDs-triacylglycerol biosynthesis, enlarging storage space by engineering LDs related genes has minor
promotion on 3-carotene accumulation. Adding 2 mM OA significantly improved LDs-triacylglycerol metabolism and
resulted in 36.4% increase in (3-carotene content. The transcriptome analysis was adopted to mine OA-repressible
promoters and IZH1 promoter was used to replace native FRG9 promoter to dynamically down-regulate FRG9 expres-
sion, which diverted the metabolic flux to 3-carotene pathway and achieved additional 31.7% increase in 3-carotene
content without adversely affecting cell growth. By inducing an extra constitutive 3-carotene synthesis pathway

for further conversion precursor farnesol to 3-carotene, the final strain produced 11.4 mg/g DCW and 142 mg/L of
[-carotene, which is 107.3% and 49.5% increase respectively over the parent strain.

Conclusions: This strategy can be applied in the overproduction of other heterogeneous FPP-derived hydrophobic

compounds with similar synthesis and storage mechanisms in S. cerevisiae.
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Background
Carotenoids are an important group of natural and lipo-
soluble pigments with multiple physiological and nutri-
tional functions, that are widely used as food colorants,
food and cosmetics additives, health supplements, ani-
mal feeds and nutraceuticals [1]. Global market for carot-
enoids reached $1.5 billion in 2018 and is expected to
grow to $2.0 billion by 2022 [2]. Although the demand for
carotenoids is rapidly increasing, their supply is limited
due to inefficient production methods. In recent years,
with advances in metabolic engineering and synthetic
biology, engineered non-carotenogenic microorganisms
have become a primary alternative for economic and
mass production of carotenoids [3-5]. Among which,
the budding yeast Saccharomyces cerevisiae is a particu-
larly attractive host due to its well characterized genetics,
physiology, and metabolism, as well as the availability of
diverse genetic toolkits for its engineering [6]. In addi-
tion, it is also GRAS (generally regarded as safe) and
amenability to industrial bioprocess conditions.
Carotenoids are synthesized through the mevalonate
(MVA) pathway in S. cerevisiae. Co-expression of the
exogenous genes such as GGPP synthase (crtE), phy-
toene synthase (CrtB) and phytoene desaturase (Crtl),
or bifunctional phytoene synthase and lycopene cyclase
(crtYB) lead to metabolic flux towards heterogeneous
pathway to synthesize lycopene and [-carotene [4]. To
overproduce carotenoid products, various metabolic
engineering approaches were deployed, such as screening
and engineering exogenous enzymes with high activity
[7, 8], engineering the MVA pathway and central carbon
module to maximize precursor supply [9, 10], optimizing
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the cofactor supply (NADPH and ATP) and multi-mod-
ule engineering for flux balance [11], and mining and
engineering endogenous and exogenous transporters
to efflux product [12, 13]. However, to date, carotenoid
yields in engineered microorganisms are still low and
do not meet industrial production requirements. There-
fore, further strain improvement by metabolic engineer-
ing is required. Indeed, to achieve this goal, there are
three major challenges that need to be addressed. Firstly,
reduce the toxicity of product. The accumulation of het-
erogeneous carotenoids can cause cytotoxicity and intro-
duce an undesirable metabolic burden, which adversely
affect cell growth and product synthesis [14]. Addition-
ally, due to depositing in the cellular membrane bilayer,
carotenoid accumulation would destruct the membrane
integrity and cause membrane stress [14, 15]. To address
this issue, separating cell growth phase with product
synthesis phase by dynamic control modules, or reliev-
ing the membrane stress by overexpressing unsaturated
fatty acids (UFAs) genes have been used in the past [10,
15]. Secondly, enlarge the product storage space of the
host organism. From cellular physiology point of view,
it seems to be difficult to accumulate carotenoids to a
high concentration in cells due to their toxicity. Fortu-
nately, microbes have developed various strategies to
store these toxic compounds. All carotenoids are stored
in the cellular membrane of prokaryotic cells after syn-
thesis, expanding the membrane surface area and thus
facilitating carotenoid overproduction in Escherichia coli
[16]. On the other hand, in yeast such as S. cerevisiae,
carotenoids are believed to be stored in cellular mem-
branes or (and) neutral lipid droplets (LDs), although
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the distribution proportion is still not clear. Up-regulat-
ing phospholipid and sterol biosynthesis [9], or improv-
ing LDs formation [17] could all lead to improvement
of lycopene yield in S. cerevisiae. To our best knowl-
edge, until now, no related work has been conducted on
[-carotene accumulation in S. cerevisiae. Thirdly, rational
balance of the competition for precursors such as
farnesyl diphosphate (FPP) between native components
and carotenoid synthesis, because the precursor not only
serves as a building block for non-native isoprenoids, but
also for essential cellular components, such as ergosterol.
Minimizing metabolic fluxes towards side pathways and
diverting them to heterologous metabolic reactions is a
smart method [18]. In this regard, down-regulation of
ERG9 gene which encodes squalene synthase (the first
committed step after farnesyl diphosphate in ergosterol
biosynthesis), using the methionine-repressible MET3
promoter [19], HXTI1 promoter [10] and ergosterol-
responsive promoters [20] resulted in significant produc-
tion improvements.

