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Keywords: Odd-chain fatty acids have significant applications in biofuels and pharmaceutical industries. In this study, a
0Odd-chain fatty acid derivatives yeast cell factory was engineered to produce odd-chain fatty acids and their derivatives. The threonine
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biosynthesis pathway was initially engineered to enable the de novo synthesis of odd-chain fatty acids, resulting
in odd-chain fatty acids accounting for 24.7 % of the total fatty acids. Subsequently, silencing the native fatty
acid synthase and introducing a fatty acid synthase from Rhodotorula toruloides, which exhibits higher affinity for

propionyl-CoA than the native enzyme, increased the proportion of odd-chain fatty acids to 51.9 %. Further
modifications to the lipid metabolism enabled the production of odd-chain free fatty acids (184.1 mg/L) and
odd-chain triglycerides (75.2 mg/g). This study successfully shifted the metabolism of Saccharomyces cerevisiae
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from traditional even-chain fatty acids to a strain dominant in odd-chain fatty acids, demonstrating the potential
to develop a novel platform strain for producing specific odd-chain fatty acids derivatives.

1. Introduction

Fatty acids are essential for the structure and function of living cells,
with most being even-chain and widely used in various applications
(Biermann et al., 2021). However, odd-chain fatty acids (OCFAs) are
found in several species, such as ruminants, gut microorganisms, and
some plants (Jenkins et al., 2017; Pfeuffer and Jaudszus, 2016).
Compared with even-chain fatty acids (ECFAs), OCFAs show unique
applications in the synthesis of chemicals, cosmetics, plasticizers, coat-
ings, and biofuels, as well as the health industries (Zhang et al., 2020).
Triheptanoin, the triglycerides (TAGs) form of heptanoate (C7:0), has
received approval for the treatment of long-chain fatty acid oxidation
disorders (Shirley, 2020). Additionally, the incorporation of OCFAs into
biofuels offers the potential to enhance fuel quality and render it more
comparable to petroleum-based fuels, providing greater flexibility in
fuel optimization (Knothe, 2009).

Despite the diverse applications of OCFAs, their availability remains
a significant challenge. Generally, OCFAs can be obtained from natural
extraction, chemical synthesis, and microbial production (Avis et al.,
2000). However, due to their scarcity in nature, extracting OCFAs poses
a significant challenge, resulting in a waste of resources and high costs
(Kim et al., 2005). Chemical synthesis of OCFAs has been rarely reported
to date for commercial production. In contrast, there has been a recent
demonstration of microbial production of OCFAs (Park et al., 2021). The
synthesis of ECFAs starts with acetyl-CoA, while that of OCFAs start
from propionyl-CoA. In nature, several pathways facilitate the synthesis
of propionyl-CoA (Zhang et al., 2020). The supplementation of exoge-
nous three-carbon compounds can serve as a substrate for the produc-
tion of propionyl-CoA, which in turn enables the subsequent synthesis of
OCFAs. For example, the incorporation of propionate into the medium
shows significant potential for OCFAs production in Yarrowia lipolytica,
with the highest reported titer reaching 1.9 g/L (Park et al., 2021).
Meanwhile, the addition of 1-propanol has also been reported to facili-
tate the formation of OCFAs (Chu et al., 2020; Xu et al., 2019). However,
the strategy of exogenous supplementation has been found to inhibit cell
growth and increase the cost of OCFAs production. Recently, researchers
have focused on exploring the de novo synthesis of OCFAs. Notable
achievements include the production of OCFAs at a ratio of 5.6 % in
Y. lipolytica (Park et al., 2019) and 20.3 % in Saccharomyces cerevisiae (Qi
et al., 2023). Nonetheless, further improvements are needed to enhance
both production proportion and titer to enable economically feasible
industrial scale-up in the future.

S. cerevisiae holds a prominent position as an industrial microor-
ganism for synthetic biology and biomanufacturing applications. More
importantly, it exhibits exceptional capabilities in producing various
fatty acid derivatives (Zhu et al., 2020). The metabolism of S. cerevisiae
has been shifted from alcoholic fermentation to lipogenesis (Yu et al.,
2018), further enhancing its significance in these fields. In this study,
S. cerevisiae was successfully engineered to efficiently produce OCFAs
and their derived products. This engineering effort shifts the predomi-
nant fatty acid composition in yeast from ECFAs to OCFAs. Specifically,
the native threonine biosynthetic pathway was engineered for de novo
propionyl-CoA synthesis, achieving a 24.7 % ratio of OCFAs production.
Additionally, the affinity of various fatty acid synthases (FASs) for
propionyl-CoA was evaluated, and introducing Rhodotorula toruloides
FAS further increased the proportion of de novo OCFAs synthesis to 51.9
%, representing the highest ratio reported to date. The resultant OCFAs-
dominant strain was shown to produce various OCFA derivatives, such
as odd-chain free fatty acids (OCFFAs) and odd-chain triglycerides
(OCTAGs). Despite millions of years of evolution, yeast metabolism
showed high adaptability in fatty acid production: extensive engineering

successfully shifted the metabolism of S. cerevisiae from conventional
ECFAs to OCFAs, paving the way for dedicated OCFA cell factories.

