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Abstract

Background: Red yeast species in the Rhodotorula/Rhodosporidium genus are outstanding producers of triacylglyc-
eride and cell biomass. Metabolic engineering is expected to further enhance the productivity and versatility of these
hosts for the production of biobased chemicals and fuels. Promoters with strong activity during oil-accumulation
stage are critical tools for metabolic engineering of these oleaginous yeasts.

Results: The upstream DNA sequences of 6 genes involved in lipid biosynthesis or accumulation in Rhodotorula toru-
loides were studied by luciferase reporter assay. The promoter of perilipin/lipid droplet protein 1 gene (LDPT) displayed
much stronger activity (4-11 folds) than that of glyceraldehyde-3-phosphate dehydrogenase gene (GPD1), one of
the strongest promoters known in yeasts. Depending on the stage of cultivation, promoter of acetyl-CoA carboxy-
lase gene (ACCT) and fatty acid synthase {3 subunit gene (FAST) exhibited intermediate strength, displaying 50-160
and 20-90% levels of GPD1 promoter, respectively. Interestingly, introns significantly modulated promoter strength

at high frequency. The incorporation of intron 1 and 2 of LDPT (LDP1in promoter) enhanced its promoter activity by
1.6-3.0 folds. Similarly, the strength of ACCT promoter was enhanced by 1.5-3.2 folds if containing intron 1. The intron
1 sequences of ACLT and FAST also played significant regulatory roles. When driven by the intronic promoters of ACCT
and LDPT (ACCTlin and LDPTin promoter, respectively), the reporter gene expression were up-regulated by nitrogen
starvation, independent of de novo oil biosynthesis and accumulation. As a proof of principle, overexpression of the
endogenous acyl-CoA-dependent diacylglycerol acyltransferase 1 gene (DGAT) by LDP1in promoter was significantly
more efficient than GPDT promoter in enhancing lipid accumulation.

Conclusion: Intronic sequences play an important role in regulating gene expression in R. toruloides. Three intronic
promoters, LDP1in, ACClin and FASTin, are excellent promoters for metabolic engineering in the oleaginous and
carotenogenic yeast, R. toruloides.
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Background (anamorphic) regarding to the implementation of “One
Red yeast species in the Rhodosporidium (teleomorph)  Fungus = One Name” nomenclatural principle [1], are
genus, which was recently revised as genus Rhodotorula  outstanding producers of lipids and carotenoids [2, 3].
More than 100 g/L of dry biomass with over 60% neutral
lipids (triacylglycerol, TAG) content can be produced
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for synthetic biology and metabolic engineering. To date,
several genetic manipulation tools have been reported,
such as high efficiency transformation via Agrobacterium
tumefaceins-mediated transformation (ATMT), high
efficiency gene deletion, and constitutive and inducible
promoter toolbox [7-12]. As oil producers, strong and
robust promoters that function during lipid accumula-
tion stage will be particularly useful.

The production of long chain acyl-CoA, triacylglyc-
erol (TAG) and lipid bodies are the 3 major lipogenesis
steps, and genes involved in these processes are the
likely source of strong promoters in oleaginous yeasts.
Acetyl-CoA carboxylase (Accl) catalyzes the biotin-
dependent carboxylation of acetyl-CoA to form mal-
ony-CoA, the first committed and rate-limiting step in
fatty acid biosynthesis [13]. Proteomic studies showed
that it is a highly abundant protein during lipid accu-
mulation phase [5]. Likewise, the o and B subunits of
fatty acid synthase (Fas2 and Fasl, respectively), fatty
acid transporter (Fatl), ATP:citrate lyase (Acll) and
urea carboxylase/allophanate hydrolase (Durl/2) were
also found in high abundance during lipid accumula-
tion phase [14, 15]. Other known abundant targets are
the perilipin, adipophilin and tail-interacting (PAT)
family proteins, which serve as dynamic scaffolds regu-
lating the formation, growth and degradation of lipid
bodies [15-19].

