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Abstract 

The yeast Xanthophyllomyces dendrorhous synthesizes astaxanthin, a high-value carotenoid with biotechnological 
relevance in the nutraceutical and aquaculture industries. However, enhancing carotenoid production through strain 
engineering remains an ongoing challenge. Recent studies have demonstrated that carotenogenesis in X. den-
drorhous is regulated by the SREBP pathway, which includes the transcription factor Sre1, particularly in the meva-
lonate pathway that also produces precursors used for ergosterol synthesis. In this study, we explored a novel 
approach to enhance carotenoid synthesis by replacing the native crtE promoter, which drives geranylgeranyl 
pyrophosphate synthesis (the step where carotenogenesis diverges from ergosterol biosynthesis), with the promoter 
of the HMGS gene, which encodes 3-hydroxy-3-methylglutaryl-CoA synthase from the mevalonate pathway. The 
impact of this substitution was evaluated in two mutant strains that already overproduce carotenoids due to the pres-
ence of an active Sre1 transcription factor: CBS.cyp61-, which does not produce ergosterol and strain CBS.SRE1N.FLAG, 
which constitutively expresses the active form of Sre1. Wild-type strain CBS6938 was used as a control. Our results 
showed that this modification increased the crtE transcript levels more than threefold and fourfold in CBS.cyp61−.
pHMGS/crtE and CBS.SRE1N.FLAG.pHMGS/crtE, respectively, resulting in 1.43-fold and 1.22-fold increases in carotenoid 
production. In contrast, this modification did not produce significant changes in the wild-type strain, which lacks 
the active Sre1 transcription factor under the same culture conditions. This study highlights the potential of promoter 
substitution strategies involving genes regulated by Sre1 to enhance carotenoid production, specifically in strains 
where the SREBP pathway is activated, offering a promising avenue for strain improvement in industrial applications.

Keywords  Astaxanthin, Gene expression regulation, Metabolic engineering, Mevalonate pathway, SREBP/Sre1 
transcription factor, Promoter replacement

Background
Carotenoids are natural yellow, orange and red liposolu-
ble pigments produced by plants and algae, as well as 
some bacteria, archaea, and fungi. Among carotenoids, 
astaxanthin stands out due to its exceptional antioxidant 
properties and diverse applications in industries such as 
cosmetics, pharmaceuticals, and aquaculture [1, 2]. The 
basidiomycetous yeast Xanthophyllomyces dendrorhous 
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(Phaffia rhodozyma) is one of the few organisms that 
naturally produces this pigment [3], making it a prom-
ising source for the biotechnological production of 
astaxanthin. Despite promising efforts to increase asta-
xanthin production in X. dendrorhous, such as strain 
improvements and optimization of culture conditions 
[4–7], enhancing carotenoid production through strain 

engineering remains challenging due to the complex reg-
ulatory networks that govern carotenoid biosynthesis.

Carotenoid synthesis in X. dendrorhous begins with the 
condensation of two acetyl-CoA molecules and shares 
common steps with the ergosterol pathway, including 
the mevalonate pathway (MVA) and the formation of 
farnesyl pyrophosphate (FPP) (Fig. 1). The conversion of 

Fig. 1  Mevalonate pathway, astaxanthin and ergosterol biosynthesis. Pathways are delineated by boxes of different colors: carotenoid biosynthesis 
(orange), sterol biosynthesis (green); and the MVA pathway (blue). Metabolites abbreviations: HMG-CoA (3-hydroxy-3-methylglutaryl-CoA), 
MVA (mevalonate), MVA-P (mevalonate-5-phosphate), MVA-PP (mevalonate-5-pyrophosphate), IPP (isopentenyl pyrophosphate), DMAPPP 
(dimethylallyl pyrophosphate), GPP (geranyl pyrophosphate), FPP (farnesyl pyrophosphate), and GGPP (geranylgeranyl pyrophosphate). Genes 
encoding the enzymes that catalyze each step are in italics, and the codes for those described in X. dendrorhous are as follows: ERG10 (KX267759), 
HMGS/ERG13 (MK368600/XDEN_03265), HMGR (AJ884949), IDI (DQ235686), FPS (KJ140284). Genes that control the astaxanthin and ergosterol 
synthesis pathway: crtE (DQ012943), crtYB (DQ016503), crtI (Y15007), crtS (EU713462), crtR (EU884133), ERG11/CYP51 (KP317478), ERG6 (LN48333.2), 
ERG3 (MN930922) and ERG5/CYP61 (JX183240), ERG4 (MN930923) (Figure modified from Loto et al. [24])



Page 3 of 13Durán et al. Biological Research           (2024) 57:78 	

FPP to geranylgeranyl pyrophosphate (GGPP), catalyzed 
by GGPP synthase encoded by the crtE gene, is the first 
committed step in carotenoid biosynthesis [8, 9]. Both 
carotenoid and sterol biosynthesis in X. dendrorhous are 
regulated by the Sterol Regulatory Element-Binding Pro-
tein (SREBP) pathway, a conserved lipid-sensing path-
way involved in the maintenance of lipid homeostasis 
and metabolism in various organisms, which has been 
mostly studied in mammalian cells [10]. In this pathway, 
the SREBP transcription factor is initially synthesized 
as an inactive precursor anchored to the Endoplasmic 
Reticulum (ER) membrane through two transmembrane 
regions. Within the ER, the C-terminal domain of SREBP 
interacts with the protein SCAP (SREBP Cleavage-
Activating Protein), which senses cellular sterol levels 
[11–13]. When cellular sterol levels are sufficient, SCAP 
retains SREBP within the ER by interacting with the 
protein INSIG (Insulin-Induced Gene). However, when 
sterol levels decline, the SCAP-SREBP complex is trans-
ported to the Golgi apparatus, where SREBP undergoes 
two successive proteolytic cleavages. The first is carried 
out by site-1 protease (S1P, a subtilisin-related serine 
protease) at the luminal loop, followed by site-2 protease 
(S2P, a metallopeptidase) within the first transmem-
brane segment of SREBP [14]. These cleavages release the 
N-terminal domain of SREBP, which then translocates to 
the nucleus to regulate the transcription of target genes 
by binding to Sterol Regulatory Elements (SREs) in their 
promoter regions [15, 16]. In yeasts such as Schizosaccha-
romyces pombe and Cryptococcus neoformans, homologs 
of SREBP (Sre1) and SCAP (Scp1) function similarly, 
regulating lipid metabolism based on sterol availability 
[17–19].