2. Methods
2.1. Strains and plasmids

All strains used in this study were derived from the parental strain
S. cerevisiae W303 (W303-1B). The plasmids and strains are listed in
supplementary materials. Gene fragments and vectors were amplified
and constructed in Escherichia coli DH5a. Gene fragments were obtained
through PCR amplification of genomic DNA from the corresponding
species, using Q5 High-Fidelity DNA Polymerase (New England Biolabs,
NEB, Ipswich, MA, USA). The templates, primers and acquisition
methods used for PCR fragments are shown in supplementary materials.
The chemical transformation method of S. cerevisiae is also described in
the literature (Qi et al., 2023).

2.2. Culture media and conditions

Yeast strains with plasmids carrying auxotrophic markers (URA,
TRP, HIS) were grown in SC medium (4 % glucose) lacking the respec-
tive amino acids. Seed cultures were started in 4 mL SC medium and
incubated at 30 °C, 250 rpm for 24 h, then transferred to 10 mL YPD or
10 mL minimal medium (OD600 = 0.3) in 100 mL flasks. Details of the
yeast media, such as YPD, SC, and minimal media, can be found in the
previous report (Zhang et al., 2019). OD600 was measured every 12 h,
and fatty acids were analyzed at 60 h.

2.3. CRISPR-mediated gene integration and knockout

The CRISPR/Cas9 technology was used for gene knockout and inte-
gration. To predict the cleavage efficiency of gRNA, a computation tool
in the public domain (https://atum.bio/eCommerce/cas9/input) was
used. The 20 bp targeting sequences of gRNAs were combined with the
pCas vector (Ding et al., 2022) using the Golden-Gate ligation technique
to construct the Cas9 plasmid expression cassette with URA markers and
the donor fragments. The gene integration in this study consists of two
parts: pRS415-DGA1-PAH1 and gene segment ACC]T05%alaserl157ala
which were inserted into the XI-2 and XII-1 sites of the W303 genome
respectively (Mikkelsen et al., 2012). The sequences of primers and
gRNAs used are listed in supplementary materials.

2.4. Extraction of lipids and free fatty acids

Total lipids were extracted and quantified according to the method
reported in previous literature (Ferreira et al., 2018). FFAs were
extracted following a previously described method (Zhu et al., 2020).
During the extraction and sample preparation, a 200 pL culture solution
was mixed with 40 % tetrabutylammonium hydroxide, methyl iodide,
and methyl cis-9-tetradecenoate (C14:1) as an internal standard. The
resulting samples that contained methyl esters were resuspended in 100
pL of hexane and subsequently subjected to quantification and charac-
terization using gas chromatography-mass spectrometry (GC-MS) for
FFAs.

2.5. Thin-layer chromatography for separation of lipids and quantitative
detection of lipid subclasses

A previously described method with modifications was followed to
separate TAGs from other fatty acid subclasses (Ferreira et al., 2018). A
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small spoon of glass beads was added to the 1 mL of freeze-dried cells
along with 2 mL of solution (chloroform: methanol = 2:1) and 200 pg of
methyl cis-9-tetradecenoate (C14:1), tritetradecanoin/myristin (C14:0),
cholesteryl caprylate (C8:0) standard. After extracting total lipids ac-
cording to the previously reported method (Ferreira et al., 2018), 50 pL
of chloroform: methanol = 2:1 solution was added to dissolve the total
ester in the centrifuge tube. The mixed standards, including C14:0 TAGs
(Macklin, China), C14:1 FFAs (Sigma-Aldrich, USA), C8:0 Ergosterol
(SE, Macklin, China), C14:0 diacylglycerol (DAG, Macklin, China),
phosphatidylethanolamine (PE, ANPEL, China), phosphatidylinositol
(PI, ANPEL, China), phosphatidylcholine (PC, ANPEL, China), and
phosphatidylglycerol (PG, ANPEL, China), along with the samples, were
sequentially spotted onto a thin-layer chromatography (TLC) plate and
then chromatographed in a glass chromatography tank. The chroma-
tography procedure for TAGs consisted of running the plate in a mixture
of chloroform-methanol-acetic acid (90:10:1, v/v/v) until 5 cm from the
bottom, followed by drying and running in a mixture of hexane-ethyl
ether-acetone (60:40:5, v/v/v) until 16 cm, and then again drying and
running in a mixture of hexane—ethyl ether (97:3, v/v/v) until 19 cm
(Fuchs et al., 2011).