Considering that the boost effects of various strategies
can be synergistic, it is believed that the highest improve-
ment in yield could be achieved with multiple strate-
gies implemented simultaneously. In the present work,
we focused on the multi-function of oleic acid (OA), a
cheap UFA. We developed a strategy that simultane-
ously increases cell storage capability, and strengthens
metabolic flux to carotenoid pathway with relieving cell
membrane stress by utilizing exogenous OA combined
with metabolic engineering approaches. Firstly, we quan-
titatively proved LDs is the major storage location of
[B-carotene in S. cerevisiae, and optimized the concen-
tration of OA promoting LDs formation, to expand the
storage space of B-carotene. We then mined a series of

Page 3 of 13

OA-repressible promoters to replace ERG9 through tran-
scriptional assay and identified IZHI as a suitable pro-
moter to dynamically down-regulate ERG9 expression
without adversely affecting cell growth. After introduc-
ing an extra constitutive (-carotene synthesis pathway
to obtain sequential control [B-carotene biosynthesis,
the intracellular content and yield of B-carotene in final
strain achieved 107.3% and 49.5% increment compared to
the original strain, respectively.

Results and discussion

LDs are the major location for B-carotene storage in S.
cerevisiae

To expand the storage space for improving [B-carotene
accumulation, it is vital to identify the major storage loca-
tion of B-carotene in S. cerevisiae. At present, 3-carotene
is believed to be stored in cell membrane or (and) LDs,
but the distribution ratio is not clear [9, 17]. Herein, we
quantitatively determined this value. Firstly, we visual-
ized the number of LDs in the wild-type strain YBX-B
and [B-carotene synthesizing strain YBX-01 (producing
5.50 mg/g DCW [p-carotene) constructed in our previous
work [12] by transmission electron microscope (Addi-
tional file 1: Fig. S1) and confocal microscope (Fig. 1A).
The results all show that more LDs are produced in
strain YBX-01, indicating that the budding yeast would
produce extra LDs to respond to carotenoid accumula-
tion. Then we directly separated LDs and cell membrane
components for -carotene quantitative determination,
respectively. According to the previously reported proto-
col [21], the cells of strain YBX-01 cultured for 72 h were
disrupted, and various components were collected based
on the density difference. After ultracentrifugation of the
post-nuclear supernatant (PNS) at 40,000 rpm for 1 h,
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Fig. 1 A Laser confocal images of -carotene producing strain YBX-01 and the parent strain YBX-B stained with Nile red. The excitation wavelength
of Nile red is 488 nm; Bright is white light; Merged is combined field of Nile red and Bright. B Separation of yeast lipid droplets by ultracentrifugation
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LDs were enriched in the upper layer of the SW40 tube,
which clearly indicated that a large amount of orange
[-carotene exist in LDs (Fig. 1B). The cytoplasmic com-
ponents were located in the middle layer, while the total
membrane components were at the bottom of the centri-
fuge tube. The following quantitative analysis shows that
LDs contained 85.5% of p-carotene (4.70 mg/g DCW),
while the cell membrane only contained 9.4% (0.52 mg/g
DCW).

LDs mainly consist of triacylglycerol (TAG) and sterol
esters (SE), in which TAG is located in the core of LDs
and is the major lipid species [22]. The content of TAG
in strain YBX-01 was found to reach 32.2 mg/g DCW,
which is 5.37-fold greater than the wild-type strain
YBX-B (Additional file 1: Fig. S2). Correspondingly,
three key genes associated with TAG synthesis, includ-
ing ACCI (encoding acetyl-CoA carboxylase), PAHI
(encoding phosphatidate phosphatase) and DGAI
(encoding diacylglycerol acyltransferase) were transcrip-
tionally induced, especially after 24 h of the fermenta-
tion (Additional file 1: Fig. S2). Next, we successively
knocked out four key genes controlling LDs synthe-
sis in strain YBX-01, to investigate the variation of LDs
synthesis on B-carotene accumulation. In S. cerevisiae,
DGAI and LROI (encoding acyltransferase) are respon-
sible for the synthesis of TAG, while AREI and ARE2
encoding acyl-CoA: sterol acyltransferase contribute to
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SE synthesis [23]. The deletions generated four strains
(YBX-1d1, 1d2, 1d3 and 1d4), respectively. The confocal
microscope shows that the number of LDs in engineered
strains gradually decreased, and no LDs were observed
in the quadruple disruption strain YBX-ld4 (Fig. 2A).
As expected, the content of B-carotene correspondingly
decreased. There is only 14.8% of -carotene left in strain
YBX-1d4 (Fig. 2B). Noticeably, the strain YBX-1d1 with
DGA1 disruption showed a 61.3% decrease compared to
strain YBX-01, confirming that DGA1I is the major gene
controlling TAG synthesis [3]. These results verified the
vital role of LDs in storing p-carotene, and proved that
LDs are the major storage space of [3-carotene in recom-
binant S. cerevisiae, thus LDs were the engineer targets
for increasing B-carotene accumulation.