Recent studies have revealed the presence of an opera-
tional SREBP pathway in X. dendrorhous, which, besides 
regulating ergosterol biosynthesis, plays a role regulating 
carotenogenesis [20, 21]. Two key components of this 
pathway, Sre1 (SREBP homolog) and Stp1 (S2P homolog), 
have been identified and characterized [22, 23]. Through 
ChIP-exo analysis of Sre1, several Sre1-regulated genes 
were identified, including genes of the MVA pathway 
(ERG10, HMGS and HMGR), sterol biosynthesis (ERG6, 
ERG7, ERG25, CYP51, crtR) and carotenogenesis (crtE 
and crtR) [20]. Furthermore, RNA-seq analysis revealed 
a decrease in the transcript levels of crtS (which encodes 
the astaxanthin synthase) in sre1− mutants derived from 
strains with an activated Sre1 transcription factor, and 
small ChIP-exo peaks were observed in the promoter 
region of this gene [20], suggesting that crtS might be 
regulated by Sre1 at some extent. Among the genes regu-
lated by Sre1, HMGS exhibits one of the most significant 
transcript-level changes between strains with an active 
Sre1 transcription factor and sre1− mutants [20, 22]. 

Given this, we hypothesized that expressing crtE under 
the regulation of the HMGS promoter, a direct target of 
Sre1, could enhance carotenoid production in strains 
having an active Sre1 transcription factor.

One of the earliest pieces of evidence suggesting the 
potential regulation of carotenoid production through 
the SREBP pathway in X. dendrohous was the observa-
tion of a carotenoid overproduction phenotype when 
ergosterol production was blocked by disrupting the 
CYP61 gene (Fig. 1) [24]. Additionally, the production of 
sterols other than ergosterol also increased in the cyp61− 
mutants. The phenotype observed in the cyp61− mutants 
depends on the SREBP pathway as mutations prevent-
ing the activation of Sre1 restored carotenoid and sterol 
levels to those observed in the wild-type strain [22, 23]. 
Similarly, when the SRE1 gene was replaced by a gene 
version exclusively expressing the Sre1 amino-terminal 
domain (Sre1N), sterol production increased, and carot-
enoid production nearly doubled compared to the wild-
type strain [22].

Numerous efforts have been undertaken to enhance 
astaxanthin production in X. dendrorhous, including the 
overexpression of genes involved in the MVA pathway 
and in carotenogenesis [7]. In addition, the overexpres-
sion of crtE in X. dendrorhous significantly increased total 
carotenoid production [9], underscoring the crucial role 
of this gene in carotenogenesis. Then, considering that (i) 
mutants expressing the active form of Sre1 (cyp61− and 
Sre1N mutants) overproduce carotenoids, (ii) the over-
expression of crtE leads to increased carotenoid produc-
tion, and (iii) HMGS is a prominent Sre1 target, this study 
aimed to investigate the impact of expressing the crtE 
gene under the regulation of the HMGS gene promoter 
on carotenoid production in X. dendrorhous strains with 
an active Sre1 transcription factor. This approach offers 
an innovative strategy to improve carotenoid production 
in X. dendrorhous by utilizing the regulatory role of the 
SREBP pathway.

Methods
Strains, plasmids, primers, media, and enzymes
The plasmids and strains used in this study are detailed in 
Table  1. Among plasmids, pBlueScript SK- (Stratagene) 
was employed for molecular cloning (Supplementary 
Fig. 1).

For plasmid propagation, the E. coli strain DH5α 
(Table 1) was used and cultivated in Lysogeny Broth (LB) 
medium (1% tryptone, 0.5% yeast extract, 0.5% NaCl) 
with constant agitation at 37 °C for 12 to 14 h. To select 
transformant colonies, semi-solid LB medium (1.5% agar) 
supplemented with ampicillin (100 µg/ml) and 5-bromo-
4-chloro-3-indolyl-β-D-galactopyranoside, Xgal (120 µg/
ml) was employed. X. dendrorhous strains were cultured 
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in YM medium (0.3% yeast extract, 0.3% malt extract, 
0.5% bactopeptone) supplemented with 1% glucose, with 
constant agitation at 22  °C. For the selection of yeast 
transformant colonies, semi-solid YM medium (1.5% 
agar) supplemented with hygromycin B (35 µg/ml) and/
or zeocin (50  µg/ml) was used. Escherichia coli and X. 
dendrorhous were transformed by electroporation under 
the following conditions: 25 µF, 200 Ω, and 2.5 kV for E. 
coli, and 125 mF, 600 Ω and 0.45 kV for X. dendrorhous, 
using a BioRad Gene Pulser XcellTM (BioRad, Hercules, 
CA, USA). Electrocompetent yeast cells were prepared as 
described by Adrio et  al. in 1995 [25] and Kim et  al. in 
1998 [26], and subsequently transformed with 5 to 10 μg 
of DNA.

