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Abstract 

Background Long‑chain polyunsaturated fatty acids (LC‑PUFAs), such as docosahexaenoic acid (DHA), are essential 
for human health and have been widely used in the food and pharmaceutical industries. However, the limited availa‑
bility of natural sources, such as oily fish, has led to the pursuit of microbial production as a promising alternative. Yar-
rowia lipolytica can produce various PUFAs via genetic modification. A recent study upgraded Y. lipolytica for DHA pro‑
duction by expressing a four‑gene cluster encoding a myxobacterial PKS‑like PUFA synthase, reducing the demand 
for redox power. However, the genetic architecture of gene expression in Y. lipolytica is complex and involves various 
control elements, offering space for additional improvement of DHA production. This study was designed to optimize 
the expression of the PUFA cluster using a modular cloning approach.

Results Expression of the monocistronic cluster with each gene under the control of the constitutive TEF promoter 
led to low‑level DHA production. By using the minLEU2 promoter instead and incorporating additional upstream 
activating UAS1B4 sequences, 5’ promoter introns, and intergenic spacers, DHA production was increased by 16‑fold. 
The producers remained stable over 185 h of cultivation. Beneficially, the different genetic control elements acted 
synergistically: UAS1B elements generally increased expression, while the intron caused gene‑specific effects. Mutants 
with UAS1B16 sequences within 2–8 kb distance, however, were found to be genetically unstable, which limited pro‑
duction performance over time, suggesting the avoidance of long repetitive sequence blocks in synthetic multigene 
clusters and careful monitoring of genetic stability in producing strains.

Conclusions Overall, the results demonstrate the effectiveness of synthetic heterologous gene clusters to drive DHA 
production in Y. lipolytica. The combinatorial exploration of different genetic control elements allowed the optimiza‑
tion of DHA production. These findings have important implications for developing Y. lipolytica strains for the indus‑
trial‑scale production of valuable polyunsaturated fatty acids.
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Background
Long-chain polyunsaturated fatty acids (LC-PUFAs) 
exhibit a variety of health benefits that have enabled their 
application in the food and pharmaceutical industries [1]. 
One of the most prominent LC-PUFAs is docosahexae-
noic acid (DHA, 22: 6, ω3). It functions as an essential 
nutrient throughout the lifespan and supports brain and 
retina development and function, among other functions 
[2]. Humans lack sufficient capability to derive DHA from 
endogenous α-linolenic acid (ALA, 18: 3, ω3), making 
this PUFA a crucial part of our diet [3, 4]. Health organi-
zations worldwide recommend the daily intake of DHA 
[2, 5]. Oily fish, however, the natural source of DHA, 
are becoming increasingly limited due to the increasing 
depletion of wildlife ocean populations caused by over-
fishing and to constantly declining DHA levels in hatched 
fish, resulting from decreased DHA levels in phytoplank-
ton due to global warming, which translates through all 
species up the food chain [6]. One of the most promising 
alternatives to derive sustainable DHA lies in microbial 
production, with the oleaginous yeast Yarrowia lipolytica 
as one of the major production hosts [5, 7]. This microbe 
has been used in industry for 70  years [8], has proven 
feasibility for genetic modification [9–11], and allows 
the safe manufacturing of GRAS-awarded products [12], 
including organic acids [13], biofuels [14], enzymes [15], 
and high-value chemicals for nutritional and pharmaceu-
tical applications [16].

In an advantage for PUFA production, Y. lipolytica 
naturally accumulates high amounts of lipids, and this 
potential has been exploited to overproduce ALA, 
γ-linolenic acid (GLA, 18: 3, ω6) and eicosapentaenoic 
acid (EPA, 20:5, ω3) by extending the yeast’s native fatty 
acid biosynthesis via heterologous elongases and desatu-
rases [17–19]. Using an alternative strategy, Y. lipolytica 
was recently streamlined  for DHA production [20]. The 
expression of a four-gene cluster from the myxobac-
terium Aetherobacter fasciculatus (SBSr002), encod-
ing a polyketide-like synthase [21], allowed DHA to be 
synthetized independently of native fatty acids in the 
recombinant strain Y. lipolytica Af4, allowing a signifi-
cantly reduced demand for redox power (Fig. 1) [20]. The 
PUFA cluster was expressed from a well-suited integra-
tion site [20], among various options previously evalu-
ated for heterologous gene expression in Y. lipolytica [22, 
23]. The cluster itself was only used in the form of a sin-
gle genetic layout that expressed each of the four genes 
under an individual promoter. It is, however, well known 
that the expression of genes in Y. lipolytica is based on 
various control elements, such as distal (UAS1) and prox-
imal (UAS2) upstream activating enhancers, promoters, 
terminators, and intron sequences. Beyond the previous 
work, the combinatorial use of such elements offered 

additional space to improve DHA production and expand 
our presently limited knowledge on how to best express 
myxobacterial genes in yeast [24–26].

Therefore, we explored various alternative designs to 
overexpress the PUFA cluster in Y. lipolytica. In an initial 
test round, different core promoters, upstream activating 
enhancers, terminators, and introns were systematically 
combined, which yielded a set of PUFA clusters that were 
then genomically integrated into yeast. The obtained 
mutants were evaluated for performance, which revealed 
a strong impact of the cluster design on production effi-
ciency. In addition, multiomics analysis elucidated several 
features of the strains, including (i) genetic stability, (ii) 
individual expression levels of the PUFA genes, and (iii) 
intracellular availability of the DHA precursors acetyl-
CoA and malonyl-CoA. Further optimization cycles 
based on this new understanding iteratively balanced and 
optimized the expression of the individual genes in the 
cluster. The best strain, Y. lipolytica U4 minLEU2 INT S 
Af4, expressed the cluster with compact upstream acti-
vating sequences (U4),  5’-introns (INT), and spacers (S) 
under the control of the minLeu2 promoter. The mutant 
achieved a 16-fold increase in DHA content to 17.1% of 
total fatty acids compared to a basic strain mutant that 
expressed a minimal cluster under the control of a strong 
constitutive TEF promoter.

Results
Heterologous expression of a myxobacterial PUFA cluster 
under control of the constitutive TEF promoter enables 
low‑level DHA production
In pursuit of recombinant DHA overproduction in Y. 
lipolytica, we aimed to optimize the expression of a 
myxobacterial four-gene cluster encoding a polyketide-
like PUFA synthase [21]. To streamline the experimen-
tal workflow for constructing different cluster variants, 
we set up a modular approach, based on a set of specific 
restriction enzymes to create unique cleavage sites dur-
ing cloning (SmaI, SdaI, ApaLI, AclI, AvrlI, PacI, AjuI, 
NotI, SmiI). This strategy enabled a straightforward com-
binatorial assembly of the cluster genes with different 
genetic control elements of interest in the correct order 
(Figs. 2, 3A). It also allowed easy replacement of individ-
ual sequence elements during the later optimization.