The limitation of modulating LDs key genes for B-carotene
overproduction

Genetic modulating the genes of LDs formation can
promote lycopene accumulation [17]. Acetyl-CoA, the
starting molecule of TAG biosynthesis, is the central
metabolite in fatty acid biosynthesis. ACCI is responsi-
ble for encoding acetyl-CoA carboxylase to form mal-
onyl-CoA, the first committed and critical step in fatty
acid metabolism. The introduction of two site mutations
in ACCI at Ser659 and Ser1157 results in a three-fold
enhancement of ACCI activity and increase total fatty
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Fig. 2 Effect of deleting lipid droplets synthesis genes on intracellular LDs formation observed by laser confocal images (A) and (3-carotene content
(B). The genes of DGAT, LRO1, ARET and ARE2 were successively disrupted in the parent strain YBX-01 resulting in strains YBX-Id1, 1d2, Id3 and Id4,
respectively. Data are the means = standard deviations of triplicate experiments
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acid content [24]. To increase the level of LDs synthesis,
we engineered ACCI in strain YBX-01 by introducing
two site mutations (Ser659Ala and Ser1157Ala) through
fusion PCR. The obtained ACCIS>/SII574 yas linked
with the strong constitutive promoter Prpr;. Addition-
ally, the original promoters of PAHI and DGA1 were
substituted with inducible P,;; promoter, and the strain
YBX-22 with overexpression of ACCI, PAHI and DGA1I
was constructed. These modifications led to increased
intracellular TAG content from 32.2 to 43.5 mg/g DCW
(Fig. 3A), and increased [-carotene content from 5.5 to
6.75 mg/g DCW, which is a 22.7% increase compared
to the control strain (Fig. 3B). Through separating LDs,
cytoplasm and membrane components, we found that
the proportion of B-carotene in LDs increased from 85.5
to 87.6%, while the content in the cytoplasm and mem-
brane system did not change significantly, indicating that
almost all of the increased p-carotene was distributed in
LDs.

LDs can be cleaved by TAG lipase and SE hydrolase
when cells need energy in times of scarcity. To fur-
ther improve LDs formation, three genes TGL3, TGL4
and TGLS, encoding TAG lipase and SE hydrolase [25]
were disrupted in strain YBX-22 resulting in strain
YBX-23. The content of TAG in strain YBX-23 conse-
quently increased from 43.5 mg/g DCW to 47.5 mg/g
DCW (Fig. 3A), and the B-carotene content increased
from 6.75 mg/g DCW to 6.98 mg/g DCW (Fig. 3B). A
previous study indicated that the disruption of FLDI
improved lipid levels, LD clustering, and favored the
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formation of larger LDs [26]. FLD1 was deleted in strain
YBX-23, resulting in strain YBX-24, in which TAG con-
tent was further increased to 48.3 mg/g DCW (Fig. 3A).
Accordingly, B-carotene content increased to 7.37 mg/g
DCW (Fig. 3B). After separation of LDs, we found that
the percentage of f-carotene in LDs increased to 88.2%.

Collectively, the above results indicated that engi-
neering the genes associated with LDs synthesis, size
and degradation can lead to 50% increase of TAG
content, which resulted in 34% increase in B-carotene
content compared to the original strain YBX-01. This
value was slightly higher than the data reported by Ma
et al. that showed a 25% increase of lycopene through
engineering fatty acid synthesis and TAG metabolism.
Interestingly, when the same strategy was applied to the
wild-type strain YBX-B, 180.6 mg/g DCW of TAG was
achieved which is 2.74 fold greater than that of strain
YBX-24. The discrepancy is possibly due to the compe-
tition for precursor (acetyl-CoA) between [-carotene
and TAG biosynthesis in strain YBX-24. Obviously,
the unilateral improvement of LDs formation is not
conducive to B-carotene synthesis, vice versa. Another
explanation might be that the promotion of genetic
modification on LDs synthesis is limited, consider-
ing that LDs is a specific organelle for decreasing the
cytotoxicity and will largely be synthesized only when
excessive lipophilic products accumulated in cells [23].
Thus, it is essential to design a more effective strategy
to address this dilemma.
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The dual regulation of oleic acid for promoting LDs