The primers used in the PCR reactions are listed in 
Supplementary Table  1 and were synthesized by Inte-
grated DNA Technologies (Coralville, IA, USA). Enzymes 
used in this work included DNA ligase T4, restriction 
endonucleases, Maxima reverse transcriptase, PfuUl-
traII Fusion HS DNA polymerase, Taq DNA polymerase, 
DNase I, RNase A, T4 polynucleotide kinase, and FastAP 
Thermosensitive alkaline phosphatase, which were pur-
chased from Agilent Technologies (Santa Clara, CA, 

USA), ThermoScientific (Waltham, MA, USA), and Life 
Technologies (Carlsbad, CA, USA), and used according 
to the manufacturer’s instructions. The GeneRuler 1  kb 
Plus DNA Ladder from Thermo Scientific (Waltham, 
MA, USA) was used as a molecular weight marker.

DNA amplification by PCR, cDNA synthesis (RT), 
and real‑time PCR (qPCR)
Taq DNA polymerase was used for PCR reactions to 
confirm plasmid construction and the integration of 
fragments into the X. dendrorhous genome. The Pfu 
DNA polymerase was employed to amplify DNA frag-
ments used in constructing DNA modules, including the 
genomic version of the crtE gene and the HMGS gene 
promoter.

The PCR reactions were conducted in a final volume of 
25  µl, including 1X PCR buffer (500  mM KCl, 200  mM 
Tris–HCl pH 8.4), 2  mM MgCl2, 0.2  µM of each dNTP 
(dATP, dTTP, dGTP, dCTP), 1  µM of each primer, 1U 
of DNA polymerase enzyme, and between 10 and 20 ng 
of template DNA. In the case of colony PCR, an E. coli 
colony was suspended in the PCR reaction as template 
DNA. Amplification was carried out using an Applied 

Table 1  Strains and plasmids used and built in this work

CBS Centraalbureau voor Schimmelcultures, Utrecht Netherlands, ATCC​ American Type Culture Collection, Amps sensitive to the antibiotic ampicillin, Hygr resistant to 
the antibiotic hygromycin B, Zeor resistant to the antibiotic zeocin

Genotype or relevant features Source or reference

Strains

 E. coli

  DH5α Used for molecular cloning and plasmid maintenance [29]

 X. dendrorhous

  CBS6938 ATCC 96594, wild-type strain ATTC​

  CBS.cyp61− Zeor. Strain derived from strain CBS6938 in which the CYP61 gene locus was disrupted 
with a module that confers resistance to zeocin (Sh ble)

[24]

  CBS.SRE1N.FLAG Hygr. Strain derived from strain CBS6938 strain in which the SRE1 locus was replaced 
with a gene version that only expresses the active form of Sre1 (Sre1N)

[22]

  CBS.pHMGS/crtE Hygr. Strain derived from strain CBS6938, in which the crtE gene promoter was replaced 
with the HMGS gene promoter

This work

  CBS.cyp61−.pHMGS/crtE Zeor/Hygr. Strain derived from strain CBS.cyp61−, in which the crtE gene promoter 
was replaced with the HMGS gene promoter

This work

  CBS.SRE1N.FLAG.pHMGS/crtE Zeor/Hygr. Strain derived from strain CBS.SRE1N.FLAG, in which the crtE gene promoter 
was replaced with the HMGS gene promoter

This work

Plasmids

 pBluescript SK- (pBS) ColE1 ori; AmpR; cloning vector with blue-white selection Stratagene

 pBS-pHMGS/crtE Plasmid pBlueScript SK- containing the module with the HMGS gene promoter (pHMGS) 
and the crtE gene segment (crtE*) at the EcoRV site

This work

 pBS-Up-pHMGS/crtE Plasmid pBlueScript SK-, containing the module with the crtE gene promoter upstream region 
(UP), the HMGS gene promoter (pHMGS) and the crtE gene segment (crtE*) at the EcoRV site

[24]

 pBS-Up-hph-pHMGS/crtE Plasmid pBlueScript SK-, containing the module comprising the crtE gene promoter upstream 
region (UP), the Hygromycin B resistance cassette (hph), the HMGS gene promoter (pHMGS) 
and the crtE gene segment (crtE*) at the EcoRV site

This work

 pMN-hph Plasmid pBlueScript SK-, containing the hygromycin B resistance cassette (1,8 kb) used for X. 
dendrorhous transformant selection at the EcoRV site

[51]
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Biosystem 2720 thermocycler (Waltham, MA, USA) with 
the following program: initial denaturation at 94  °C for 
3 min (5 min for colony PCR), 30 cycles of denaturation 
at 94 °C for 30 s, primer annealing at 55 °C for 30 s, and 
extension at 72  °C adjusted to the size of the amplicon 
(30  s for amplicons from cDNA ≤ 1  kb using Pfu DNA 
polymerase, and 3 min with Taq DNA polymerase). Fol-
lowing the cycles, a final extension step at 72 °C was con-
ducted for 10  min, and subsequently, the reaction was 
kept at 4 °C until use.