Initially, we designed a basic cluster that expressed 
each of the four PUFA genes (pfa1, pfa2, pfa3, ppt) under 
the control of the well-characterized constitutive TEF 
promoter (PTEF). In the first step of construction, indi-
vidual gene-terminator fusion constructs were integrated 
into plasmids that carried the PTEF promoter upstream 
of the integration site. The plasmids were amplified in 
E. coli and used to obtain the corresponding promoter-
gene-terminator cassettes (Fig. 2A).
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The four single-gene cassettes were then cloned step-
wise into an assembly vector using restriction digestion, 
which provided the entire synthetic 19.1 kb PUFA cluster 
in the vector (Fig. 2B). The cluster sequence was excised 
and ligated into a shuttle vector. Finally, this provided the 
linearized cluster flanked by the two homology domains 
(Fig. 2C).

Genomic integration of the cluster into the nonproduc-
ing host Y. lipolytica Po1h yielded strain Y. lipolytica TEF 
Af4. When grown on a glycerol-based minimal medium, 
the mutant formed 0.8  mg  DHA  g−1   h−1, constituting 
1.3% of total fatty acids (Fig.  3B). The strain consumed 
all glycerol during an initial phase of exponential growth 
(µ = 0.34   h−1) and reached a maximum concentration of 
cell dry mass (CDM) of 6.3  g   L−1 (Fig.  4A). Citrate, an 
often-observed overflow metabolite of the yeast, was 
formed only in traces (< 1  mM). DHA was only detect-
able after 85 h. The parent nonproducing host Y. lipolyt-
ica Po1h did not form DHA (as expected) but otherwise 

revealed similar growth behaviour (data not shown). 
In summary, a lean Af4 cluster design was sufficient to 
enable DHA formation in Y. lipolytica. However, only a 
small amount of DHA was formed, and unexpectedly, 
the product accumulated only during the late stationary 
phase, despite the presumably constitutive nature of the 
promoter used [27].

The implementation of additional upstream activating 
sequences and 5’ promoter introns improved 
the formation of DHA up to tenfold
In pursuit of improved production, we created four PTEF-
based variants. In comparison to the basic strain TEF 
Af4, the second-generation mutants comprised different 
sets of additional genetic control elements upstream and 
downstream of the TEF promoter. The established work-
flow proved efficient, as the new design could be quickly, 
easily, and precisely realized. The incorporation of the 5’ 
TEF intron between the promoter and the corresponding 

Fig. 1 Genetic and metabolic design to produce docosahexaenoic acid (DHA) in Yarrowia lipolytica through heterologous expression 
of a myxobacterial PKS‑like PUFA synthase gene cluster. The PUFA cluster from Aetherobacter fasciculatus (SBSr002) comprised the three genes 
pfa123, encoding the multidomain subunits of the PUFA synthase, as well as ppt, encoding 4’‑phosphopantetheinyl transferase (PPTase) (A). 
The biosynthesis of DHA by PUFA synthase starts with acetyl‑CoA, which binds to the ketosynthase domain and is then successively elongated 
with activated malonyl‑CoA units bound to an acyl carrier protein (ACP) (B). Within each cycle, decarboxylative Claisen condensations form 
β‑keto ester intermediates, which are then reduced to the corresponding alcohols. Then, dehydration inserts an α, β‑trans double bond, 
which is either reduced or isomerized into the cis form. After ten cycles, the formed DHA fatty acyl chain is transferred to the 2‑position 
of 1‑acylglycerol‑3‑phosphate by 1‑acylglycerol‑3‑phosphate O‑acyltransferase (AGPAT)
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gene resulted in strain Y. lipolytica TEF INT Af4, which, 
encouragingly, revealed four-fold increased DHA pro-
duction (Fig.  3B). The implementation of blocks of four 
activating UAS1B elements upstream of each promoter 
resulted in the production of nine-fold more DHA in Y. 
lipolytica U4 TEF Af4, compared to the parent strain. 
Y. lipolytica U4 TEF INT Af4, exhibiting both modi-
fications, achieved an even higher DHA content of 
7.3  mg   gCDM

−1 (Fig.  3B). Favourably, the two modifica-
tions acted synergistically. It was interesting to note that 
strain U4 TEF INT Af4 visibly formed DHA after 40  h 
and that the cells maintained high productivity until the 

end of the process, while the overall growth behaviour 
remained relatively unaffected.

We hypothesized that more than four UAS1B copies 
might result in even stronger gene expression, because 
the elements were obviously beneficial for DHA overpro-
duction (Fig. 3B). Therefore, we constructed an extended 
26.3  kb cluster variant that comprised blocks of sixteen 
UAS1B elements in front of each PTEF. The synthetized 
and assembled cluster was genomically integrated into 
the wild type, yielding strain U16 TEF INT Af4. Con-
trary to expectations, however, this version did not pro-
duce any DHA (Fig.  3B) but was otherwise unaffected 

Fig. 2 Modular workflow for the genetic assembly of multigene clusters for genomic expression in Yarrowia lipolytica. The use of specific restriction 
enzymes enables the correct modular assembly of repetitive single gene modules into four‑gene PUFA synthase gene clusters. First, single PUFA 
cluster genes are fused with a terminator. The resulting DNA fragments are integrated into a preconfigured promoter vector using Gibson assembly. 
The promoter‑gene‑terminator elements are excised from the vector using restriction digestion with AjuI (A) and subsequently integrated 
into an assembly vector in a defined order using unique restriction sites (B), which yields the complete cluster. The cluster is inserted into a shuttle 
vector between two homology domains using restriction and ligation. The cluster is then excised for chromosomal integration into Y. lipolytica (C). 
The figure was created using Biorender.com
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Fig. 3 Metabolic engineering of Yarrowia lipolytica to produce docosahexaenoic acid (DHA) via differently designed heterologous PUFA gene 
clusters. The cluster designs were based on different combinations of genetic control elements to express each of the four cluster genes (pfa1, 
pfa2, pfa3, ppt), including UAS1B element blocks of different lengths, the two core promoters pTEF and pminLEU2, the 5ʹ TEF intron, 200 bp spacers, 
and the Lip2t terminator (A). The created strains were evaluated for production efficiency in glycerol‑grown batch cultures, whereby the DHA level 
(mg  gCDM

−1) was measured after 185 h (B, C, D). The data show the genetic layout and performance of first‑generation strains based on the TEF 
promoter (B) and second‑generation strains based on the minLEU2 promoter (C, D). n = 3
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in substrate use, growth, and biomass formation (Addi-
tional file 1: Figure S1C).