Eukaryotic genes are often interrupted by spliceoso-
mal introns, which vary greatly among different species
in either density (number of introns per gene) or length
[20]. Although introns are often perceived as junk DNA
gained during genome evolution [21], some introns are
known to regulate gene transcription and this effect is
known as intron-mediated enhancement (IME) [22]. The
concept of IME was initially reported in plant [22] and
subsequently observed in other organisms such as flies
[23] and fungi [24, 25]. To our knowledge, two cases of
IME have been reported in oleaginous yeasts where the
5" introns significantly enhanced gene expression: one
in fructose 1,6-bisphosphate aldolase gene (FBAI) of
Yarrowia lipolytica and the other in D-amino acid oxi-
dase gene (DAOI) of R. toruloides [12, 26]. Despite Accl
being the most abundant protein in R. toruloides [5], the
1.5-kb upstream DNA sequence of ACCI (—1501 to —1
from the translational start site) showed little promoter
activity (our unpublished data). In addition, the high
intron density (an average of 6 introns per gene) [14]
and strong enhancing effect of the DAOI introns [12]
suggested the global regulatory roles of introns in R.
toruloides.

Here, we report the cloning and molecular characteri-
zation of 6 promoters from R. toruloides and demon-
strate their applications in metabolic engineering.
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Results

Characterization of genes involved in lipid accumulation
Genomic sequences for acetyl-CoA carboxylase gene
(ACCI), ATP:citrate lyase gene (ACLI), B subunit of fatty
acid synthetase gene (FASI), fatty acid transporter gene
(FATI) and urea amidolyase gene (DURI) were identi-
fied by BLAST search against the public database as well
as in-house EST and genome database of R. toruloides
strains [27, 28]. The amino acid sequences of known
orthologous enzymes from Saccharomyces cerevisiae
or Y. lipolytica were used as queries (Table 1). The per-
ilipin encoding gene of R. toruloides NP11 strain (lipid
droplet protein 1 gene, LDPI) [15] was used to search
for its counterpart in R. toruloides ATCC 10657. The
putative homolog of ACCI, ACLI, FAS1, FATI, DURI
and LDPI was found located in the genome sequencing
scaffold No.18, 9, 18, 9, 25 and 10 of R. glutinis ATCC
204091, respectively (Table 1). Analysis by 5" RACE and
transcriptomics showed that the cDNA of ACCI, ACLI,
FAS1, FAT1, DURI and LDPI contains a 5’ untranslated
region (5'UTR) of 150, 179, 142, 61, 303 and 194 nt in
length, respectively (Table 1). Notably, the first intron
was found to be located within the 5’UTR of both FASI
and LDPI (Fig. 1). The detailed structures and sequences
of these genes are summarized in Table 1 and Additional
file 1, respectively.

Analysis of promoter activity by luciferase reporter assay
Upstream DNA sequences of the above mentioned genes
were amplified by PCR in two versions, with or without
intronic sequence (Fig. 1), and fused to the codon-opti-
mized luciferase reporter gene RtLUC2 (GenBank acces-
sion number KR258785) [12] in the binary vector pKCL2.
pKCL2 allows site-specific integration of reporter cas-
settes at the CAR2 locus (phytoene synthase/carotene
cyclase gene), which eliminates position effects caused
by ectopic insertion of T-DNA into the chromosomes [8,
12]. The names of intronic promoters were affixed with
“in” to differentiate the promoters analyzed.

As reported, DUR1 and FATI were highly transcribed
during lipogenic phase [14]. However, luciferase reporter
assay revealed that none of DURI, DURIin, FATI and
FAT1in promoters (Fig. 1a, b) displayed detectable activ-
ity throughout the cell culture (Fig. 2a, b). The presence
of introns in FASI and ACLI promoters weakened pro-
moter activities at the initial stages of cell culture (day 1
and 2) (Fig. 2¢, d). However, these repressive effects dis-
appeared after day 3 when nitrogen levels became lim-
ited and lipid accumulation began to accelerate (Fig. 2c,
d). Thus, the FAS1lin and ACLlin promoters (Fig. lc,
d) should be useful under circumstances where strong
expression have undesirable effects at the early stages of
cell culture. Otherwise, the intronless FASI and ACLI
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Table 1 Gene annotations
Gene CDS length Scaffold 5'UTR 3'UTR Exon Protein Query?