and metabolic pathways

In this work, we focused on OA and aimed to simulta-
neously promote LDs formation and drive the metabolic
flux of MVA to B-carotene pathway, considering that OA
has multiple beneficial physiological functions. Firstly,
supplementation of OA can dramatically improve the
synthesis of LDs in S. cerevisiae [23], which additionally
save more acetyl-CoA for B-carotene synthesis because
cells don't need de novo synthesis of UFAs. Secondly,
the incorporation of UFAs into cell membrane increases
the flexibility of cell membrane and relieves carotenoid-
induced membrane stress [15, 27]. Thirdly, OA can bind
the fatty acid regulatory (FAR) region in the upstream
promoter of a specific gene to regulate its expression
[28]. Thus, it is possible to mine OA-repressible promot-
ers and substitute ERG9 original promoter to dynami-
cally down-regulate ERG9 expression, and resulted in
improved [-carotene synthesis by driving the metabolic
flux towards the -carotene biosynthetic pathway. Due to
the fact that excessive OA cause lipotoxicity to cells, the
optimal concentration of OA on LDs formation should be
identified firstly. Thus, 0.5, 1, 2, 4 and 8 mM OA was sup-
plemented into the medium after 12 h of fermentation
when strain YBX-01 started the synthesis of -carotene,
respectively. Biomass, TAG and p-carotene content
were determined. The results show that the cell growth
(Additional file 1: Fig. S3) and TAG metabolism (Fig. 4A)
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were improved by OA addition. When 2 mM (64.4 mg/g
DCW) of OA was used, 78.9% increase of TAG content
was achieved compared to the control. This value was
33.3% greater than the engineered strain YBX-24, con-
firming the high-efficient promotion of exogenous oleic
acid on LDs formation. As expected, -carotene content
increased to 7.5 mg/g DCW, which is 36.4% greater than
that of the control (Fig. 4B). Additionally, the membrane
fluidity of cells was improved by 2.1 fold relative to the
control strain through determining the value of fluo-
rescence anisotropy, something that is consistent with
our previous work [15]. No significant differences were
observed in -carotene content between 2 and 4 mM OA
addition. Noticeably, the addition of 8 mM OA caused a
large decrease in [-carotene content (4.2 mg/g DCW),
with only 76.4% of the control trial, indicating that lipo-
toxicity occurred at this concentration. Thus, 2 mM OA
was chosen in the following work.

To mine OA-repressible promoters, the transcriptome
analysis was adopted to compare mRNA levels in YBX-01
after treated with 2 mM of OA for 2 h and 12 h relative to
the control without addition (Additional file 1: Table S4).
Five genes (OLEI, MGA2, IZHI, IZH4 and YDR274C)
were further selected as potential candidates since their
mRNA levels were greatly decreased during the fer-
mentation based on quantitative real-time PCR (qRT-
PCR) analysis (Additional file 1: Fig. S4). OLEI encodes
Delta (9) fatty acid desaturase and is involved in UFAs
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synthesis, and MGA2 encoding endoplasmic reticulum
membrane protein, participates in the transcriptional
regulation of OLEI gene as a transcription factor [29].
1ZHI and IZH4 encode membrane proteins and associ-
ated with zinc ion homeostasis, which are transcription-
ally down-regulated when cells are treated with UFAs
[15]. YDR274C encodes putative protein of unknown
function. We cloned their promoters and replaced the
original ERG9 promoter in strain YBX-01, respectively,
and generated five strains, including YBX-01-IZH1,
YBX-01-IZH4, YBX-01-MGA2, YBX-01-YDR274C and
YBX-01-OLEL. The reference strain YBX-01 and the five
engineered strains were then examination of cell growth
and [B-carotene synthesis after 2 mM oleic acid was
added.