In summary, all PTEF-based strains (except the one with 
sixteen UAS1B repeats) enabled DHA production. The 
genetic architecture of the heterologous PUFA cluster 

influenced the achieved DHA level, indicating that the 
production performance was transcriptionally limited. 
All PTEF-based strains exhibited similar characteristics 
regarding the use of glycerol and phosphate as well as 
growth. Therefore, neither the expression of the PUFA 

Fig. 4 Impact of the genetic architecture of heterologous PUFA clusters on the production of docosahexaenoic acid (DHA) in recombinant 
Y. lipolytica. The strains differed in the genetic architecture of the DHA cluster as follows: TEF Af4 (A), U4 TEF INT Af4 (B), U4 minLEU2 Af4 (C), U4 
minLEU2INT Af4 (D), U4 minLEU2 S Af4 (E), and U4 minLEU2 INT S Af4 (F).  They were cultivated in glycerol‑based minimal medium. The time point 
of glycerol depletion is indicated by a dotted line. The different genetic cluster layouts are shown in Fig. 3. NFA = native fatty acids. n = 3
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cluster nor the accumulation of DHA seemed to have an 
impact on the gross metabolic behaviour.

The use of the stationary‑phase minimal LEU2 promoter 
for expression of the cluster enables a 20% increase 
in the cellular DHA content
As shown above, the recombinant strains formed DHA 
mainly during the stationary phase (Fig. 4). We therefore 
included the minimal minLEU2 promoter (PminLEU2) for 
further development [28]. We constructed a set of third-
generation strains following the established modular 
workflow. For comparison, we included different num-
bers (4 and 16) of UAS1B tandem repeats. Two genomic 
mutants were generated, namely, Y. lipolytica U4 min-
LEU2 Af4 and U16 minLEU2 Af4. After validation by 
PCR and sequencing, the two strains were evaluated.

The variant with four UAS1B tandem copies accumu-
lated 8 mg  gCDM

−1 DHA (Fig. 3C, 4C,), significantly more 
than the corresponding PTEF counterpart. Strain U16 
minLEU2 Af4 was less efficient (Fig. 3D, Additional file 1: 
Figure S1D). We focused on the U4 strain for a fourth 
optimization round. The additional insertion of TEF 
introns at the 5ʹ end of each gene increased DHA pro-
duction to 10 mg   gCDM

−1 in the mutant Y. lipolytica U4 
minLEU2 INT Af4, almost 25% more than in the strain 
without the intron (Fig.  4D, Fig.  3C). As an alternative, 
we placed 200 bp spacer sequences between each termi-
nator and promoter sequence to reduce the competition 
for protein binding [29]. This change also improved DHA 
production (Fig.  3C). Finally, we combined introns and 
spacers to construct the fifth-generation strain Y. lipol-
ytica U4 minLEU2 INT S Af4 (Fig. 3C). When evaluated 
in the production setup, it achieved 12 mg DHA  gCDM

−1 
(Fig.  4F), the highest value among all constructed pro-
ducers. In this regard, the best setup enabled 16-fold bet-
ter production than the  PTEF-based design used initially.

Multiple UAS1B repeats destabilize the PUFA cluster 
and cause the appearance of nonproducing mutants 
during the production process
As shown, strains with 16 UAS1B elements upstream of 
each of the four cluster genes failed to efficiently pro-
duce DHA, regardless of the promoter used (Fig.  3). 

Interestingly, two of these multi-UAS1B strains showed 
superior production performance during the early stages 
of the process before fading out (Additional file  1: Fig-
ures S1D, S1E). Genetic instability was one of the possible 
reasons for this behaviour. We therefore screened for the 
stability of the PUFA cluster during production. Because 
sequencing of the cluster was challenging due to the 
highly repetitive sequences, we used PCR to determine 
the presence of each heterologous gene instead (Fig. 5A). 
The PCR-based approach had been established in syn-
thetic biology work (see above) to verify the presence of 
the intact cluster in newly generated mutants prior to 
inoculating them for cryo-preservation. Here, we applied 
it to screen for cluster stability during production, i.e., 
during the exponential phase (12 h) and during the late 
stationary phase (185 h). Altogether, cells were grown for 
approximately two weeks in each setup, including a two-
day preincubated culture for inoculation. For each strain, 
40 clones were analysed (Fig. 5, Table 1). 

The analysis revealed that higher UAS1B copy num-
bers caused genetic instability, explaining the significant 
decrease in production performance. Strains without 
UAS1B tandem repeats were found to be completely sta-
ble over the entire cultivation period (Fig. 5BC). Mutants 
with four UAS1B tandem repeats in front of each gene 
remained largely intact (Fig. 5B, 5C). A few clones exhib-
ited the loss of one of the genes during the production 
process, namely, pfa1 or pfa3. These mutation events, 
however, were rare, and this picture did not change in 
related strains that were based on another promoter and 
an additional intron. Approximately 98% of the tested 
clones were still intact at the end of the process. How-
ever, the findings revealed the occurrence of undesired 
recombination events within UAS1B4-based clusters.

UAS1B16-based gene clusters were found to be struc-
turally unstable (Fig. 5B, C). The two mutants Y. lipolytica 
U16 minLEU2 Af4 and U16 minLEU2 INT Af4 gradually 
lost parts of the cluster during fermentation. After 12 h, 
up to 90% of the tested clones still contained all cluster 
genes (Fig. 5B). At the end of the process, however, only 
60% of the U16 minLEU2 Af4 clones were found to be 
intact. The population of U16 minLEU2 INT Af4 com-
prised only 20% of genetically correct cells during the 

(See figure on next page.)
Fig. 5 Evaluation of the genetic stability of heterologous PUFA clusters expressed in recombinant Y. lipolytica to produce docosahexaenoic acid 
(DHA). The different genetic cluster layouts can be taken from Fig. 3. The presence of the four cluster genes, pfa1, pfa2, pfa3, and ppt, was analysed 
by colony PCR (A). The use of four specific primer pairs resulted in PCR products with clearly distinguishable lengths: 1.72 kb (pfa1), 0.91 kb (pfa2), 
0.73 kb (pfa3), and 0.61 kb (ppt), enabling simultaneous analysis. For each strain, we analysed the genetic configuration of 40 clones from cell 
populations sampled from the production process after 12 h (B, early phase) and 185 h (C, late phase). The DHA production efficiency for the two 
phases was estimated after 40 h (early phase) and 185 h (late phase). The relative DHA production is given in comparison to the best strain 
during each phase, set to 100%. n = 3
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Fig. 5 (See legend on previous page.)
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early phase of production, indicating that the additional 
intron sequence further decreased stability. The popula-
tion of strain U16 TEF INT Af4 had already largely lost 
the genes pfa2 and pfa3 at the beginning of the produc-
tion process. Obviously, this was the reason for the lack 
of DHA production observed for this mutant. It appeared 
that the strain had already decomposed during precul-
turing. In summary, strains with four UAS1B elements 
appeared optimal, as they offered high stability together 
with high production efficiency. The stability of the ppt 
gene was not affected in any of the mutants, because it 
was outside the repetitive sequence blocks. The two 
genes in the middle exhibited the highest instability, 
likely due to the possibility of recombination events in 
both directions.