(nt) No. (nt) (nt) (aa)
ACCI 7347 18 150 187° 11 2232 YNRO16C
ACLT 4417 9 1780 216 10 1157 YALIOE34793g
FAS1 9628 18 1420¢ 101° 16 2928 YKL182W
FAT1 2860 9 61° 105° 14 639 YBRO41TW
DUR1 4446 25 303° 109° 12 1239 YBR208C
LDP1 1256 10 1155¢ 230° 7 261 RHTO-05627

@ Genbank numbers used for BLAST search and gene annotation
b Predicted by transcriptomic results

¢ Containing the first intron within 5’UTR

promoters would be preferred for gene expression.
Unlike the intronless ACCI promoter (—1501 to —1,
Fig. le), the ACClin promoter (—1501 to +93) yielded
significantly higher luciferase activity throughout the
time course (Fig. 2e).

Suprisingly, LDP1 promoter (—362 to —1, Fig. 1f)
exhibited two- to fourfold higher activity than the GPDI
promoter, one of the strongest promoters known in fungi
(Fig. 2f). Moreover, the intronic LDP1lin promoter (—362
to +155, Fig. 1f) further enhanced the promoter activity,
reaching up to 11 times that of GPD1 promoter (Fig. 2f).
Taken together, promoters of FAS1, ACCI and LDPI are
strong candidates for metabolic engineering in R. foru-
loides and related fungal species.

Transcription of ACC1, FAST and LDP1 mRNAs during lipid
production

Gene expression of ACCI1, FASI and LDP1 were inves-
tigated by qRT-PCR analysis, which was done by nor-
malizing against the transcripts of actin gene (ACTI)
using cycle threshold (Ct) method (272¢ calcula-
tion method). In good agreement with the luciferase
reporter assays, mRNA levels of LDPI were much
higher than those of ACCI and FASI throughout the
6-day culture period (Fig. 3a). To show the dynamic
changes in gene expression, the relative mRNA levels
of ACCI, FASI and LDPI at different time points were
compared using 2~AACt calculation method, where each
mRNA level at day 0 was set as 1. Overall, all 3 genes
showed upward trends in transcription over the 6-day
culture period, although the mRNA levels of ACCI
and LDPI peaked earlier at day 2 and 4, respectively
(Fig. 3b).

Performance of promoters in a lipid-less genetic
background

To evaluate the performance of the above promoters in
a non-oil accumulating genetic background, reporter

constructs for LDPI and LDPlin were transformed
into a R. toruloides mutant named dlad, in which genes
encoding 4 essential acyltransferase in lipid biosynthe-
sis, acyl-CoA-dependent diacylglycerol acyltransferase
(DGAI), phospholipid:diacylglycerol acyltransferase
(LROI), acyl-CoA:sterol acyltransferase (AREI) and
soluble diacylglycerol acyltransferase (DGA3), were
sequentially disrupted (our unpublished data). This
quadruple disruption mutant contains only 8.5% lipids
of wild-type strain (WT) (our unpublished data). Similar
to the situation in W'T, both LDPI and LDPI1in promot-
ers displayed significantly higher activity than the GPD1
promoter in dlad mutant. Moreover, the LDPIin pro-
moter was more active than the LDPI promoter (Fig. 4)
although the magnitude of enhancement appeared to
be reduced (compare Figs. 2f, 4). These suggest that
the lipogenic promoters such as LDPI and LDPlin are
largely regulated by nutrient levels independent of de
novo TAG biosynthesis.

Metabolic engineering of lipid production using different
promoters

Overexpression of Dgal, the key enzyme of TAG biosyn-
thesis, has been demonstrated to significantly improve
lipid yields in other oleaginous yeast like Y. lipolytica
[13]. As a principle of concept, to demonstrate the appli-
cation of the strong promoters characterized in this
study, we compared the lipid production levels by overex-
pressing DGAI using either GPDI or LDPlin promoter
(strain Pgpp;:DGAI and P;pp;;,DGAI, respectively).
Results showed that overexpression of DGAI with
either promoters significantly improved lipid content
(Fig. 5a). More importantly, lipid content accumulated
in the strain P;pp;;,:DGAI was on average 21% higher
than that in the strain Ppp;::DGAI and 55% higher than
that of WT strain (Fig. 5a). qRT-PCR analysis was used
to identify the gene expression of DGAI in the above
three strains. When compared to WT strain on day 2, the
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Fig. 1 Schematic diagrams of promoters. a DURT and DURTin
promoters. b FATT and FATTin promoter. € FAST and FASTin promoters.
d ACLT and ACLTin promoters. @ ACCT and ACCTin promoters. f LDP1
and LDPTin promoters. tss represents the transcription start site, blue
bars represent exons. Translational starts (ATG) in intronic promot-