As shown in Fig. 5A, except for YBX-01-IZH4 and
YBX-01-YDR274C, the resulting strains showed a simi-
lar growth pattern to that of the reference strain YBX-
01, indicating that the modulation of ERG9 expression
controlled by IZH1, MGA2 and OLE1 promoters dose
not interfere with cell growth. Except for strain YBX-
01-OLEl, the other four strains showed increase in
[-carotene production (Fig. 5B), especially strain YBX-
01-IZH1 that exhibited the highest increase, the content
and yield increased to 9.88 mg/g DCW and 102 mg/L,
which is 31.7% and 32.6% higher than strain YBX-01. The
decrease of B-carotene in YBX-01-OLE1 was ascribed to
induced transcription of ERG9, which led to activation of
ergosterol synthesis, as later confirmed. The content of
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B-carotene in YBX-01-IZH4 and YBX-01-YDR274C was
comparable with YBX-01-IZH1, but due to the decreased
biomass, the production of -carotene was only 81.6%
and 80.2% of YBX-01-IZH1, respectively.

To verify the effect of OA-repressible promoters at
molecular level, the expressions of ERGY in the strains
was determined and compared with the parent strain
YBX-01, in which, the expressions remained unchanged
after 14 h (Fig. 6A). In strain YBX-01-IZH1 and YBX-
01-IZH4, ERGY expression was low until the end of the
fermentation. ERG9 mRNA level under the control of
Pycan although slightly lower, was comparable to that
of strain YBX-01. In strain YBX-01-YDR274C, ERG9 was
down-regulated at first, but slowly increased, and no sig-
nificant differences were observed after 60 h compared to
strain YBX-01. Unexpectedly, ERG9 expression in YBX-
01-OLE1 showed a sharp increase after OA addition, and
was 2.7 times higher than that of strain YBX-01 at 36 h,
after which it decreased to the comparable level of YBX-
01 until the end of the fermentation, implying that ergos-
terol synthesis was activated, which could explain the
rise of ergosterol and the descend of -carotene content.
However, the detailed mechanism needs to be further
explored.

It is known that the down-regulation of ERG9 would
interfere with the metabolic balance of MVA pathway,
and result in the accumulation of intermediate metabo-
lites, such as farnesol, which is a disadvantage for cell
growth and product synthesis due to its toxicity [10]. The
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contents of downstream and intermediate metabolites
in different strains was determined, including squalene
and ergosterol (Fig. 6B), and farnesol (Fig. 6C). Except for
YBX-01-OLE, the contents of squalene and ergosterol in
engineered strains were lower than strain YBX-01. Espe-
cially in strains YBX-01-IZH1 and YBX-01-IZH4, 39.3%
and 48.3%, and 33.6% and 31.8% reduction observed,
respectively. This confirmed the efficiency of P;,;; and
P14 on down-regulating ERG9 expression. Concerning
the intermediate metabolite farnesol, similar to previous
work results, farnesol was not detected in reference strain
YBX-01, while 0.29 and 0.26 mg/g DCW of farnesol were
produced in strains YBX-01-IZH1 and YBX-01-1ZH4,
respectively, indicating that this intermediate metabo-
lite cannot be effectively consumed by inducible biosyn-
thetic pathway of B-carotene. No farnesol accumulated
in strain YBX-01-OLEl, corresponding to the highest
amount of squalene and ergosterol. These results collec-
tively indicated that P, is a suitable promoter capable
to dynamically down-regulate ERG9 expression, which
can drive the metabolic flux towards carotenoid pathway
to improve B-carotene synthesis.

The introduction of constitutive metabolic pathways

to balance the utilization of farnesol

To further improve p-carotene production, it is vital
to facilitate further conversion of precursor farnesol to
[-carotene. The accumulation of farnesol in strain YBX-
01-IZH1 is possibly due to the imbalance in expression
time between ERGY9 down-regulation and [-carotene
biosynthesis. In this work, in order to reduce the toxicity
of carotenoid on cell growth, we introduced an inducible

GAL promoter to drive -carotene biosynthesis [10]. This
strategy guarantees that -carotene will start to synthe-
size after 12 h when glucose is exhausted, and achieve
the separation of the cell growth stage from the product
accumulation stage. However, using this strategy, before
the synthesis of B-carotene, the engineered strain already
synthesized farnesol.

To address this issue, we introduced another 3-carotene
synthesis pathway driven by glucose and medium-
strength promoter PYKI and TPII, aimed to initiate
B-carotene biosynthesis before 12 h during which glu-
cose is available in the medium. Additionally, to reduce
the loss of farnesol by other side pathway, we knocked
out DPPI and LPPI genes in YBX-01-IZH, involved in
the hydrolysis of isoprene pyrophosphate [30], resulting
in strain YBX-41. The biomass, squalene, farnesol and
B-carotene content in YBX-01-IZH1 and YBX-41 were
determined after 72 h of cultivation (Table 1). The results
show that the biomass of YBX-41 was slightly affected
compared to YBX-01-IZH1, and squalene content was
further decreased to 1.2 mg/g DCW from 1.42 mg/g
DCW, while farnesol was no longer detectable in strain
YBX-41. Correspondingly, p-carotene content and yield
increased to 11.4 mg/g DCW and 142 mg/L, which is
15.6% and 13.6% greater than those of strain YBX-01-
IZH1. This verified that the introduction of extra con-
stitutive synthesis pathway facilitates the complete
consumption of farnesol, which resulted in additional
increase of p-carotene production with the introduction
of inducible synthesis pathway. It is reasonable to believe
that by using other metabolic engineering strategies,
such as supply of more precursors, energy and reducing
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Table 1 The biomass, 3-carotene and metabolites content in strains YBX-01-IZH1 and YBX-41