RNA samples were treated with DNase I following 
the enzyme provider’s instructions for cDNA synthesis. 
The RT reaction was performed using Maxima Reverse 
Transcriptase from Thermo Fisher Scientific (Waltham, 
MA, USA) in a final volume of 20 µl, with a specific vol-
ume of RNA (5 µg). To amplify the cDNA of each gene, a 
PCR reaction was conducted as previously indicated. For 
qPCR reactions, the PCR reaction mix was prepared in 
accordance with the specifications of the SsoAdvanced 
Universal SYBR Green Supermix Kit from BioRad (Her-
cules, CA, USA), which included 10  µl of the kit mix, 
8 µl of sterile water, 1 µl of RT, and 1 µl of the forward 
and reverse primer mix (10 µM each). The samples were 
loaded into the BIO RAD C1000 touch thermal cycler 
CFX96 Real-Time System. To assess transcript levels, Ct 
(threshold cycle) values were normalized to the value 
obtained for the ACT gene (Genbank: X89898.1) of X. 
dendrorhous and expressed relative to control conditions 
using the 2-ΔΔCt method [27].

DNA extraction and purification
Plasmid DNA purification was performed using the 
GeneJET Plasmid Miniprep Kit from Thermo Fisher 
Scientific (Waltham, MA, USA) following the manufac-
turer’s instructions. Ligation reactions involving digested 
plasmid DNA and insert DNA (module) were performed 
using the DNA ligase T4 enzyme, also in accordance with 
the manufacturer’s instructions. The silica bead method 
was used to extract DNA fragments from agarose gels, 
as described by Boyle and Lew in 1995 [28]. Genomic 
DNA from X. dendrorhous was extracted using 0.5  mm 
glass beads [29]. For yeast RNA extraction, 1 ml of a yeast 
culture was collected, and the extraction was carried out 
according to Chomczynski and Sacchi in 1987 [30]. Sub-
sequently, the obtained samples were quantified using 
the QubitTM 4 fluorometer with the QubitTM RNA BR 
Assay Kit from Thermo Fisher Scientific (Waltham, MA, 
USA).

Extraction of carotenoids and sterols, and RP‑HPLC analysis
The extraction of carotenoids was performed using the 
acetone extraction method described by An et al. in 1989 
[31]. Total carotenoids were quantified by measuring 

the absorbance at 474 nm, while sterols were quantified 
at 280  nm, and the values were normalized to the dry 
weight of the yeast. All analyses were conducted in trip-
licate. The carotenoid composition was determined using 
reverse-phase high-performance liquid chromatography 
(RP-HPLC) with an HPLC system equipped with a Shi-
madzu SPD-M10A diode array detector and an RP-18 
LiChroCART​® 125–4 column (Merck KGaA, Darm-
stadt, Germany). The mobile phase used was acetonitrile: 
methanol: isopropanol in a 75:20:5 (v/v) ratio, and the 
flow rate was set at 1 ml/min under isocratic conditions. 
Carotenoids were identified based on their retention 
times and absorption spectra according to standards [32].

Results
Module construction to replace the crtE gene promoter 
with the HMGS gene promoter
To assess the impact of substituting the crtE gene pro-
moter with the HMGS gene promoter in X. dendrorhous 
on carotenogenesis, a DNA module was constructed and 
inserted into the cloning vector pBluescript SK- (pBS) 
(Supplementary Fig.  1). Specific primers were designed 
to produce amplicons with complementary ends, ena-
bling the fusion with adjacent fragments. This module 
was constructed by amplifying three distinct DNA frag-
ments from the wild-type strain CBS6938: (i) a 512  bp 
fragment corresponding to the upstream region of the 
crtE gene promoter (UP), (ii) a 1,012 bp corresponding to 
the promoter region of the HMGS gene (pHMGS), and 
(iii) an 863 bp fragment encompassing the crtE gene from 
its translation start codon in exon 1 to exon 4 (crtE*). 
Through OE-PCR, the pHMGS and crtE* fragments were 
fused and subsequently inserted at the EcoRV site within 
the multiple cloning site of pBS. This process resulted in 
the generation of plasmid pBS-pHMGS/crtE. The for-
ward primer designed for amplifying the pHMGS frag-
ment included the recognition site for the HpaI enzyme, 
which facilitated the integration of the UP fragment at 
this site, resulting the plasmid pBS-UP-pHMGS/crtE. To 
insert the hygromycin B resistance module (hph) between 
the UP and pHMGS fragments, the same procedure was 
employed. The reverse primer designed to amplify the 
UP fragment also contained an HpaI site, enabling the 
integration of the hygromycin B resistance module, ulti-
mately yielding the plasmid pBS-UP-hph-pHMGS/crtE 
(Supplementary Fig. 1). The obtained plasmids were con-
firmed by PCR, and the insert of pBS-UP-hph-pHMGS/
crtE was sequenced to confirm that no mutations were 
introduced.

The plasmid pBS-UP-hph-pHMGS/crtE was digested 
with NotI and BglII enzymes to release the transfor-
mant DNA module (Fig.  2A). This module was then 
used to transform the wild-type strain CBS6938 and 
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the mutants CBS.cyp61− and CBS.SRE1N.FLAG, 
resulting in strains CBS.pHMGS/crtE, CBS.cyp61−.
pHMGS/crtE, and CBS.SRE1N.FLAG.pHMGS/crtE, 
respectively. The successful replacement of the native 
promoter of the crtE gene with the HMGS gene pro-
moter in the generated strains was confirmed through 
PCR analysis using appropriate primer pairs (Fig. 2B).

To the naked eye, no noticeable color difference was 
observed between strain CBS.pHMGS/crtE and the 
wild-type. However, the same genetic modification in 
strains CBS.cyp61− and CBS.SRE1N.FLAG resulted in 
strains displaying a more intense pigmentation than 
their respective parental strain (Fig.  3). These obser-
vations suggest that replacing the native promoter of 
the crtE gene with the HMGS gene promoter further 
enhances carotenogenesis in carotenoid-overproduc-
ing strains with an active SREBP pathway.