ers are indicated. Nucleotides in red letters indicate modifications
from the genome sequences. The scaffold number is based on the

genome sequence of R. glutinis ATCC 204091 [28]

use of GPDI and LDPIin promoter resulted in 26- and
66-fold increase in the mRNA levels of DGAI, respec-
tively (Fig. 5b). These data suggest that the promoters
developed in this study, particularly the LDPIin pro-
moter, are superior tools for metabolic engineering in
oleaginous yeasts.
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Discussion

Lipid biosynthesis is the dominant bioactivity in oleagi-
nous yeasts. Therefore, promoters of genes involved in
various steps of the pathway are particularly useful. Such
examples include GPDI, PGKI and PGII promoters as
reported previously [7, 11]. Here, we analyzed the pro-
moters of 6 genes involved in either fatty acid biosynthe-
sis, TAG biosynthesis or lipid body formation. Through
luciferase reporter assay, the application of intronic pro-
moters derived from ACCI, FASI and LDPI1 genes were
firmly established.

Promoters are generally known to be located upstream
of the transcriptional start site (TSS) and composed of a
core promoter domain and several regulatory domains
[29]. Although cis-acting elements may be located 50
or more kilobases proximal to the TSS, most eukaryotic
promoters used to date are within 1 kb upstream from
the TSS, including those reported promoters from R.
toruloides [7, 12]. However, increasing evidences have
demonstrated that cis-acting elements may be located
downstream of the TSS, in the 5’'UTR, within an intron,
or even downstream from the last exon of a gene [30].
The inclusiveness of introns in certain genes may improve
their transcriptional and translational outputs [31]. Regu-
latory elements in the first intron within the 5'UTR and
coding region have been found in higher eukaryotes else-
where [32-36]. Although IME has been known for a long
time, mechanistic studies are still lagging. It was recently
proposed that introns may create a region of localized
accessible chromatin to increase transcriptional initiation
[37]. The introns characterized in this report with diverse
roles in regulating gene expression should serve as good
samples for the mechanistic studies of IME.

In this study, we found that the expression of 5 out of 6
genes were significantly regulated by introns: with strong
enhancing effect on ACCI and LDP1 genes and repress-
ing effect on ACLI, FAS1 and DURI genes (Fig. 2). In
fact, intron 1 of GPDI gene (43 to +131) also contains
a repressing element (Additional file 2). These results,
together with the previous report of DAOI gene [12],
showed that the involvement of introns in transcriptional
control is a universal phenomenon in R. toruloides. Fur-
ther studies in this area may facilitate the development of
a more robust and efficient synthetic platform based on
oleaginous red yeasts.

Conclusions

Intronic promoters of ACCI, FAS1 and LDPI are supe-
rior tools for gene expression, metabolic engineering
and synthetic biology in R. toruloides. Similar promot-
ers may also be functional in other Pucciniomycotina
species.
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Methods

Strains, media and culture conditions

Rhodotorula toruloides strain ATCC 10657 was pur-
chased from ATCC (Manassas, VA, USA). R. toru-
loides nonhomologous end joining-deficient mutant
strain Aku70e [8] was considered as the wild-type
strain. R. toruloides quadruple disruption mutant dlad
(AdgalAlrolAarelAdga3) was generated by serial dele-
tion of the four diacylglycerol acyltransferase genes,
DGAI, LROI, AREI and DGA3, in the host Aku70e
through homologous recombination, in which the
selectable marker cassette was recycled by activating
Cre/loxP system [8]. A. tumefaciens strain AGL1 [38] and

Escherichia coli XL1-BLUE were used for routine molec-
ular cloning procedures.