Four‑copy UAS1B tandem repeats enable generally 
increased cluster expression
To link the observed production differences to the 
expression levels of the cluster genes, we examined the 
obtained mutants during the exponential growth phase, 
the early production phase, and the late production 
phase using q-RT‒PCR. Although the observed pat-
terns were generally complex, several significant find-
ings could be extracted. As exemplified for strains TEF 
Af4 and U4 TEF Af4, the use of the UAS1B elements 
increased the expression of all cluster genes indepen-
dently of the time point during fermentation (Fig. 6A). 

The expression increase was strongest during the early 
and late stationary phases and resulted in up to ten-
fold higher expression levels for the genes pfa1 and 
pfa2 (Fig.  6B). In this regard, the use of the activating 
sequence motifs shifted the expression of the clusters 
towards the stationary phase, when most of the DHA 
was produced. Similar enhancing effects were also 
observed for other mutants (Additional file  1: Figure 
S3A).

Furthermore, interesting effects were caused by the 
insertion of the TEF intron between the promoter and 
cluster gene. When used in combination with  PTEF, the 
intron resulted in time- and gene-dependent altera-
tions in the expression level. It preferentially increased 
the expression of pfa2 and pfa3, the two inner cluster 
genes, while decreasing the expression of the two flank-
ing genes pfa1 and ppt. For pfa3 and ppt, stimulating 
and attenuating effects, respectively, were observed in 
all culture phases. For pfa1 and pfa, however, an effect 
was observed only for the exponential phase (when 
DHA was not produced). On average, normalized to 
the expression level of pfa1 (set to 1), the use of the 
intron resulted in a pronounced rebalancing of gene 
expression (Fig.  6C, D). The two inner genes, which 
were expressed approximately twofold less than the two 
outer genes in strain TEF Af4, were strongly upregu-
lated by the intron. This resulted in an almost fourfold 
higher expression ratio between the inner and outer 

Table 1 Genetic stability of different synthetic heterologous PUFA clusters during production of the omega‑3 fatty acid DHA in 
recombinant Y. lipolytica 

The cluster variants were based on different combinations of promoters, upstream activating sequence elements, introns, spacers, and terminators (Fig. 3). The cell 
populations were analysed for the presence of the four cluster genes pfa1, pfa2, pfa3, and ppt after culturing for two weeks. For each strain, 40 clones were analysed 
using PCR, and a set of eight specific primers allowed us to test for the presence of all genes simultaneously. The obtained patterns provided the cluster configuration 
for each clone and population-based insight into the frequency of different mutation events, which are given as relative fractions in percent
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genes. Interestingly, the use of the TEF intron did not 
cause similarly significant changes in strains that were 
based on PminLEU2, ultimately due to an incompatibil-
ity of the naturally noncooperating genetic elements 
(Additional file 1: Figures S3C, S3D).

Enhanced DHA biosynthesis results in the depletion 
of the intracellular acetyl‑CoA and malonyl‑CoA pools
As an efficient precursor supply was known from previ-
ous work to be crucial for metabolite overproduction 
[30–33], we were interested in determining which levels 
of production affected the availability of the two CoA-
thioester pools among the created strain genealogy. We 
therefore quantified the absolute levels of several CoA-
thioesters during DHA production using LC‒MS/MS 

Fig. 6 Impact of upstream enhancing UAS1B elements (U4) and the TEF intron (INT) on the expression strength of the PUFA cluster genes 
pfa1, pfa2, pfa3, and ppt during glycerol‑based docosahexaenoic acid (DHA) production in Y. lipolytica. The data comprise the average (A) 
and the time‑resolved gene expression (B) in the strains TEF Af4 (left bars) and U4 TEF Af4 (right bars). For the latter, the time‑resolved expression 
was measured during the exponential phase (ca. 15 h), the early production phase (stationary 1, ca. 38 h), and the late production phase (stationary 
2, ca. 135 h). The same data are shown for the strains TEF Af4 (left bars) and TEF INT Af4 (right bars) (C, D). The gene expression level was measured 
using q‑RT‒PCR. Statistical significance was assessed by Student’s t test (* p = 0.05 and ** p = 0.01). n = 3
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and internal 13C-labelled standards (Fig.  7). Acetyl-CoA 
was the most abundant CoA ester, followed by succinyl-
CoA. In comparison, malonyl-CoA, propionyl-CoA, and 
butyryl-CoA were present at 10–50-fold lower levels. The 
six studied producers differed strongly in the CoA-thi-
oester spectrum (Fig. 7A). Interestingly, the intracellular 
CoA-ester levels closely correlated with DHA produc-
tion. For example, the best producer contained 50% less 
acetyl-CoA than the producer with the lowest efficiency. 
The pool of malonyl-CoA showed an even stronger effect. 
The best producer contained 80% less of the precursor 
than the one with the lowest DHA titre. Similar trends 
were observed for other CoA esters, suggesting that 
the different pools were, to some extent, actively equili-
brated. This effect was obvious for the pools of acetyl-
CoA and malonyl-CoA, which appeared tightly coupled 
among all producers  (R2 = 0.93) (Fig. 7B). A linear corre-
lation was also obtained between DHA production and 
intracellular malonyl-CoA availability  (R2 = 0.94), reveal-
ing that the engineered producers were not able to fully 
replenish the precursor pool during product synthesis 
(Fig. 7C), which indicated a potential bottleneck in pre-
cursor supply that became increasingly prominent with 
stepwise strain improvement. On the transcriptional side, 
mean gene expression showed a positive trend towards 
higher expression (Fig. 7D). Digging deeper into the link 
between transcription and production performance, the 
inspection of expression ratios between different genes 
of the cluster revealed another interesting insight. Across 
all strains, an appropriate ratio between the expression of 
the genes pfa2 plus pfa3 to the genes pfa1 plus ppt, i.e., 
between the inner and the outer cluster genes, seemed to 
be crucial for high DHA production (Fig. 7E).

Discussion
A streamlined promoter architecture of a myxobacterial 
PUFA gene cluster improves DHA production 
in recombinant Y. lipolytica
The promoter architecture has great potential to bal-
ance transcription in the oleaginous yeast Y. lipolytica 
[26]. For example, the expression of a two-gene pathway 
as one operon, as a pseudo-operon, and in a monocis-
tronic layout resulted in significantly different expression 

levels [27]. So far, transcriptional responses are difficult 
to predict, suggesting systematic testing and fine-tuning 
of different genetic layouts for a given problem [27]. In 
this work, we aimed to streamline the architecture of a 
myxobacterial four-gene cluster (Fig.  1) that encoded a 
PKS-like DHA assembly line to drive the production of 
DHA (C22: 6, ω-3), an omega-3 fatty acid with multiple 
benefits for human health and substantial commercial 
value [34].