Subsequently, the three strains obtained in this work 
and their corresponding parental strains were cultured 
in triplicate in YM medium at 22 °C with constant agi-
tation. Growth curves were constructed, and growth 
rates (r) and generation times (t) were estimated 
(Fig. 3). In general terms, the assessed genetic modifi-
cation did not impact growth under the studied condi-
tions, as all six strains exhibited similar growth curves 
and growth parameters (Fig.  3A). After 120  h of cul-
ture (stationary growth phase), samples were collected 
to extract RNA, carotenoids, and sterols.

Transcript level of the crtE is enhanced when it is regulated 
by the HMGS gene promoter
To assess whether replacing the native promoter of 
the crtE gene with that of the HMGS gene effectively 
increases crtE transcript levels, RT-qPCR analysis was 
performed on the six strains studied in this work. Gene 
HMGS was included in this analysis to evaluate if the cre-
ated modification affected its expression, at least at the 
transcript level. The relative expression of both genes 
was normalized to the expression of the actin gene. 
As expected, the expression of both genes was higher 
in strains CBS.cyp61− and CBS.SRE1N.FLAG when 
compared to the wild-type, as these genes are Sre1 tar-
gets [20], and both strains should have an active Sre1N 
under the cultured conditions, as confirmed previously 
[23]. Interestingly, the RT-qPCR analysis revealed that 
the expression of crtE increased approximately three 
and four-fold in strains CBS.cyp61−.pHMGS/crtE and 
CBS.SRE1N.FLAG.pHMGS/crtE strains, respectively, 
when compared to their corresponding parental strain 
(*p-value < 0.05). However, the CBS.pHMGS/crtE strain 
did not show significant changes compared to the wild-
type (Fig. 4A). Regarding the HMGS gene transcript lev-
els, none of the generated strains in this work showed 
significant differences when compared to their corre-
sponding parental strain (Fig. 4B). These results confirm 
that the expression of the crtE gene at the transcript 
level is enhanced when it is regulated by the HMGS gene 

Fig. 2  Representation of the integration of the Up-hph-pHMGS/crtE module in the X. dendrorhous genome. A Scheme illustrating the resulting 
product with the Up-hph-pHMGS/crtE module (digested with NotI and BglII enzymes), used to replace the native crtE gene promoter with the HMGS 
promoter through double homologous recombination. B PCR analysis of strains used in this work. A representation of the amplified fragment 
is provided beneath each gel, with primers indicated by numbered arrows according to Supplementary Table 1.2. Template DNA sources are 
as follows: CBS6938 (lane 1), CBS.pHMGS/crtE (lane 2), CBS.cyp61− (lane 3), CBS.cyp61−.pHMGS/crtE (lane 4), CBS.SRE1N.FLAG (lane 5), and CBS.SRE1N.
FLAG.pHMGS/crtE (lane 6). The GeneRuler 1 kb Plus DNA Ladder (M) was used as a molecular weight marker, and (−) represents a negative control 
without DNA in the PCR reaction
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promoter in strains with the active transcription factor 
Sre1N, without affecting the HMGS transcript levels.

Carotenoid production increases in strains with an active 
Sre1 transcription factor when the crtE gene is regulated 
by the HMGS promoter
After 120  h of cultivation of the six strains analyzed in 
this work, samples were taken to extract carotenoids 
and sterols, which were quantified spectrophoto-
metrically, and carotenoid composition was analyzed 
by RP-HPLC. No significant differences in carotenoid 
amount and composition were observed between strains 
CBS6938 and CBS.pHMGS/crtE. However, when 
comparing the parental strains CBS.cyp61− and CBS.
SRE1N.FLAG with their respective transformant strains, 
a significant increase in total carotenoid production 
was observed in CBS.cyp61−.pHMGS/crtE and CBS.
SRE1N.FLAG.pHMGS/crtE strains, with an increase 
of 1.43 and 1.22 times, respectively (Fig.  5A). Regard-
ing carotenoid composition, the CBS.cyp61−.pHMGS/

crtE strain exhibited a two to three-fold increase in 
β-carotene, intermediate carotenoids between β-carotene 
and astaxanthin, and of other carotenoids, with a slight 
increment in astaxanthin content. Similarly, the mutant 
strain CBS.SRE1N.FLAG.pHMGS/crtE also displayed an 
elevated content of β-carotene, intermediates, and other 
carotenoids, but the amount of astaxanthin remained the 
same, resulting in a decreased proportion of astaxanthin 
relative to other carotenoids in this strain (Table 2).

Since the step catalyzed by the crtE gene product 
corresponds to the first specific step of carotenoid 
synthesis, where it diverges from sterol synthesis, an 
assessment of sterol production was conducted to 
evaluate the potential impact of increased carotenoid 
production on sterol levels. No significant differences 
were observed in sterol production between the mutant 
strains and their respective parental strains (Fig.  5B). 
Therefore, the crtE gene promoter replacement did not 
affect sterol production in these strains.