Rhodotorula toruloides was cultured at 28 °C in YPD
broth (1% yeast extract, 2% peptone, 2% glucose) or on
solid potato-dextrose agar (PDA). A. tumefaciens was
grown at 28 °C in either liquid or solid 2YT medium
(1.6% tryptone, 1% yeast extract, 0.5% NaCl). E. coli XL1-
Blue was cultured in Luria—Bertani (LB) broth or on LB
agar and used for routine DNA manipulation.

Rhodotorula toruloides was cultured in lipid pro-
duction medium MinRL3 unless indicated otherwise.
Medium MinRL3 contains (per 1) 70 g glucose, 1.5 g yeast
extract, 0.5 g (NH,),SO,, 2.05 g K,HPO,, 1.45 g KH,PO,,
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Fig. 4 Promoter strength in lipid production-deficient mutant dlad.
The dlad strain is mutant with targeted deletion of four diacylglycerol
acyltransferase genes (our unpublished data). All reporter mutants
were cultured in MinRL3 for 5 days and luciferase reporter assays
were performed daily. Results were derived from three biological
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0.6 g MgSO,, 0.3 g NaCl, 10 mg CaCl,, 1 mg FeSO,,
0.5 mg ZnSO, 0.5 mg CuSO,, 0.5 mg H;BO,, 0.5 mg
MnSO,, 0.5 mg NaMoO,, with pH adjusted to 6.1.
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In some experiments, GJ2013 medium [39] was used
as another lipid production medium. Medium GJ2013
(per 1) contains 40 g glucose, 0.4 g KH,PO,, 15 g
MgSO,-7H,0, 10 mL TE solution, pH6.0. TE solution
(per litre) contains 4.0 g CaCl,-2H,0, 0.55 g FeSO,-7H,0,
0.52 g citric acid-H,O, 0.1 g ZnSO,7H,0O, 0.076 g
MnSO,-H,0, 0.1 mL smoked H,SO, [40].

Plasmid construction

Oligonucleotides used are listed in Table 2. All DNA
restriction and modification enzymes were sourced from
New England Biolabs (NEB, MA, USA). Plasmid pKCL2
(Fig. 5a) is similar to pKC2 except that the RtGFP frag-
ment was replaced with RtLUC2 gene [12]. This allowed
efficient intergation of reporter gene cassette at the
CAR?2 locus, consisting of a hygromycin resistant cas-
sette (Pgpp;_s:HPT-3:Tg,,) and a luciferase reporter
cassette (Pgpp;RLUC2:T 554) flanked by CAR2 sequence
[8]. Pgpp;_s and Pgppy; are the glyceraldehyde 3-phos-
phate dehydrogenase promoter of R. graminis WP1
and R. toruloides ATCC 10657, with GenBank acces-
sion number of JQ806386 and JN208861, respectively
[7]. HPT-3 (JQ806387) and RtLUC2 (KR258785) are
codon-optimized synthetic genes encoding E. coli hygro-
mycin phosphotransferase and firefly luciferase (Luc2,
ACH53166), respectively [7].

All promoter sequences were amplified using R. foru-
loides genomic DNA as the template unless indicated oth-
erwise. Upstream sequence of ACLI (—1000 to —1) and
ACL1in (—1000 to +167) was amplified using oligo pair
Rt363Sf/Rt364Nr and Rt363Sf/Rt365NTr, respectively. The
resulting PCR products of ACL1 and ACLIin promoter
were double digested with Spel and Ncol and inserted
to the same sites of vector pKCL2 to create plasmid
pKCLAL1 and pKCLAL2, respectively. Similarly, upstream
sequence of FAS1 (—1001 to —1), FAS1in (—1001 to +271),
EATI (—1003 to —1), FATIin (—1003 to +417), DURI
(—493 to —1), DURIin (—493 to +627), ACCI (—1501 to
—1), ACClin (1501 to +91), LDPI (—362 to —1) and
LDPlin (—362 to +152) was amplified using oligo pair
Rt369Sf/Rt370Nr, Rt369Sf/Rt371Nr, Rt361Sf/Rt362Nr,
Rt361Sf/Rt516Nr, Rt359Sf/Rt360Nr, Rt359Sf/Rt424Nr,
Rt232Sf/Rt233Nr, Rt232Sf/Rt310Nr, Rt366Sf/Rt367Nr and
Rt366S{/Rt368Nr (Table 2) to create pKCLF3, pKCLF4,
pKCLF5, pKCLF6, pKCLDU1, pKCLDU2, pKCLAL,
pKCLA2, pKCLP3 and pKCLP4, respectively.