Strains Biomass (ODg,) Squalene (mg/g Farnesol (mg/g DCW) B-Carotene content B-Carotene
DCW) (mg/g DCW) yield (mg/L)

YBX-IZH1 31.20+0.13 141£0.11 0.294£0.03 9.88+£0.10 1254296

YBX-41 30304027 1.20+0.08 N.D. 1142+£0.21 142+1.73

N.D. represents not detected

equivalents, could further increase the production of
[B-carotene.

Conclusion

To improve p-carotene production by engineered S. cere-
visiae, a strategy that simultaneously enlarges p-carotene
storage and enhances the pathway flux to carotenoid
synthesis was developed by utilizing exogenous OA
combined with metabolic engineering approaches. Quan-
titative proof that LDs are major storage locations of
[B-carotene laid the foundation of attempting to improve
[-carotene accumulation through promoting LDs forma-
tion. IZHI promoter is able to dynamically down-regu-
late ERGY expression, and divert the metabolic flux to
[-carotene pathway to increase -carotene accumulation
in the presence of OA. Moreover, the membrane stress
induced by carotenoid accumulation were largely relieved
in this condition. An extra constitutive j-carotene syn-
thesis pathway was induced to facilitate further con-
version of precursor farnesol to P-carotene. The final
strain could produce 11.4 mg/g DCW and 142 mg/L of
[-carotene, which is 107.3% and 49.5% higher than those
of the original strain, respectively. This strategy presented
here can be applied in the overproduction of other het-
erogeneous FPP-derived hydrophobic compounds with
similar synthesis and storage mechanisms in S. cerevisiae.

Methods and materials

Strains, media and reagents

Escherichia coli DH5« high efficiency competent cells
were obtained from Tiangen biotech, Beijing, China for
gene cloning and plasmid construction. The wild type
strain S. cerevisiae FY1679-01B (MATw; ura3-52) was
used as the host for DNA integration and p-carotene
production. LB (Luria—Bertani broth) medium with
antibiotics (50 mg/mL of kanamycin) was used for cul-
tivation of recombinant E. coli. Yeast extract-peptone-
dextrose medium (YPD) was prepared with 1% yeast
extract, 2% peptone and 2% dextrose, used for cultivating
yeast strains and shake flask fermentation. YPD supple-
mented with 200 mg/mL geneticin was made for selec-
tion of the KanMX marker. For selection of yeast strains
with excised KanMX-URA3-PRB322ori marker, 1 mg/mL
5-fluoroorotic acid SD-FOA (5-FOA) was used to sup-
plement SD complete medium. All restriction enzymes

were purchased from Takara (Dalian, China). The stand-
ard B-carotene, antibiotics and chemicals were purchased
from Sigma (Sigma Aldrich, USA).

Plasmid and strains construction

All strains and plasmids are listed in Table 2. The prim-
ers were ordered from Sangon Biotech (Shanghai, China)
and the sequences were provided in Additional file 1:
Table S1. DNA fragments, promoters, and homologous
arms were PCR amplified from the genomic DNA of S.
cerevisiae FY1679-01B. Plasmid pUMRI-21 kindly pro-
vided by Prof. Hong-wei Yu [31]; it was used as a tem-
plate for DNA integration into the yeast genome. The
detailed protocol for constructing the promoter replace-
ment plasmids can be found in our previous study [12].
To construct B-carotene producing strain and derived
engineered strains, pUMRI derivative plasmids were
linearized from the junction of homologous arms with
corresponding restriction enzymes and integrated into
the yeast genome by the lithium acetate/polyethylene
glycol/single-stranded carrier DNA transformation
method [32]. The recombinant strains were selected
by G418 or uracil plates. All transformants were evalu-
ated by genomic DNA PCR using verification primers
(Additional file 1: Table S2). After PCR confirmation, the
correct colonies were passaged overnight at 30 °C and
220 rpm. Subsequent recombination between the dupli-
cated loxp flanks resulted in 5-FOA resistance due to
URAS3 excision [33], and 5-FOA-resistant colonies were
checked for loss of the targeted marker by replica-plating
on YPD and YPD-G418 plates. The promoter replace-
ment schematic in yeast genome can be seen in our pre-
vious study [12].