Fig. 3  Growth curves and color phenotype of strains. A Growth curves of strains CBS6938, CBS.cyp61−, CBS.SRE1N.FLAG and their respective 
mutants: CBS.pHMGS/crtE, CBS.cyp61−.pHMGS/crtE and CBS.SRE1N.FLAG. pHMGS/crtE. The strains were cultured in liquid YM medium at 22 °C 
with constant agitation, and growth was monitored at 600 nm. Growth rate (r) and generation time (t) were determined based on the method 
described by Zwietering et al. in 1990 [50], and values represent the average ± standard deviation of three simultaneous cultures for each strain. 
It should be noted that growth parameters were estimated only as an approximation to assess significant alterations in growth. No statistically 
significant differences in growth parameters were observed between mutant and their respective parental strain (p-value < 0.01). B Strains cultured 
on YM agar plates (1.5%) at 22 °C for 72 h numbered as follows: CBS6938 (1), CBS.pHMGS/crtE (2), CBS.cyp61− (3), CBS.cyp61−.SRE1.pHMGS/crtE (4), 
CBS.SRE1N.FLAG (5), and CBS.SRE1N.FLAG.pHMGS/crtE (6)
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Fig. 4  Transcript levels of the crtE and HMGS genes in X. dendrorhous strains in this work. Relative transcript levels of genes (A) crtE (GenBank: 
DQ012943) and (B) HMGS (GenBank: MK368600) were determined by RT-qPCR after 120 h of culture, normalized to the housekeeping gene 
encoding β-actin (GenBank: X89898.1), and then with respect to the wild-type strain CBS6938, which was set as 1. Values are the average ± standard 
deviation of three independent experiments. ns non-significant differences and *p-value < 0.05, one-way ANOVA test and student’s t-test)

Fig. 5  Carotenoids and sterols in X. dendrorhous strains studied in this work. A Carotenoids and B sterols were extracted at the stationary phase 
of growth cultures (120 h of culture) and quantified at 474 nm and 280 nm, respectively. Values correspond to the average value from three 
independent cultures of each strain, and the error bars correspond to the standard deviation. Data were normalized with respect to the dry weight 
of the yeast. ns non-significant differences and *p-value < 0.05, student’s t-test
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Discussion
X. dendrorhous is a promising and efficient natural carot-
enoid and astaxanthin production source. Its fermenta-
tion process offers advantages due to its relatively short 
growth time [33], simple culture requirements [34], and 
the fact that it can use low-cost substrates, including food 
waste [35, 36], making this yeast an environmentally sus-
tainable alternative that also enhances economic benefits. 
Moreover, this yeast can be efficiently genetically modi-
fied using recombinant DNA technology [6], facilitating 
studies of metabolic pathways and developing alternative 
modified strains. Redirecting flux towards carotenoid 
synthesis has proven to be an efficient strategy to improve 
production in X. dendrorhous. In this sense, inhibiting 
competing pathways like fatty acid and ergosterol syn-
thesis while promoting flux towards the MVA pathway 
significantly increases astaxanthin production in X. den-
drorhous. For example, the supplementation of penicillin 
and ethanol (promoters of the MVA pathway), combined 
with triclosan (an inhibitor of fatty acids synthesis) and 
fluconazole (an inhibitor of ergosterol biosynthesis), 
increased the astaxanthin yield by 51% in this yeast [34].

In this study, we employed a novel approach to enhance 
carotenoid production in X. dendrorhous by increas-
ing crtE transcript levels, which encodes the enzyme 
involved in the synthesis of GGPP [9], the first specific 
step in carotenoid biosynthesis. Other works overex-
pressed the crtE gene in X. dendrorhous [37–39]; how-
ever, this work considered a novel strategy by replacing 

the crtE gene promoter with that of the HMGS gene, 
which contains SRE (Sterol Regulatory Element) sites. 
This approach allowed us to evaluate how this promoter 
change (pHMGS/crtE) impacts crtE expression and, con-
sequently, carotenoid production in both wild-type and 
strains having the active Sre1 transcription factor.

The strains modified in this work derived from three 
distinct parental strains: CBS6938, which served as the 
wild-type strain; CBS.cyp61−, a mutant that does not 
produce ergosterol but exhibits an overproduction of 
carotenoids [24]; and CBS.SRE1N.FLAG, a mutant that 
exclusively expresses the active form of Sre1 that also 
overproduces carotenoids [22]. Previous western blot 
analysis confirmed that strains CBS.cyp61− and CBS.
SRE1N.FLAG have the active form of the transcrip-
tion factor Sre1 (Sre1N), unlike the wild-type strain 
[23] under the same culture conditions used in this 
work. Both strains CBS.cyp61−.pHMGS/crtE and CBS.
SRE1N.FLAG.pHMGS/crtE displayed noticeable pheno-
typic color changes characterized by increased intensity 
and a reddish hue, with a significantly higher carotenoid 
content than CBS6938 and their respective parental 
strains. In contrast, the wild-type derived strain CBS.
pHMGS/crtE did not show any visible alterations in 
pigmentation, suggesting that the promoter replace-
ment only benefits carotenoid production in strains 
with an active Sre1N transcription factor. The levels of 
the crtE transcripts in the mutant strains CBS.cyp61−.
pHMGS/crtE and CBS.SRE1N.FLAG.pHMGS/crtE 

Table 2  Composition of carotenoids in X. dendrorhous strains studied in this work

Carotenoids were extracted after 120 h of culture. Values are expressed in ppm (μg per g of dry yeast). Data in bold and in parentheses correspond to the percentage 
of each carotenoid relative to the total amount of carotenoids. The table shows the average ± standard deviation of three biological replicates. ND not detected. Other 
carotenoids include: torulene, OH-k-torulene, canthaxanthin, and OH-K-γ-carotene. Significant differences using a t-Student test (p-value < 0.05) between each mutant 
strain compared to its respective parental strain are indicated in the table (*)

Carotenoid Strains

CBS6938 CBS. pHMGS/crtE CBS.cyp61− CBS.cyp61-. pHMGS/crtE CBS.SRE1N. FLAG CBS.SRE1N 
FLAG
pHMGS/crtE