To separate polar and non-polar lipids, 300 mg of freeze-dried cells
were weighed and the previously described steps were repeated to
extract total lipids. The chromatography procedure for non-polar lipids
was n-hexane/ether/acetic acid: 70/30/1 (v/v/v). The chromatography
procedure for polar lipids (PLs) was chloroform/methanol/acetic acid/
water = 170/30/20/5 (v/v/v/v). The fluorescent yellow bright spots
that corresponded to the position of polar and non-polar lipids on the
chromatographic plate were scraped off and individually loaded into 15
mL centrifuge tubes. Subsequently, GC-MS analysis was performed on
the subclasses of fatty acids separated by TLC after methylation ac-
cording to the previously reported method (Ferreira et al., 2018) to
quantify and characterize the fatty acid group in neutral lipids (NLs),
FFAs, and PLs.

2.6. Protein structure analysis of fatty acid synthases

AlphaFold 2 was used for predicting the structure of RtFAS, with
each of the five trained model parameters from CASP14. The MSA
generation, AlphaFold predictions, and structure relax with Amber were
run on local server with GPU. A full database (updated to 2021-09-17)
was applied for the structure predictions. According to the previous
study, 3D-struture with residue 189-595 was identified as RtFAS1-AT
and ScFAS1-AT was obtained from PDB ID: 6QL6 (residue 154-543).
After obtaining the AT structures, energy minimization was performed
on both structures using software YASARA Structure version 17.8.19
(Elmar and Vriend, 2014).

Molecular docking studies of propionyl-CoA were carried out to
understand the catalytically competent docking poses of substrate in the
binding pocket of RtFAS1-AT and ScFAS1-AT. The substrate structure of
propionyl-CoA was obtained from PubChem and optimized with semi-
empirical quantum mechanics MOPAC. For molecular docking, a grid
cubic box of 15 A was created around the active site Ser®*® and Ser?”*
within protein RtFAS1-AT and ScFAS1-AT, respectively. Molecular
docking calculations were performed using Autodock 4.2 Vina plug-in
within YASARA Structure Version 17.4.17 (Elmar and Vriend, 2014)
with a fixed protein backbone. The protein residues were treated using
the AMBER ff99. The ligand atoms were treated using GAFF (Wang
et al., 2004) with AM1-BCC partial charges employing particle mesh
Ewald for long-range electrostatic interactions and a direct force cutoff
of 10.5A. In total, 100 docking runs were calculated, and the obtained
docking poses were clustered by applying an RMSD cutoff of 0.5 A
within the YASARA dock_run macro file (Duan et al., 2003). The pro-
teins were visualized and analyzed using ChimeraX version 1.4
(Pettersen et al., 2021).
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2.7. Gas chromatography—mass spectrometry quantification of fatty acids
and their derivatives

GC-MS was employed to analyze the qualitative and quantitative
aspects of fatty acids. The instrument used for this analysis was the
Shimadzu GCMS-QP2020, which was equipped with a chromatographic
column of DB-5 ms (30 m x 0.3 mm L.D., 0.3 pm film thickness). The
GC-MS program involved the use of helium as the carrier gas and the
following conditions: inlet temperature of 280 °C, total flow rate of 50
mL/min, column flow rate of 1.8 mL/min, and shunt ratio of 9. The fatty
acid analysis used the microwave method (Ferreira et al., 2018). The
internal standard is C14:1.

2.8. Fluorescence polarization detection

The procedure involves culturing WEP and engineered RTFATPT3
strains for 60 h, followed by cell harvesting and washing with phosphate
buffer. The cells were then resuspended to an OD600 of 0.5 and stained
with 2.0 pM 1,6-diphenyl-1,3,5-hexatriene (DPH) fluorescent mem-
brane probe. After a 1 h incubation in the dark at 30 °C, the stained cells
were washed and resuspended in PBS for fluorescence polarization
analysis using a FLS980 series of fluorescence spectrometers (Edin-
burgh). The excitation wavelength is 360 nm, and the emission wave-
length is 430 nm (Wang et al., 2018) (with a slit width of 2.8/2.8 nm).