Cultivation conditions

For P-carotene shake-flask fermentation, the recom-
binant yeast colonies were inoculated into 5 mL YPD
medium and cultured at 30 °C on a rotary shaker
(220 rpm) overnight. The seed cultures were inoculated
into 250 mL flasks containing 50 mL YPD medium at
an initial ODgy, of 0.05 and cultured under the same
conditions for 72 h. Cell growth was determined by the
absorbance of OD, and dry cell weight (DCW). Cells
were harvested after 72 h of cultivation to determine
B-carotene production and other metabolites.
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Table 2 Plasmid and yeast strains used in this study

Plasmids/strains Genotype Source

Plasmids
pUMRI-21 loxp-KanMX-URA3-pbr322ori-loxp, Tup;-MCS1-Pigy 10-Pear 7MCS2-T e, No Homologous Arms Lvetal [31]

(KM216411)

pBX-11 loxp-KanMX-URA3-pbr322ori-loxp, ADGAT: Typn-MCST-Peps 16-Pon rMCS2- Ty This study
pBX-12 loxp-KanMX-URA3-pbr322ori-loxp, ALRO1: T p;-MCST-Pi s 15-Pon -MCS2-Teyey This study
pBX-13 loxp-KanMX-URA3-pbr322ori-loxp, AARET: Tp0-MCST-Pi sy 10°Popr - MCS2-Tye This study
pBX-14 loxp-KanMX-URA3-pbr322ori-loxp, AARE2: Tp-MCST-Pep 10-Pea rMCS2- Ty This study
pBX-15 loxp-KanMX-URA3-pbr322ori-loxp, ATGL3: Tp1-MCST-Pi sy 167Pon - MCS2-Teye This study
pBX-16 loxp-KanMX-URA3-pbr322ori-loxp, ATGL4: Typ-MCST-Peps 167Peni -MCS2-T ey This study
pBX-17 loxp-KanMX-URA3-pbr322ori-loxp, ATGLS: T1-MCST-Pes; 167Pon -MCS2-T ey This study
pBX-18 loxp-KanMX-URA3-pbr322ori-loxp, AFLDT: Typ-MCST-Pep; 19-Peas rMCS2- Ty This study
pBX-19 loxp-KanMX-URA3-pbr322ori-loxp, AHO: Tp;-MCS1-Pips 10-Peas -MCS2-T ey This study
pBX-20 loxp-KanMX-URA3-pbr322ori-loxp, AHO: T yp-PAHT-Pi 41 157Pa i DGAT-Teye This study
PBX-21 loxp-KanMX-URA3-pbr3220ri-loxp, Pyge-ACCT S39ASTIZA T This study
pBX-22 loxp-KanMX-URA3-pbr3220ri-loxp, ATy4: Preg,-ACCT S22 STISA T This study
pBX-OLE1pro APereoPor This study
pBX-MGA2pro APercoPricar This study
pBX-IZH1pro APercoPiani This study
pBX-1ZH4pro APereoPiia This study
pBX-YDR274Cpro APrpcoPyprozac This study
pBX-23 loxp-KanMX-URA3-pbr322ori-loxp, Tp;-MCST-Ppyyr-Prpj-MCS2-T ey This study
pBX-24 Adpp1:T 4pp~CrtYB-Ppyi=Proy=Crtl-Teyey, loxp-KanMX-URA3-pbr322ori-loxp This study
pBX-25 Alpp 1:T 4o~ MCS-Ppyi=Proy=CrtE-T y ey, loxp-KanMX-URA3-pbr322ori-loxp This study

Strains
YBX-Id1 YBX-01,Adgal This study
YBX-1d2 YBX-1d1,Alro1 This study
YBX-1d3 YBX-1d2, Aarel This study
YBX-Id4 YBX-Id3, Aare2 This study
YBX-22 YBX-01,400:T 1 -DGAT-Pesy 10-Pep 1-PAHTTeycrs ATy 4Preg,-ACCIPSASTIAT L This study
YBX-23 YBX-22, Atgl3, Atgl4, Atgls This study
YBX-24 YBX-23, Afld1 This study
YBX-01-OLE1 YBX-01, APypcoPose This study
YBX-01-MGA2 YBX-01, APgacoPicas This study
YBX-01-1ZH1 YBX-01, APppao=P iz This study
YBX-01-1ZH4 YBX-01, APepco P This study
YBX-01-YDR274C YBX-01, APgagoPyprazac This study
YBX-41 YBX-01-1ZH1, Adpp 1::T g p11-CrtYB-Poyyi-Proy-Crti-Toyer, App 1Py -CrtE-Teye This study