As shown, we created a spectrum of novel produc-
ers by combinatorically exploring a set of regulatory 
control elements, including the promoters PTEF [35] 
and PminLEU2 [20], upstream activating sequence blocks 
(UAS1B) of different lengths [36], introns [32], and 
intergenic spacers. We generally designed the different 
cluster variants in monocistronic form. Each gene was 
expressed from its own promoter and separated from 
upstream transcription by a terminator. This archi-
tecture was chosen to avoid transcriptional inhibition 
effects that could have otherwise resulted in multigene 
expression from one promoter [37] and nonfunctional 
mRNA maturation, which is observed for pseudo-
operon configurations in yeast [27].

The different mutants strongly varied in DHA accu-
mulation (Figs.  3, 4). The configuration with blocks 
of four UAS1B elements upstream of the PminLEU2 
promoter, an intergenic spacer upstream of the pro-
moter, and the intron worked best. The corresponding 
mutant accumulated 20% more DHA than the second-
best strain and 16-fold more than the basic strain that 
expressed a minimal cluster. This finding demonstrated 
that DHA production efficiency was transcription-
ally limited. Furthermore, it revealed the potential of 
streamlining the promoter architecture of bacterial 
multigene clusters for optimized performance in Y. 
lipolytica.

As shown, strains that expressed the DHA cluster 
under the control of PTEF yielded less product (Fig.  3). 
This finding was surprising, given that PTEF mediates 
strong constitutive expression and is often preferred for 
metabolic engineering of Y. lipolytica [35, 36, 38]. Here, 
it was indeed active in all culture phases, but PTEF-driven 
expression fluctuated over time (Fig. 6). A previous study 

(See figure on next page.)
Fig. 7 Multiomics view of the DHA‑producing Y. lipolytica strain genealogy. The absolute levels of intracellular CoA thioesters were determined 
using LC‒MS/MS and internal 13C standards (A). Samples were taken during the early production phase (20 h after the maximum biomass 
concentration had been reached). The data were used to inspect the relation between the intracellular levels of acetyl‑CoA and malonyl‑CoA, 
the two precursors for DHA biosynthesis (B), and the intracellular levels of malonyl‑CoA and DHA production (C). In addition, gene expression 
data in the different producers are shown in relation to DHA production (D, E). Here, the total expression strength, i.e., the sum of the average 
expression of all four cluster genes during the DHA production phase (D), as well as the expression ratio between pfa2 + pfa3 versus pfa1 + ppt (E) 
during the DHA production phase, are given. The values represent the average expression after 38 and 135 h. n = 3
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Fig. 7 (See legend on previous page.)
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of the related promoter of the gene TEF1 in Pichia pas-
toris encoding the translation elongation factor alpha-1 
revealed growth-associated expression [39]. In this con-
text, the expression of the cluster under the control of 
PTEF might not have optimally matched DHA biosynthe-
sis, occurring only during the stationary phase (Fig.  4). 
On the other hand, the intuitive use of PminLEU2 in the ini-
tial DHA producer [20] proved in retrospect to be a good 
choice.

The iterative use of UAS1B16 tandem repeats 
within the multigene cluster causes genetic instability
As shown, the use of UAS1B elements strongly 
enhanced the expression of all cluster genes (Fig.  5A, 
B), matching the previous observation that Yarrowia 
promoters are enhancer limited [36]. Functional clus-
ters with blocks of sixteen elements in front of each 
cluster gene enabled the highest DHA production, as 
observed during the early phase of production (Addi-
tional file  1: Figures  S1D, E). However, these cluster 
configurations were found to be unstable over time. 
Recombination events resulted in the loss of genes, 
preferentially the genes in the middle of the clus-
ter. In rare cases, the first gene, pfa1, was also lost, 
whereas ppt, located outside the potentially recombin-
ing homology domains, was stable. As shown, only a 
subpopulation of cells could form the product during 
later stages of the process (Fig.  5C). The additional 
repetitive use of the TEF intron destabilized the clus-
ter further (Fig. 5). Strain U16 TEF INT Af4 even failed 
to produce DHA in the main culture. Almost all cells 
exhibited a damaged PUFA cluster during the early 
stages of the production process. At a low frequency, 
mutants with four tandem repeats also lost parts of 
the cluster (Fig.  5). Without doubt, genetic stability 
is a crucial factor in microbial cell factories to ensure 
reproducible performance and constant product qual-
ity [40], but little has been reported on genetic stability 
in Y. lipolytica. Notably, cloning of the five-step viola-
cein pathway yielded phenotypically different Y. lipo-
lytica clones [27], while environmental stress factors 
caused the emergence of less-producing cell subpopu-
lations in recombinant protein-producing Y. lipolytica 
expressing single genes [41].

Here, the major reason for genetic instability was the 
four UAS1B16 blocks present in the cluster at a dis-
tance between 2.1 and 8.4 kb. Previously, UAS1B tan-
dem repeats have been identified as powerful elements 
that enhance gene expression in Y. lipolytica [36]. Sin-
gle UAS1B12 and UAS1B16 copies were analysed for 
genetic stability given their highly repetitive nature 
[36]. After 192  h of nonselective culturing (36 dou-
blings), 17 out of 20 UAS1B12-based plasmids were 

found intact, while in 3 cases, the tandem repeats were 
truncated down to UAS1B3. Overall, this suggested 
relatively high stability of the elements themselves. In 
contrast, our findings show that repetitive UAS1B16 
blocks in certain proximity, meant to drive individual 
promoters in synthetic multigene clusters, should be 
avoided in Y. lipolytica. Additional repetitive elements 
such as promoters, introns and spacers may decrease 
genetic stability further.

PUFA gene clusters with iterative UAS1B4 tandem repeats 
enable stable expression over two weeks of culture
Naturally, Y. lipolytica carries only a single copy of 
UAS1B as a proximal enhancer, together with UAS2B 
as a distal enhancer, to drive the expression of the xpr2 
gene [42]. In this regard, the UAS1B16 blocks introduced 
in proximity were in a rather unnatural layout, which 
might explain the degeneration over time. Beneficially, 
UAS1B4 tandem repeats worked quite well and enabled 
a significant upregulation of expression together with sta-
ble production for up to two weeks, and these motifs can 
be recommended. In any case, genetic stability monitor-
ing of genome-based Y. lipolytica strains cultured under 
nonselective conditions seems important when evaluat-
ing recombinant producers to avoid errors in the inter-
pretation of metabolic engineering efforts [43]. Notably, 
the degenerated strains did not display any visible phe-
notypic differences (except lower DHA titres). The dis-
covery of genetic instability was therefore essential to 
understand why the apparently “strongest” clusters per-
formed weakly.