Fluorescence polarization is calculated according to the following
formula:

P = (Iyy — Iyn)/(Iyy + 2Glyy) (€))
G = Iy /Iux (2)

where P is fluorescence polarization values and G is the instrument
grating factor. I is the corrected fluorescence intensity, and subscripts V
and H represent the directions of excitation light and emission light as
vertical and horizontal, respectively. At each measurement, fluores-
cence is corrected for background noise by subtracting the measured
light intensity of the blank sample.

3. Results

3.1. Development of a de novo biosynthetic pathway for odd-chain fatty
acids

By utilizing propionyl-CoA as the primer through the native fatty
acid synthetic process, it becomes possible to achieve the production of
OCFAs (Zhang et al., 2020). Normally, yeast can only produce trace
amounts of propionyl-CoA, and the wild-type strain typically generates
less than 0.8 % of OCFAs in total FAs (Qi et al., 2023). To address this
challenge, a novel biosynthetic pathway for the de novo production of
propionyl-CoA was proposed and validated, resulting in the accumula-
tion of OCFAs (Fig. 1a).

In light of the pivotal role that propionyl-CoA plays as a crucial
precursor in the biosynthesis of OCFAs, a threonine-mediated biosyn-
thetic pathway was designed for the production of propionyl-CoA
(Fig. la). This pathway starts from amino-acid metabolism, which
naturally occurs in abundance, and has been previously reported in the
production of propionate in S. cerevisiae (Ding et al., 2022). Since
threonine is an endogenous metabolite, the pathway was initially vali-
dated by confirming the formation of propionyl-CoA through threonine
degradation (see supplementary materials). The results indicated
effective conversion of endogenous threonine to propionyl-CoA by
expressing the propionyl-CoA synthase gene (prpE) from Salmonella
typhimurium and the threonine ammonia-lyase gene (tdcB) from E. coli.
Additionally, S. cerevisiae’s endogenous fatty acid synthase (ScFAS)
successfully utilized propionyl-CoA as a substrate for OCFAs synthesis.

Following confirmation of its feasibility for de novo OCFAs synthesis,
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Fig. 1. Engineering the L-threonine biosynthetic pathway for improved production of odd-chain fatty acids from glucose. a Schematic overview of the
metabolic pathways and metabolic engineering strategies employed within the platform strain for OCFAs production. The orange arrows represent the metabolic
pathways of step 1, and the orange genes represent the target genes for metabolic engineering in step 1. The green arrows represent the metabolic pathways of step 2,
and the green genes represent the target genes for metabolic engineering in step 2. The purple arrows represent the metabolic pathways of step 3, and the purple
genes represent the target genes for metabolic engineering in step 3. OCFAs represent odd-chain fatty acids, and ECFAs represent even-chain fatty acids. b OCFAs and
total FAs production from glucose by engineered S. cerevisiae strains with different genetic modifications. Numbers on the orange bars show the portions of OCFAs in
total FAs. The red number represents the highest proportion of OCFAs produced. Data show the average of biological triplicates in YPD medium supplemented with

40 g/L glucose at 60 h (batch fermentation in 100 mL flask).

the threonine synthesis pathway in S. cerevisiae was systematically
optimized. Initially, it was tested whether the engineered strain over-
expressing prpE and tdcB could enable de novo production of OCFAs (see
supplementary materials). In previous reports, employing a gene over-
expression system for key enzymes, namely bifunctional aspartokinase I-
homoserine dehydrogenase I (encoded by thrA), homoserine kinase
(encoded by thrB), and threonine synthase (encoded by thrC), has
proven effective in facilitating the conversion of aspartate into threonine
(Lee et al., 2003). Noteworthy is the utilization of the mutant thrA*,
which abolishes feedback inhibition of threonine and plays a pivotal role

in threonine accumulation (Ogawa Miyata et al., 2001). Drawing from
these insights, multiple target genes within the threonine synthesis
pathway were overexpressed in S. cerevisiae. This strategic intervention
aims to enhance the efficiency and productivity of the glucose-to-
threonine metabolic pathway, as depicted in Fig. la. Upon co-
expression of thrA* with tdcB and prpE genes within the threonine
degradation pathway, there was a discernible elevation in the percent-
age of OCFAs, reaching 19.4 % (Fig. 1b). Further overexpression of thrA*
in combination with thrB and thrC not only bolstered threonine pro-
duction but also yielded a noteworthy escalation in OCFAs synthesis.
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The culmination of these refinements resulted in an OCFAs proportion of
24.7 % (Fig. 1b).