Agrobacterium tumefaciens-mediated transformation
The binary vectors were electroporated into A. tume-
faciens AGL1 (2.5 kV, 25 pF, 400 Q) and subsequently
selected with 2YT agar medium supplemented with
streptomycin (100 pg/ml). Fungi transformation via
ATMT was performed as described previously [7].
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Isolation of genomic DNA and total RNA

Genomic DNA and RNA of R. toruloides were extracted
as described previously [7]. The concentration and purity
of the extracted DNA and RNA were analyzed using
NanoDrop® ND-1000 Spectrophotometer (Nanodrop
Technologies, USA) and agarose gel electrophoresis.

Gene annotation in R. toruloides

Due to the very high sequence homology between R.
toruloides ATCC 10657 and R. glutinis ATCC 204091,
genome database of R. glutinis ATCC 204091 was used
as the reference unless indicated otherwise. The puta-
tive encoding gene of acetyl-CoA carboxylase (ACCI),
ATP:citrate lyase (ACLI), B subunit of fatty acid syn-
thetase (FASI), fatty acid transporter (FATI), urea ami-
dolyase (DURI) and perilipin (LDPI) were annotated
using orthologous sequences from S. cerevisiae, Y. lipol-
ytica or R. toruloides NP11 (Table 1).

Rapid amplification of cDNA ends (RACE)
The 5 and 3’ end of cDNA sequences were determined
by 5/ RACE and 3’ RACE using BD SMARTer" RACE
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c¢cDNA Amplification Kit (Clontech, CA, USA) accord-
ing to the manufacturer’s instruction. Oligos ACC1U1
(Table 2) was used as the specific primer for 5 RACE of
ACCI, LDP1U1 and LDP1L1 (Table 2) was used for 5’
RACE and 3/ RACE of LDP1I, respectively.

Quantitative reverse transcription PCR (qRT-PCR)

Total RNA was treated with DNase I (Roche Diagnos-
tics, Mannheim, Germany) followed by precipitation
with ethanol to remove trace amount of DNA. cDNA
was synthesized by reverse transcription using iScript'
Reverse Transcription Supermix (Bio-Rad Laborato-
ries, CA, USA). Real-time PCR was conducted in ABI
PRISM 7900HT Sequence Detection System (Applied
Biosystems, CA, USA) using the ABI SYBR® Select
Master Mix (Applied Biosystems). PCR conditions
were as follows: an initial 50 °C for 2 min and 95 °C
denaturation step for 10 min followed by 40 cycles of
denaturation at 95 °C for 15 s, annealing at 60 °C for
1 min. Triplicates were used for all analysis. The data
was acquired using the software SDS 2.4 (Applied Bio-
systems) and relative gene expression levels were cal-
culated against the reference encoding gene of actin
(ACT1, GenBank acc. no. KR138696) [12] using the 2~
AACt method through the RQ Manager software v1.2.1
(Applied Biosystems).

Reporter assay

Strains bearing the integrated T-DNA at the CAR2
locus were identified by the albino phenotype followed
by Southern blot verification. The strains were then cul-
tured in YPD broth to mid-exponential phase and used
for luciferase assay. Cells were washed twice with water
and inoculated to the indicated medium at an optical
density (ODg,) of 0.5 and cultured at 30 °C with agita-
tion (250 rpm). Luciferase activity was determined by
one-step measurement method as described previously
[7] with some modifications. Briefly, cell culture (10 pl)
was mixed with 85 pl of PBS buffer (pH7.4) and 5 pl of
10 mM D-luciferin (DMSO solution, catalogue No.
L9504, Sigma-Aldrich), loaded in a well of FluoroNunc
96-well plate (Thermo Fisher Scientific, Langenselbold,
Germany) for measurement of bioluminescence. Cell
density was measured at OD of 600 nm with 10-20 fold
dilution of cell culture in PBS buffer to a final volume of
100 pl, and loaded to a well of 96-well flat-bottom trans-
parent plate (Nunc, Roskilde, Denmark). All data was
measured and acquired with the Tecan Infinite M200
plate reader coupled with the iCycler version 3.0 software
(Tecan, Salzburg, Austria). The relative promoter activ-
ity (RPA) was calculated by normalization against that of
GPD1 promoter.
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Table 2 Sequences of oligonucleotides