The 5’ TEF intron reveals gene‑specific positional 
effects enabling the rebalancing of gene expression 
within the PUFA cluster
Efficient refactoring of biosynthesis-related gene clus-
ters (BGCs) in heterologous hosts can be important to 
achieve high production efficiency [44], as supported by a 
range of prominent examples [32, 45–50]. Approximately 
15% of the genes of Y. lipolytica contain introns [51], 
rendering this element important for expression control 
in yeast [25]. Here, the introduction of the TEF intron 
resulted in a mixed outcome (Fig. 6C, D, Additional file 1: 
Figure S2). Similarly, previous studies revealed a com-
plex picture. For example, the TEF intron had a positive 
influence on GFP expression for multiple promoters, 
including PTEF, but caused no effect when using the GPD 
promoter [52]. In another study designed to increase 
fatty ester production, the TEF intron revealed strongly 
reduced gene expression under the control of UAS1B4 
PTEF, whereas the combination with the core PTEF pro-
moter had no influence [53]. Moreover, introns revealed 
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positional effects when integrated in two-gene configu-
rations [27]. Here, we observed significant promoter- 
and gene-specific effects of the TEF intron (Fig.  6C, D, 
Additional file 1: Figure. S3B, C and D). It modulated the 
expression of the cluster genes when combined with the 
TEF promoter but caused only marginal effects in Pmin-

LEU2-based mutants (Fig. 6, Additional file 1: Figure S3B, 
C and D). Regarding the cluster genes, the TEF intron 
reduced the expression of the first and last genes, pfa1 
and ppt, while amplifying the expression of the two mid-
dle genes, pfa2 and pfa3, in different phases of cultivation 
(Fig. 6). Clearly, the functionality of the intron depended 
on the genetic environment within the PUFA cluster, dif-
fering from the UAS1B elements, which enabled generally 
increased gene expression. Both elements were found to 
yield synergistic effects (Fig. 3). As shown, a strong total 
expression of the PUFA cluster genes (Fig. 7D) as well as 
a high expression ratio of (pfa2 + pfa3) versus (pfa1 + ppt) 
(Fig. 7E) emerged as important features of high-level pro-
ducers. In addition, we found positive effects on DHA 
levels when introducing a spacer between genes (Fig. 3). 
Interestingly, the positional effect of individual genetic 
elements was also observed during metabolic engineer-
ing of Y. lipolytica to produce extracellular hydrolases, 
underlining the impact of the architecture of complex 
expression cassettes on strain performance [54].

In addition, the findings are interesting also from the 
metabolic engineering perspective. Regarding lipid syn-
thesis, up regulation of the first and the last genes of the 
metabolic pathway involved, was indicated as the best 
strategy for amplifying flux [55]. While the engineered 
pathway in the previous work comprised a linear cas-
cade of individual enzymes, our study was based on an 
enzyme complex that catalyzed the major synthetic steps 
through ten iterative cycles instead. While the success 
of the “push-and-pull” approach at both ends can be 
well explained for the linear pathway, a straightforward 
explanation cannot be given for the cyclic PKS-based 
DHA synthesis, given the fact that the genes pfa1, pfa2, 
and pfa3, each comprised several catalytic modules and 
that these acted multiple times on the growing fatty acid 
(Fig.  1). In this regard, further efforts in rebalancing 
expression of the PKS-based cluster might contribute to 
better understand the interplay.

The extent of DHA accumulation correlates 
with the availability of intracellular CoA esters
The increase in cluster expression increased DHA for-
mation, demonstrating that the efficiency of the initially 
constructed strains was transcriptionally limited (Fig. 3). 
Additionally, sufficient precursor availability is an impor-
tant prerequisite for efficient metabolite overproduction 
[56–59]. The synthesis of one molecule of DHA requires 

the supply of 1 molecule of acetyl-CoA and ten molecules 
of malonyl-CoA. It was therefore interesting to note that 
strains with higher DHA production contained signifi-
cantly fewer intracellular CoA esters (Fig. 7A). The pool 
of malonyl-CoA, the major DHA building block, was 
even closely correlated with the extent of overproduc-
tion: high-level producers contained sixfold less CoA 
thioester (Fig.  7C). Notably, the pools of succinyl-CoA 
and malonyl-CoA were also found to be coupled, indi-
cating balancing effects between different CoA esters, 
which was also observed in other microbes (Fig. 7A) [58, 
60, 61]. The findings indicate streamlining the CoA ester 
supply for further strain improvement, which has proven 
successful before in overproducing other CoA-based 
products in Y. lipolytica [62–64].

Conclusions
In this work, we studied docosahexaenoic acid (DHA) 
production in Y. lipolytica using a modular cloning 
approach to optimize the expression of a four-gene clus-
ter encoding a PKS-like PUFA synthase. As shown, DHA 
synthesis was transcriptionally limited, as enhanced tran-
scription led to enhanced formation of the product. The 
systematic combination of upstream activating sequence 
elements, promotors, introns, and spacers underlined the 
impact of the various elements on expression control. The 
stationary phase minLEU2 promoter was found much 
stronger than the constitutive TEF promoter. Likely 
driven by the dynamic properties of PminLEU2, DHA pro-
duction was highest during the stationary phase, opening 
further space for optimization, if the cluster expression 
could be extended into the growth phase [65]. The regu-
latory elements assembled within a single cistron may act 
synergistically (UAS1B plus intron in combination with 
PTEF; intron plus spacer in combination with PminLEU2) or 
render no effect (intron and PminLEU2) suggesting com-
binatorial testing, as done here, to find well performing 
combinations.

The expression ratio between the four genes of the 
synthetic cluster strongly modulated DHA produc-
tion efficiency, as visualized by the strong boost in DHA 
production in strains with high expression levels of the 
two middle genes and low expression levels of the outer 
genes. Furthermore, the instability of large expression 
cassettes bearing repetitive elements is an important 
negative factor, affecting the performance of producing 
strains, and hence should be monitored carefully.

For future studies, several options appear promising to 
further improve the PUFA cluster architecture and ena-
ble stable high-level expression, even beyond the well-
working monocistronic UAS1B4-based design developed 
here. The individual cluster genes could be distributed to 
different loci (including different chromosomes) in the 
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genome to minimize/exclude recombination events. Such 
a layout should be stable, even when used with blocks of 
sixteen or more UAS1B tandem repeats [36]. This strat-
egy would be linked to increased effort in finding suit-
able expression loci and constructing the producers 
stepwise but appears promising given the fast and pow-
erful genomic engineering technologies for Y. lipolytica 
[27, 38, 66, 67]. One might also think about expressing 
the cluster from two sequence blocks with two conver-
gently (tail-to-tail) oriented genes each to maximize the 
distance between the repetitive elements and further 
enhance expression [68]. In addition, strains based on 
UAS1B6, UAS1B8 or UAS1B10 blocks could provide a 
useful compromise between expression strength and sta-
bility. One could also try to express the cluster as a bac-
terial-type polycistronic operon using a single promoter 
driven by only one large UAS1B element, although this 
architecture seems inferior to the monocistronic design 
in yeast [27].