It has been reported that overexpression of phosphoenolpyruvate
carboxylase (encoded by ppc) and aspartate aminotransferase (encoded
by aspC) can increase threonine production to a certain extent (Hanke
et al., 2023; Lee et al., 2007). However, the overexpression of ppc and
aspC in our engineered strain did not result in an increase in either the
final yield or the relative proportion of OCFAs (Fig. 1b).

To block the competing pathways and streamline carbon flux, the
homoserine O-transacetylase (encoded by MET2) and the acetolactate
synthase (encoded by ILV6) were knocked out. As depicted in Fig. 1b,
there is no positive effect on OCFAs accumulation. To redirect carbon
flux toward propionyl-CoA, pyruvate kinase gene (encoded by PYK1)
expression was attenuated using a weaker promoter. But, this modifi-
cation did not enhance OCFAs production (see supplementary
materials).

Taken together, de novo synthesis of OCFAs was successfully ach-
ieved, with the best performance obtained through the co-expression of
tdcB, prpE, ThrA*, ThrB and ThrC. This optimization resulted in a titer of
127.5 mg/L and a composition of 24.7 %, representing a significant
advancement in OCFAs production.

3.2. Selection and comparison of different fatty acid synthases for odd-
chain fatty acids production

Acetyl-CoA and propionyl-CoA compete for binding to the fatty acid
synthase (FAS), leading to the production of ECFAs or OCFAs, respec-
tively (Fig. 2a). FAS typically synthesizes ECFAs, as acetyl-CoA is the
preferred natural substrate (Bentley et al., 2016). It was hypothesized
that the difference in FAS binding affinity for propionyl-CoA and acetyl-
CoA is a crucial factor in determining the proportion of OCFAs synthe-
sized. Therefore, selecting FAS enzymes with a higher affinity for
propionyl-CoA would enhance the synthesis of OCFAs.

To identify FASs with high affinity for propionyl-CoA, several yeast
species with potential for OCFAs production were selected, and cultured
in media supplemented with propionate. The results indicate that three
strains, namely R. toruloides, Kluyveromyces lactis, and Lipomyces starkeyi,
produced OCFAs in a high proportion (see supplementary materials).
This finding led us to hypothesize that the FASs of these three strains
have a higher affinity for propionyl-CoA or that these strains themselves
have a higher production level of propionyl-CoA.

Subsequently, the impact of overexpressing FAS1/FAS2 from
R. toruloides (RtFAS1/RtFAS2), K. lactis (KIFAS1/KIFAS2), and L. starkeyi
(LsFAS1/LsFAS2) was investigated in a S. cerevisiae strain with silenced
native ScFAS1/ScFAS2, where the original promoters were replaced
with the GALI promoter. As demonstrated in Fig. 2b, the expression of
heterologous RtFAS1/RtFAS2, KIFAS1/KIFAS2, and LsFAS1/LsFAS2 all
successfully facilitated the production of OCFAs in S. cerevisiae.

The expression of RtFAS1/RtFAS2 resulted in a significantly higher
titer and ratio of OCFAs (Fig. 2b), reaching as high as 30.3 %. When
prpE, which enhances the supply of propionyl-CoA, was co-
overexpressed alongside the heterologous expression of FAS1/FAS2,
the RtFAS1/RtFAS2 demonstrated optimal OCFAs production at 72.2 %.
This suggests that RtFAS has a good affinity for propionyl-CoA and is
particularly effective in enhancing S. cerevisiae’s ability to synthesize
OCFAs.

Fasl/Fas2 are composed of several distinct domains (see supple-
mentary materials), each with specific roles. The acyltransferase (AT)
domain initiates synthesis by transferring the initial acyl group. Thus,
variations in the AT functional regions of Fasl determine the strength of
their affinity with propionyl-CoA (Yu et al., 2017). Since RtFas1/RtFas2
showed the best activity in OCFAs production and the AT domain is the
initial step in transferring propionyl or acetyl group to acyl carrier
protein (ACP), molecular docking studies of propionyl-CoA with the AT
domain of RtFas1 (RtFas1-AT) and the AT domain of ScFasl (ScFas1-AT)
were conducted to better understand the improved OCFAs production.
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As shown in Fig. 2c-e, although propionyl-CoA can bind closer to the
active site of ScFasl-AT than to RtFas1-AT, a higher binding energy of
propionyl-CoA in RtFasl-AT was observed, suggesting propionyl-CoA
might have higher activity with RtFas1-AT compared to ScFas1-AT.