Astaxanthin 320.0 ± 34.8
(87.6 ± 3.3)

339.0 ± 21.6
(81.1 ± 3.6)

440.1 ± 24.2
(82.5 ± 2.9)

572.7 ± 88.6*
(74.2 ± 7.6)

659.8 ± 44.0
(86.9 ± 1.8)

652.0 ± 40.3
(70.7 ± 1.5)

Phoenicoxanthin 15.4 ± 2.9
(4.2 ± 0.5)

23.7 ± 2.3*
(5.7 ± 0.5)

21.9 ± 7.6
(4.1 ± 1.3)

24.7 ± 8.4
(3.2 ± 0.9)

16.4 ± 1.9
(2.2 ± 0.3)

22.0 ± 2.5
(2.4 ± 0.1)

OH-equinenone 4.2 ± 2.6
(1.1 ± 0.6)

7.5 ± 4.0*
(1.8 ± 1.0)

9.9 ± 2.4
(1.9 ± 0.5)

30.7 ± 7.8*
(4.0 ± 1.2)

9.4 ± 2.8
(1.2 ± 0.4)

40.3 ± 9.2*
(4.3 ± 0.8)

Equinenone 6.0 ± 2.3
(1.6 ± 0.5)

5.7 ± 1.3
(1.4 ± 0.3)

7.6 ± 0.9
(1.4 ± 0.2)

5.1 ± 0.6*
(0.7 ± 0.1)

9.0 ± 0.5
(1.2 ± 0.0)

10.1 ± 3.7
(1.1 ± 0.4)

β-carotene 4.5 ± 1.9
(1.2 ± 0.5)

9.2 ± 4.2*
(2.2 ± 1.1)

21.6 ± 6.5
(4.1 ± 1.3)

57.2 ± 27.3*
(7.5 ± 4.0)

23.4 ± 1.6
(3.1 ± 0.3)

73.7 ± 1.6*
(8.0 ± 0.4)

Phytoene ND ND ND ND ND ND

Other carotenoids 15.5 ± 8.4
(4.2 ± 2.0)

32.7 ± 15.1*
(7.8 ± 3.7)

32.7 ± 11.3
(6.1 ± 2.1)

79.4 ± 11.3*
(10.4 ± 4.1)

40.9 ± 12.1
(5.4 ± 1.6)

123.6 ± 13.4*
(13.4 ± 2.2)

Total carotenoids 366 ± 41.1
(100)

417.8 ± 10.4
(100)

533.6 ± 21.8
(100)

769.9* ± 63.3
(100)

758.8 ± 37.1
(100)

921.8 ± 57.6
(100)
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increased up to four-fold compared to their respective 
parental strains. No such increase was observed in CBS.
pHMGS/crtE, consistent with the absence (or basal lev-
els) of Sre1N in the wild-type strain. These results align 
with previous findings that demonstrated the importance 
of SRE sites in the HMGS promoter for gene regulation 
via the SREBP pathway [22, 40].

Previous studies have reported that cyp61− mutants 
produce higher amounts of carotenoids than wild-type 
strains [24, 41], while deletion of the SRE1 gene in CBS.
cyp61− reduces carotenoid production [22]. This suggests 
that the inability to produce ergosterol and the accumu-
lation of intermediate sterols in strain CBS.cyp61− may 
trigger a sterol-dependent mechanism that promotes 
carotenoid and astaxanthin overproduction [24, 42]. Fur-
thermore, it is well-established that the SREBP pathway is 
activated in both yeast and higher eukaryotes through a 
mechanism regulated by cellular sterol levels [17, 19, 22, 
43]. Previously was reported that the CBS.SRE1N.FLAG 
strain, which expresses only the active form of Sre1, 
has a substantial increase in total carotenoid produc-
tion (691  µg/g yeast dry weight) compared to CBS6938 
(302 µg/g yeast dry weight) and surpasses the carotenoid 
content of strain CBS.cyp61− by 11.6% [22]. No signifi-
cant changes in sterol production were observed between 
the mutant strains obtained in this work and their cor-
responding parental strains. Similarly, in another study 
where the crtE gene was overexpressed under the regu-
lation of the glyceraldehyde-3-phosphate dehydrogenase 
gene promoter and integrated into the multiple copy 
ribosomal DNA sequence region of the X. dendrohous 
genome, a higher astaxanthin content was observed, and 
ergosterol production did not show major changes [8].

Although a significant increment of carotenoids was 
observed in strains harboring the active Sre1N tran-
scription factor, astaxanthin levels did not increase as 
markedly. This may represent a limitation of the strategy 
used in this work. In particular, the mutant strain CBS.
cyp61−.pHMGS/crtE showed a significantly different 
carotenoid composition than its parental strain, exhibit-
ing increased astaxanthin levels, although its proportion 
relative to total carotenoids decreased. Enhanced asta-
xanthin production in X. dendrorhous cyp61− mutants 
of about 1.4-fold was previously reported [41], and this 
genetic modification also resulted in the accumulation of 
intermediate carotenoids between β-carotene and asta-
xanthin [24]. These observations indicate that besides 
increasing carotenoid production, the disruption of the 
CYP61 gene provides an opportunity for further modifi-
cations to increment astaxanthin levels due to the accu-
mulation of intermediary carotenoids. A similar outcome 
was observed in strain CBS.SRE1N.FLAG.pHMGS/crtE, 
which showed no significant changes in astaxanthin 

quantity compared to its parental strain. These results 
indicate that the modification made to the crtE gene in 
this work promotes overall carotenoid production in 
strains with an active Sre1N transcription factor (CBS.
cyp61−.pHMGS/crtE and CBS.SRE1N.FLAG.pHMGS/
crtE) and opens up an opportunity for further enhance-
ment of astaxanthin production in these strains.