Interestingly, the stepwise increase of DHA production 
was linked to gradually reduced availability of acetyl-CoA 
and malonyl-CoA, pointing to bottlenecks in precur-
sor supply in the best producers and suggesting a more 
global consideration of metabolic pathways towards fur-
ther strain improvement [57, 69–72]. Regarding produc-
tion, process conditions and environmental stress appear 
relevant to be studied further, given their impact on 
strain performance [41, 71, 73–75]. These studies might 
include the aspect of morphology, shown to play a crucial 
role for the metabolism of filamentous microbes [76–79], 
including dimorphic Y. lipolytica [41]. Beyond the pro-
duction of DHA, our findings may provide valuable guid-
ance to streamline other Y. lipolytica cell factories based 
on heterologous multigene pathways [62, 63, 80].

Materials and methods
Plasmids and strains
Escherichia coli DH10B (Thermo Fisher Scientific, 
Waltham, MA, USA) was used for cloning purposes. The 
basic Y. lipolytica Po1h (CLIB 882) was taken from previ-
ous work [20]. Strains were maintained as glycerol stocks 
at −80  °C. The plasmids pUC19 (NEB, Ipswich, MA, 
USA), pACYC_assembly, pKG2-PIS and pSynPfaPptAf4 
[20] were used for cluster assembly. All strains and plas-
mids used are listed in the supplement (Additional file 1: 
Tables S2, S3).

Molecular design and genetic engineering
For the design of cloning strategies, the software Snap-
Gene 6 (Insightful Science, San Diego, CA, USA) was 
used. The workflow for the assembly of different PUFA 

cluster variants was as follows. In the first step, the gene 
sequence of interest and the sequence of the Lip2t termi-
nator were amplified from the plasmid pSynPfaPptAf4. 
The corresponding promoter sequences were synthetized 
(GenScript, Piscataway Township, NJ, USA). The differ-
ent elements (promoter, gene, and terminator) were then 
fused and integrated into the linearized vector pUC19 
using restriction enzymes and Gibson assembly. Option-
ally, the respective number of UAS1B tandem repeats 
was also integrated (SmaI). PCR and sequencing were 
conducted to verify the correctness of each construct 
(Genewiz, Leipzig, Germany). The plasmids were trans-
formed into E. coli DH 10B by heat shock for amplifica-
tion and isolation [81].

Four single-gene constructs were then assembled and 
integrated into pACYC_assembly. The correct order of 
pfa1, pfa2, pfa3, and ppt was achieved using selective 
restriction (SdaI/ApaLI, AvrII/PacI, ApaLI/AclI, AclI/
PacI, FastDigest Enzymes, Thermo Fisher) and ligation 
cycles (Fast-Link DNA Ligation Kit, Lucigen, Middle-
ton, WI, USA). The plasmids were transformed into E. 
coli DH 10B by heat shock for amplification and isola-
tion [81]. The obtained four-gene clusters were validated 
by PCR and then integrated into the plasmid pKG2-PIS 
using restriction (SdaI/PacI, Thermo Fisher) and liga-
tion (Lucigen). The plasmid was amplified and isolated 
as described above and was then once again validated by 
PCR. Subsequently, the vector was linearized (SmiI/NotI, 
Thermo Fisher). The linearized DNA was integrated into 
Yarrowia lipolytica Po1h (YALI0_C05907g) using lith-
ium acetate-mediated heat shock transformation [82]. 
In short, competent cells were prepared by resuspending 
5*107 cells in 600  µL of lithium acetate (LiAc) solution 
(0.1 M, pH 6.0), followed by incubation for 1 h at 28 °C. 
Afterwards, the cells were harvested (4000  ×  g, 1  min, 
RT), resuspended in 40  µL of LiAc solution, amended 
with 10 µL of herring testes carrier DNA (10  mg   mL−1 
in TE buffer, denatured) and 500  ng of linearized tar-
get DNA, and incubated for 15  min at 28  °C. After-
wards, 350 µL of the LiAc-PEG solution (40% PEG 4000 
in 0.1  M lithium acetate, pH 6.0) was added, followed 
by further incubation for 1  h at 28  °C. Finally, 40  µL of 
DMSO was added, and the mixture was heat shocked at 
39  °C for 10 min, resuspended in 600 µL LiAc solution, 
and plated on YNB-N5k. After 3–4 days of incubation at 
28 °C, the grown colonies were checked for correct inte-
gration by colony PCR. A positive clone was addition-
ally checked for the presence of each of the four PUFA 
genes and qualitatively evaluated for DHA production 
using GC‒MS analysis of its fatty acid composition after 
culturing in glycerol-based medium (see below) prior to 
cryo-conservation.
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Growth media
Yarrowia lipolytica Po1h was grown in complex YPD 
medium containing 10  g   L−1 of yeast extract (Becton 
Dickinson, Heidelberg, Germany), 20  g  L−1 of peptone 
(Becton Dickinson), and 22  g  L−1 of glucose. All other 
Y. lipolytica strains were grown in a chemically defined 
medium (YNB-N5000) containing 1.7  g  L−1 of YNB 
(Sigma-Aldrich, Darmstadt, Germany), 10  g   L−1 glyc-
erol, 5 g  L−1  (NH4)2SO4 and 200 mM MES (pH 6.7). For 
solid plate cultures, 20 g  L−1 agar (Becton Dickinson) was 
added. For plasmid selection, 100  µg   mL−1  ampicillin, 
25  µg   mL−1  chloramphenicol, or 50  µ   mL−1 kanamycin 
was added.

Cultivation
Cultivation experiments were conducted in 500  mL 
baffled shake flasks filled with 50  mL of medium and 
incubated on an orbital shaker (5  cm shaking diameter, 
230 rpm, Multitron, Infors AG, Bottmingen, Switzerland) 
at 28  °C and 80%  humidity. The preculture was inocu-
lated with a single colony from a two-day preincubated 
plate culture, grown overnight, harvested (4000  ×  g, RT, 
1 min), and used to inoculate the main culture to a start-
ing  OD600 of 0.1. All cultivations were conducted in bio-
logical triplicate.

Determination of the cell concentration
The cell concentration was inferred from photometric 
measurement at 600  nm. An experimentally obtained 
correlation for Y. lipolytica allowed us to infer the con-
centration of the cell dry mass (CDM) from  OD600 read-
ings: CDM [g  L−1] = 0.424 ×  OD600 [83].