3.3. Improved de novo production of odd-chain fatty acids through
pathway optimization

To optimize de novo production of OCFAs, the overexpression of
heterologous RtFAS1/RtFAS2, encoding a FASs with high affinity for
propionyl-CoA, was combined with a previously optimized threonine-
mediated synthetic pathway that can supply propionyl-CoA. As shown
in Fig. 3, the co-expression of tdcB and prpE genes was first combined
with RtFAS1/RtFAS2, resulting in de novo synthesis of OCFAs in strain
RTFATP. The concentration of OCFAs reached up to 187.6 mg/L, which
accounted for 28.8 % of the total FAs produced. Subsequent over-
expression of the thrA* gene led to strain RTFATPTA*, producing 45.6 %
OCFAs (294.8 mg/L). In strain RTFATPT3, the combined effects of thrA*
mutation, thrB, and thrC produced higher amounts and proportions of
OCFAs (up to 51.9 %), which overturns the conventional cognition that
S. cerevisiae mainly produces ECFAs. When using minimal medium
without amino acids, the proportion of OCFAs produced by the strain
RTFATPT3 remained at 51.9 %. Furthermore, the ppc and aspC genes
were overexpressed in the RTFATPT3 strain, resulting in the generation
of the RTFATPT5 strain. However, no enhancement in OCFAs was
observed (Fig. 3a).

The dry cell weight (DCW), lipid contents and physiological pa-
rameters of key strains (WEP and RTFATPT3) were tested (Table 1). In
the strain RTFATPT3, the OCFAs content increased from 0.9 mg/g to
26.8 mg/g, representing a 29.8 fold enhancement. In RTFATPT3, an
unexpectedly high DCW was observed. It is hypothesized that a portion
of the acetyl-CoA, which would otherwise be committed to the forma-
tion of ECFAs, was conserved and redirected towards biomass synthesis
instead. The decrease in pmax and the reduction in maximum specific
glucose consumption rate (Table 1) may indicate a metabolic burden
associated with the formation of propionyl-CoA from threonine (Van
Hoek et al., 1998). A decrease in the specific production rates of acetate
and ethanol in the RTFATPTS3 strain typically reflects a reallocation of
metabolic flux from fermentative pathways toward lipid biosynthesis
(Van Hoek et al., 1998). Furthermore, the reduced specific production
rate of glycerol from 0.7 mmol g~* DCW h™! t0 0.07 mmol g~* DCW h™?
(Table 1) may indicate a shift in cellular redox balance (Petelenz
Kurdziel et al., 2013), potentially associated with increased NADPH
demand during the enhanced biosynthesis of OCFAs.

To sum up, these findings suggest that metabolic engineering for
OCFAs production in S. cerevisiae can influence central carbon meta-
bolism and redox balance, potentially resulting in trade-offs such as
reduced growth rate and fermentative output. Further investigation into
these effects will be valuable for optimizing strain performance and
understanding the broader implications of pathway modifications.

3.4. Evaluation of membrane fluidity in high-yield odd-chain fatty acids
producing strains

PLs are a key component of all cell membranes, and alterations in FA
distribution of PLs within the membrane can influence its fluidity, which
is crucial for cell survival (Los et al., 2013). Therefore, the effect of
OCFAs accumulation in PLs on membrane fluidity was evaluated.
Table 1 shows increased fluorescence polarization in the engineered
strain RTFATPT3 (0.15) compared to the control (0.10), indicating
reduced membrane fluidity. This observation can be attributed to a
trade-off between the increased unsaturation of fatty acids in PLs and a
modest increase in average fatty acid chain length (Maertens et al.,
2021). Additionally, other factors such as sterols and membrane proteins
may also contribute to changes in membrane fluidity, which merit
further examination.
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The observed reduction in membrane fluidity of the engineered
strain RTFATPT3 may result in decreased membrane permeability,
enhancing its resistance to external disturbances. This property is crit-
ical for preserving cell integrity under specific environmental conditions
(Qi et al., 2019), indicating a broader application of the OCFAs pro-
ducing strain.