The description of the genotype in the table is based on the parent strain YBX-01

Quantification of B-carotene, TAG, farnesol, ergosterol

and squalene

The intracellular B-carotene was extracted using hot HCI-
acetone [10]. The analyses of [3-carotene were performed
on a HPLC system (Agilent 1200 LC) equipped with a
C18 column (4.6 mm x 150 mm) and the UV/VIS signals
were detected at 450 nm. The mobile phase consisted of
acetonitrile-methanol-isopropanol (50:30:20 v/v) with
a flow rate of 1 mL/min at 40 °C. TAG content in yeast
was determined using assay kit (Order NO. D799795),

purchased from Sangon Biotech (Shanghai, China). The
quantification of farnesol in S. cerevisiae was based on
the method of Song [34] with a slight modification. In
brief, methanol, hexane, and fermentation broth (1:1:1
v/v/v) were mixed with a vortex mixer for 1.5 min and
centrifuged. The top hexane layer was transferred into
a 1.5 mL centrifuge tube and then use nitrogen to blow
n-hexane completely volatilize. 500 pL of methanol was
then added to dissolve farnesol, and filter with 0.22 um
syringe filter and analyzed by HPLC equipped with C18
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column (5 pm, 4.6 mm x 150 mm). The mobile phase
was: 90% methanol aqueous solution; flow rate: 1 mL/
min, column temperature: 40 °C, the injection volume:
20 pL, and the UV detector detects at 206 nm. Ergos-
terol content was measured as described by Sun et al.
[35]. Squalene was quantified using HPLC according to
the procedure detailed in Xie et al. [10]. The contents of
farnesol, ergosterol and squalene were expressed as the
mg/g dry cell weight. All measurements were performed
in triplicate.

Separation and purification of LDs

The separation and purification protocol of LDs in S. cer-
evisiae was according to the method reported by Ding
et al. [21]. In brief, cells representing 300 mg of DCW
were re-suspended in buffer A (pH 7.8) containing
20 mM tricine and 250 mM sucrose and homogenized
in a French press at 1,500 bar. The lysate was centri-
fuged for 10 min at 3.000xg to remove cell debris. The
supernatant was overlaid with buffer B (pH 7.4) contain-
ing 20 mM HEPES, 100 mM KCl and 2 mM MgCl, and
centrifuged for 1 h at 100,000xg in a Beckman Coulter
Optima LE8OK ultracentrifuge. The floating lipid body
fraction was separated, and each phase floating phase
(LDs), interphase (cytosol), pellet (total membrane
phase) was extracted three times with extraction solvent.
Adjusted the extracted [-carotene to the required vol-
ume by nitrogen blowing, and quantified B-carotene by
liquid chromatography.

Observation of LDs by electron and confocal microscopy
For observation of lipid droplets by transmission electron
microscopy, the sample of yeast was prepared accord-
ing to previous literature [36]. For confocal microscopy,
the lipid droplets staining and image acquisition were
based on the method of Lv et al. [37] with a slight modi-
fication. Yeast cells were harvested at 5.0 (ODg), then
washed and re-suspended with 500 uL PBS, and 520 pL
Nile red staining solution (0.1% Nile red in DMSO) was
added. The solution was thoroughly mixed and incubated
in dark at room temperature for 10 min. Images were
acquired with an Olympus AX70 Fluorescence Micro-
scope (Olympus, Tokyo, Japan). Fluorescence excitation
was at 488 nm.

Transcriptome and qRT-PCR analysis

Total RNA was isolated from the harvested yeast cells
by using the HiPure Yeast RNA Kit (Magen, Guangzhou,
China) as recommended by the manufacture’s protocol.
Residual genomic DNA contamination was removed by
an RNase-Free DNase I treatment after RNA purifica-
tion. The treated total RNA was reversely transcribed
using HiScript® II Q RT SuperMix for Qpcr (+gDNA
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wiper) (Vazyme, Nanjing, China). The purified RNA
samples, were determined using an Agilent 2100 Bio-
analyzer (Agilent Technologies). The cDNA library con-
struction and sequencing were performed by Novogene
Co. Ltd, Beijing, China (http://www.novogene.cn/) using
the Illumina HiSeq" 4000 platform. The clean reads
were aligned to the reference genome (http://www.yeast
genome.org/). The RPKM (Fragments per kilobase per
million fragments mapped) of each gene was calculated
and used to represent the expression level of gene. The
primers used in qRT-PCR are shown in Additional file 1:
Table S3. The housekeeping gene ACT1 was used as the
reference gene to normalize the different samples. The
relative gene expression analysis was performed using the
2744CT method [38].
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