Other works have reported that overexpressing the 
crtE gene successfully increases carotenoid production 
in X. dendrorhous. For example, in a study that com-
pared carotenoid production between a wild-type strain 
and various mutants deriving from it, the introduction of 
an additional copy of the crtE gene resulted in an incre-
ment of about 36% of total carotenoids (from 376.3 to 
513.4  µg/g yeast dry weight) compared to the parental 
strain after 72 h of cultivation [9]. The crtE gene has also 
been co-overexpressed with other genes to favor astax-
anthin production with promising results. For example, 
the combined overexpression of genes acaT, HMGS, 
and HMGR from the mevalonate pathway led to 1.4-
fold higher volumetric astaxanthin production [44]. 
Interestingly, when crtE overexpression was included in 
this combination, astaxanthin production increased by 
another 1.3-fold [44]. Our work focused solely on the 
overexpression of a single gene, as our goal was to evalu-
ate the potential of the SREBP pathway regulation to 
promote carotenogenesis, which could be considered a 
limitation. However, our results open the opportunity for 
further optimization, such as combining crtE promoter 
replacement with the overexpression of other genes 
involved in carotenogenesis and/or the downregulation 
of competitive pathways.

Obtaining X. dendrorhous strains that overproduce 
carotenoids, even if they do not necessarily exhibit 
increased astaxanthin content, remains valuable for bio-
technological purposes. Some studies have focused on 
increasing carotenoid production in X. dendrorhous 
mutants where astaxanthin production is blocked, lead-
ing to the accumulation of β-carotene instead [45]. 
One notable application of this is the production of 
zeaxanthin, an essential carotenoid for preventing 
macular degeneration, which X. dendrorhous does not 
naturally produce [46]. Zeaxanthin production in X. 
dendrorhous was achieved in a β-carotene accumulat-
ing strain by overexpressing endogenous genes HMGR, 
crtE, and crtYB, and expressing an optimized bacterial 
crtZ gene, encoding a beta-carotene hydroxylase. These 
genetic modifications resulted in a four-fold increase in 
total carotenoids, 68% of which were zeaxanthin [38]. 
Another example is the production of phytoene, the first 
carotenoid in carotenoid synthesis. Phytoene is color-
less and exhibits UV absorption within the range of 260 
to 320  nm [39] and supplementation of phytoene has a 
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photoprotective effect; it accumulates in the skin and 
helps to prevent inflammation-induced redness caused 
by sun exposure, thereby minimizing UV radiation-
induced erythema [47]. Phytoene accumulation in X. 
dendrorhous was achieved by overexpressing the HMGR, 
crtE, and crtYB genes, combined with the disruption of 
the crtI gene, which encodes the phytoene desaturase. 
These genetic modifications directed the metabolic flux 
towards phytoene, resulting in its accumulation [39].

To further enhance astaxanthin production in the 
strains obtained in this work, overexpression of genes 
involved in the final steps of carotenoid synthesis, such as 
crtS and crtR, could be considered as when the transcript 
levels of these genes are low, the intermediate carotenoid 
fraction increases and the astaxanthin fraction decreases 
[23, 37, 48]. Overexpression of crtS has increased asta-
xanthin accumulation from 68 to 96% compared to the 
wild-type strain, while reducing the fraction of interme-
diate carotenoids in X. dendrorhous after 96 h of cultiva-
tion [49]. In this context, the X. dendrohous gene DAP1 
was recently described, which plays a crucial role in the 
final steps of astaxanthin synthesis [40]. Deleting the 
DAP1 gene resulted in a 30-fold reduction in astaxanthin 
and a 5.5-fold increment in β-carotene accumulation. 
Moreover, protein Dap1 coimmunoprecipitates with pro-
tein CrtS, suggesting a regulatory role of Dap1 on CrtS 
at the protein level [40]. Thus, overexpressing DAP1 in 
the strains that were obtained in this work could further 
promote astaxanthin production. Taken together, these 
findings suggest that modifying the expression of genes 
such as crtE, DAP1, crtR, and/or crtS, in combination 
with genes from the mevalonate pathway like HMGS 
and/or HMGR, could promote carotenoid and astaxan-
thin production. This result could be more pronounced 
in strains with an activated SREBP pathway, as in strains 
CBS.cyp61− and CBS.SRE1N.FLAG, especially when 
promoters of genes regulated by Sre1N are employed, as 
observed in this work.

Conclusions
Replacing the native promoter of the crtE gene with that 
of the HMGS gene successfully enhanced carotenoid pro-
duction in Xanthophyllomyces dendrorhous strains har-
boring the active Sre1N transcription factor. This strategy 
represents a novel approach to enhance the production 
of these biotechnological important compounds. Impor-
tantly, this genetic modification did not adversely affect 
growth or sterol production, suggesting that it did not 
significantly affect the physiology of this yeast and sup-
porting its potential for improving carotenoid yields. 
While total carotenoid levels significantly increased, the 
rise in astaxanthin levels was less pronounced. Future 
research could consider complementary approaches, 

such as overexpressing downstream carotenogenic genes 
like crtS and crtR, involved in the astaxanthin production 
from β-carotene. Additionally, optimizing culture condi-
tions may further enhance astaxanthin yield. Overall, this 
study presents a promising genetic engineering approach 
based on the SREBP pathway regulation to enhance 
carotenoid production, providing a valuable tool for 
biotechnological applications in the field of carotenoid 
production.
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