3.5. Distribution of subclasses of lipids in high-yielding odd-chain fatty
acids strain

The significant increase in OCFAs levels in the engineered strain
(RTFATPT3) suggests a potential for their incorporation into endoge-
nous lipid metabolism. As shown in Fig. 4, NLs, PLs, and FFAs had

almost undetectable or only a small amount levels of odd carbon atoms
in the control strain. In contrast, all major lipid subclasses in RTFATPT3
contained detectable OCFAs, with levels reaching 46.8 % in NLs and
46.7 % in PLs. This result indicates that key enzymes involved in lipid
(NLs, FFAs and PLs) metabolism, such as acyltransferases and phos-
pholipid synthases, may accommodate OCFAs as substrates (Mora et al.,
2012). This incorporation suggests that OCFAs can participate in lipid
biosynthesis pathways similarly to their even-chain counterparts,
though further functional validation would help clarify the extent of this
substitution.

In addition, following the engineering modification for OCFAs, the
predominant fatty acids in NLs in the strain RTFATPT3 (overexpression
of thrA*, thrB, thrC, tdcB, prpE, RtFAS) shifted from C16:1 to C17:1 and



Q. Meng et al.

Table 1
Physiology evaluation of odd-chain fatty acid engineered strain RTFATPT3 and
control strain WEP.

Strains WEP” RTFATPT3"
DCW (g/L) 5.9 + 0.06 10.2 + 0.8
Total fatty acids content (mg/g) 25.7 £ 6.9 51.2 + 3.9
Odd-chain fatty acids content (mg/g) 09+1.3 26.8 +1.3
Maximum specific growth rate (h™!) 0.55 + 0.37 +
0.024 0.033
Maximum specific glucose consumption rate (mmol 4.7 + 0.3 1.9 + 0.04
g 'DCWh™)
Maximum specific glycerol production rate (mmol 0.7 + 0.04 0.07 +
g 'DCWh™) 0.003
Maximum specific ethanol production rate (mmol 122+ 1.0 41+0.7
g ' DCWh™)
Maximum specific acetate production rate (mmol 0.1 + 0.004 0.04 + 0.02
g 'DCWh™h)
Fluorescence polarization (P) values” 0.10 + 0.15 +
0.0090 0.016
Unsaturation of FA carbon chain ( % ) 51.3 £ 3.6 67.1 £ 1.8
Average chain length 16.2 £ 0.06 16.8 £ 0.02

# The excitation wavelength is 360 nm, and the emission wavelength is 430
nm (with a slit width of 2.8/2.8 nm).

b Data are the mean of biological triplicates obtained from 250 mL flasks
containing YPD medium supplemented with 40 g/L glucose, after 60 h of batch
fermentation.

the main PLs also changed from C16:0 to C17:1. The difference is
markedly significant when compared to the control.

3.6. Tailoring the odd-chain fatty acids-containing strain as a platform
for production of odd-chain fatty acids derivatives

Given the unique properties of OCFAs compared to ECFAs, the
established OCFAs biosynthesis platform was subsequently utilized to
produce various OCFAs derivatives, including odd-chain FFAs and
OCTAGs. To accumulate the content of odd-chain FFAs, the POX1 gene
was knocked out to block the p-oxidation pathway. Fatty acyl-CoA
synthetases, encoded by FAA1 and FAA4, can activate acylation of
FFAs to acyl-CoA (Ferreira et al., 2018). Therefore, genes FAA1 and
FAA4 were knocked out to accumulate FFAs (Fig. 5a). As shown in
Fig. 5c, the odd-chain FFAs of the engineering strain RTFATPT3A
reached up to 184.1 mg/L. This is the highest titer of odd-chain FFAs de
novo produced to date in the microbial cell factories.

Due to their metabolic degradation pathway, OCTAGs have more
health benefits than even-chain TAGs (ECTAGs). For example, tri-
heptanoin (a seven-carbon triglyceride) can be used to treat long-chain
fatty acid oxidation disorders (LC-FAOD) (Mochel, 2017). Therefore, the
constructed OCFAs platform strain RTFATPT3 was utilized to produce
OCTAGs. To increase carbon flux towards OCTAGs synthesis, the double
mutant version of ACCI™" (ACCI%%MS1S7Ay (vy et al,, 2018) as
expressed. Previous studies have indicated that lipid synthesis is largely
regulated by PAHI is a phosphatidate phosphatase that catalyzes the
dephosphorylation of phosphatidic acid (PA) to produce diacylglycerol
(DAG) (Pascual and Carman, 2013). This reaction is a key branch point
directing lipid intermediates toward TAG synthesis rather than mem-
brane phospholipids. And the DAG is then acylated by acyl-CoA diac-
ylglycerol transferase (DGA1) to form TAGs. Thus, PAHI and DGA1 by
chromosomal integration were expressed. Meanwhile, TGL3, TGL4, and
TGL5, which are the principal TAGs lipases for catalyzing the break-
down of TAGs into fatty acids, were knocked out. Additionally, the ARE1
gene was also knocked out, which is involved in SE synthesis. Metabolic
pathway modifications are shown in Fig. 5b. The engineered strain
exhibited a noteworthy elevation in the concentration of OCTAGs,
reaching 75.2 mg/g. This represented a 5.3-fold increase compared with
the control strain RTFATPT3 and a remarkable surge of over 100 times
when compared with the control strain WEP (Fig. 5d).
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4. Discussion