Name Sequence (5’-3') Information
SV40R TTTccgcggTCGAATTTCCCCGATCGTTCA Tsvao

LuC2u GAGTCGCTCACCTACTGCATC RtLUC2
ACC1UT GAAGGCGGGGGTTCTCGGAAG ACCT

LDP1U1 GACGAGGTCATCCGCGAG LDPT 5'UTR
LDP1LY GACCAGCTCTACCAGCGCATCAC LDP1 3’UTR
CRP79L1 TCGCCCTCCTCCCCTGCTCGCAAAT CRP79
Rt2325f TTTactagtGGTCGCTTCTTTCCTCGCAG ACCI/ACClin
Rt233Nr TTTccatggGAAGTGAAGTTGGGGAACG ACCI1
Rt310ONr TTTccatggAGAACCTGTCGTCGCATGA ACClin
Rt3595f TTTactagtTCGACTTGTCTTCCTCCGCGA DUR1/DRUTin
Rt360Nr TTTccatggCGAAAGAGGGATGTGAG DURT
Rt424Nr TTTccatggAGAAGAGGTTCTGCGCGGA DURTin
Rt363Sf TTTactagtCTGTGATGCTAGGTGTCGATC ACLI/ACLTin
Rt364Nr TTTccatggCTGCTGCGTTTCCTGGTAC ACLT
Rt365Nr TTTccatggCGTCGTACTCGCGGATG ACLTin
Rt369Sf TTTactagtGAACTCGACTCATTACGGGAG FAS1/FASTin
Rt370Nr TTTccatggTGTGCGGTATTCGACGAGTTTG  FAST

Rt371Nr -1 TTTccatggAGTAGTGCTGTCCGCGCAGA FASTin
Rt361Sf TTTactagtCTCTAGCCTACGACCGCCTC FAT1/FATTin
Rt362Nr TTTccatggTAGCGAGTCGTTCTCTGCAG FATT

Rt516Nr TTTccatggGCGAGGCGGTTGACCTCTGC FATTin
Rt359Sf TTTactagtTCGACTTGTCTTCCTCCGCGA DURI1/DURTin
Rt360Nr TTTccatggCGAAAGAGGGATGTGAG DURT
Rt424Nr TTTccatggAGAAGAGGTTCTGCGCGGA DURTin
Rt3665f TTTactagtCACGCCTCTGTGACTCGGTAC LDP1/LDPTin
Rt367Nr TTTccatggCGTGCGAGTGTGCGTGCGA LDPT
Rt368Nr TTTccatggGGTAGTCCGACACCTGCG LDPTin
Additional files

Additional file 1. Promoter sequences. Promoter range in the gene
was shown in the parenthesis and substituted sequences are in red font.
Translational starts (ATG) are underlined.

Additional file 2. Comparison of intronic and intronless GPDT promoter
strength. Luciferase gene assay was performed using the reporter strain
with 795 and 932 bp promoter of GPD1 (—795 to +1) and GPD1in (—795
to +137), respectively. Cells were cultured in MinRL3 medium for 4 days
and luciferase reporter assay was performed daily.

Abbreviations

UTR: untranslated region; Are1: acyl-CoA:sterol acyltransferase; ATCC: American
type culture collection, USA; BLAST: basic local alignment search tool (National
Library of Medicine, National Institutes of Health, USA); CAR2: bifunctional
enzyme phytoene synthase and lycopene cyclase encoding gene; Dgal:
acyl-CoAdiacylglycerol acyltransferase; Dga3: soluble diacylglycerol acyltrans-
ferase; GPDI: glyceraldehyde 3-phosphate dehydrogenase gene; IME: intron-
mediated enhancement; Lro1: phospholipid:diacylglycerol acyltransferase;
qPCR: quantitative reverse transcription polymerase chain reaction; RACE:
rapid amplification of cDNA ends; RtLUC2: a commercially synthesized firefly
luciferase protein (Luc2) gene according to the codon bias of R. toruloides; TAG:
triacylglycerol; TSS: transcriptional start site.
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