Quantification of glycerol and citrate
Glycerol and citrate were quantified by HPLC (Agilent 
1200 series, Agilent Technologies, Waldbronn, Germany) 
using an anion exchange column (300 × 7.8 mm, Aminex 
HPX-87H, Bio-Rad, Hercules, CA, USA) at 45  °C and 
12 mM  H2SO4 at a flow rate of 0.5 mL   min−1. The ana-
lytes were detected via refractive index measurement 
and quantified using external standards. The method also 
allowed the assessment of other organic acids and alco-
hols. Such compounds, however, were not detected in 
any culture.

Quantification of phosphate
Ion chromatography (Dionex Integrion, Thermo Scien-
tific) was used to quantify phosphate in culture samples. 
The setup included a carbonate-selective anion-exchange 
column (IonPac AG9-HC, IonPac AS9-HC, Dionex 
Integrion) at 35  °C as the stationary phase and 12  mM 
 Na2CO3 (0.25  mL   min−1) as the mobile phase and was 
operated with eluent suppression (ERS 500 suppressor, 

20  mA, Dionex Integrion). Phosphate was detected 
using conductivity analysis and quantified via external 
standards.

Extraction and transesterification of fatty acids
CDM (5  mg) was transferred into a glass vial, collected 
(12,000  ×  g, 4  °C, 5  min), and dried in a vacuum con-
centrator (Savant DNA 120 SpeedVac, Thermo Fisher) 
for 60 min at 65 °C and 9 mbar. Then, 300 µL of a mix-
ture of methanol, toluene, and 95% sulfuric acid (50:50:2; 
v/v/v) was added for simultaneous extraction and trans-
esterification into the corresponding fatty acid methyl 
esters (FAMEs). Moreover, n-3 heneicosapentaenoic acid 
methyl ester (HPA, 22: 5, Cayman Chemical, Ann Arbor, 
MI, USA) was added as an internal standard. The mixture 
was incubated at 80  °C for 24  h. After cooling to room 
temperature, the reaction was neutralized with 250  µL 
of a stopping solution (0.5 M  NH4HCO3 and 2 M KCl in 
 H2O). After phase separation (12,000×g, RT, 5 min), the 
organic phase was taken for further analysis.

Analysis of FAMEs by GC‒MS
The analysis was conducted on a GC‒MS instrument 
(6890 GC, 5973  inert MSD, Agilent Technologies), with 
which the FAMEs were separated on a fused silica high-
polarity column (HP-88, 30 m, 0.25 mm, 0.2 µm, Agilent 
Technologies). Samples (1 µL) were injected at a 5: 1 split 
ratio using helium as the carrier gas. The column was ini-
tially kept at 110 °C for 1 min and then heated to 240 °C 
at a rate of 4  °C   min−1. The injector, MS transfer line, 
ion source, and quadrupole were kept at 250 °C, 280 °C, 
230  °C, and 150  °C, respectively. After a 5  min solvent 
delay, the mass detector was operated in scan mode (m/z 
25–500). The analytes were identified based on retention 
time and fragmentation pattern using a mixed synthetic 
standard (Supelco 37 Component FAME Mix, Sigma-
Aldrich) and pure DHA (Cayman Chemical). Quantifica-
tion was based on HPA as an internal standard.

Extraction and quantification of intracellular CoA 
thioesters
The analysis of CoA thioesters was performed as 
described previously [65]. In short, broth (contain-
ing 8 mg of CDM) was transferred into four volumes of 
an extraction and quenching buffer (95% acetonitrile, 
25 mM formic acid, −20 °C), followed by the addition of 
an internal 13C-enriched CoA thioester standard. After 
incubation for 10  min on ice, the solution was centri-
fuged to remove debris (15,000×g, 4  °C, 10  min). The 
obtained supernatant was mixed with 10 mL of ice-cold 
deionized water. The residual pellet was washed twice 
with 8 mL of ice-cold deionized water. All extracts were 
combined, frozen in liquid nitrogen, and freeze-dried. 
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The obtained pellet was dissolved in 500  µL of buffer 
(25 mM ammonium formate, pH 3.0, 2% methanol, 4 °C), 
and the obtained solution was filtered (Ultrafree-MC, 
GV 0.22  µm, Millipore, Germany). The CoA thioesters 
in the filtrate were analysed by LC‒ESI‒MS/MS (Agilent 
Infinity 1290 System, QTRAP 6500 + , AB Sciex, Darm-
stadt, Germany) [60]. Here, separation was based on a 
core–shell reversed-phase column (Kinetex XB-C18, 
100 × 2.1 mm, 2.6 μm, 100 Å, Phenomenex) at 40 °C as the 
stationary phase and a gradient of formic acid (50 mM, 
adjusted to pH 8.1 with 25% ammonium hydroxide, elu-
ent  A) and methanol (eluent  B) as the mobile phase at 
300 µL  min−1: 0–7 min, 0–10% B; 7–10 min, 10–100% B; 
10–11 min, 100% B; 11–12 min, 100–0% B; 12–15 min, 
0% B. Multiple reaction monitoring (MRM) was used for 
detection. Samples were analysed in biological triplicate.

Gene expression analysis using real‑time PCR (qRT‒PCR)
The analysis was based on a previously developed pro-
tocol [65]. Cells were quickly collected by centrifuga-
tion (20,000×g, 4  °C, 1  min), and the obtained pellet 
was immediately frozen in liquid nitrogen. Total RNA 
was isolated using the RiboPure RNA Purification Kit 
(Invitrogen). RNA concentration and RNA quality were 
evaluated (NanoDrop 1000, Thermo Scientific, Agilent 
2100 Bioanalyzer, RNA 6000 Nano Kit, Agilent Tech-
nologies). Then, the RNA (250  mg) was converted into 
cDNA (Maxima First Strand Kit, with dsDNase, Thermo 
Scientific). The cDNA samples were diluted 1:100 in 
DEPC-treated water (Invitrogen, Waltham, MA, USA). 
The analysis was conducted in a real-time PCR system 
(QuantStudio 3 System, Thermo Scientific) using Pow-
erUp SYBR Green Master Mix (Applied Biosystems, 
Waltham, MA, USA) and Microamp Fast Optical 96-Well 
plates (Applied Biosystems). Primers were designed using 
Primer3Plus, Primer-BLAST, and OligoCalc and experi-
mentally validated by PCR and a standard curve test [65]. 
For normalization, the 25S rRNA gene (YalifMr30) was 
used [65]. Samples were analysed in biological triplicate.
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Additional file 1: Figure S1. Impact of the genetic architecture of heter‑
ologous PUFA clusters on the production of docosahexaenoic acid (DHA) 
in recombinant Y. lipolytica. The strains were cultivated in glycerol‑based 
minimal medium. The time point of glycerol depletion is indicated by a 
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