This work not only reports the highest de novo synthesis ratio of
OCFAs achieved to date, thereby broadening the range of engineered
OCFAs derivatives, but also laid the groundwork for the synthesis of
other unconventional odd-chain compounds, such as odd-chain FFAs,
medium-chain OCFAs, odd-chain dicarboxylic acids, and odd-chain
waxes. The development of this OCFAs platform advances metabolic
engineering, offering valuable insights into the complex biochemical
pathways that regulate fatty acid biosynthesis. Moreover, it provides a
fundamental basis for elucidating the interplay between fatty acid
metabolism and cellular physiological processes.

OCFAs, while rare in nature and difficult to synthesize, have been
linked to a wide range of applications. OCTAGs are key in energy
metabolism, glucose regulation, and compound synthesis. The FDA’s
approval of Dojolvi (UX007/triheptanoin) in 2020 highlights the ther-
apeutic potential of OCFAs in treating LC-FAOD (Shirley, 2020). It has
been reported in the literature that E. coli, Y. lipolytica, and Rhodococcus
opacus can synthesize OCFAs by adding propionate or propanol (Shirley,
2020; Park et al., 2021; Wu and San, 2014). However, if a large amount
of propionate or propanol is added as a substrate, the production cost
will be greatly increased and growth will be inhibited (Ding et al., 2022).
Moreover, instances of OCFAs synthesis from glucose exist; however, the
ratio of OCFAs remains modest. For example, within Y. lipolytica, the de
novo synthesis of OCFAs accounts for a mere 5.6 % of the total FAs
composition (Park et al., 2019). In this work, both the upstream supply
pathway of propionyl-CoA and the downstream fatty acid synthase af-
finity for propionyl-CoA were optimized. The highest level of de novo
synthesis of OCFAs was achieved in S. cerevisiae, which laid the foun-
dation for further investigation of the efficient synthesis mechanism of
OCFAs. The platform strains, which have a high proportion of OCFAs
production, provide an opportunity for producing OCFA derivatives.

Previous studies have explored OCFAs production via the 3-hydrox-
ypropionic acid (3-HP) pathway. However, the 3-HP pathway is not
native to S. cerevisiae and requires the expression of multiple heterolo-
gous enzymes, increasing metabolic burden and potentially reducing
growth and yields. Additionally, the conversion of 3-HP to propionyl-
CoA is often thermodynamically or kinetically inefficient, limiting
OCFAs production efficiency (Qi et al., 2023). On the other hand, FAs
cleavage to produce medium-chain OCFAs suffers from significant en-
ergy loss and low conversion efficiency, leading to resource waste and
minimal yields (Dong et al., 2024). Threonine, an essential amino acid
widely found in various organisms, offers a more efficient route for
OCFAs production. By combining threonine deaminase (tdcB) with the
dominant gene prpE, carbon flux was directed toward propionyl-CoA (a
precursor for OCFAs). The study also explored the threonine biosyn-
thesis pathway, optimizing enzyme overexpression (thrA*, thrB, and
thrC) alongside tdcB and prpE to achieve a ratio of OCFAs at 24.7 %.
While the key difference in producing ECFAs and OCFAs is the utiliza-
tion of the initial unit for FA synthesis, various FASs were screened to
identify a FAS with higher affinity for propionyl-CoA. The combination
of RtFAS1/RtFAS2 expression with modifications to the threonine syn-
thesis pathway resulted in the highest reported proportion of de novo
OCFAs (51.9 %) in microorganism to date, as observed in the RTFATPT3
strain. This study also presents the first exploration of FAS affinity for
propionyl-CoA.

The presence of increased OCFAs suggests that the engineered yeast
strains can be equipped to metabolize odd-chain substrates, forming
different subclasses of lipids that contain OCFAs. Fig. 4 shows that
OCFAs are primarily present in NLs, FFAs and PLs, with C17 being the
most dominant odd carbon chain, followed by C15. The accumulation
and utilization of odd-chain FFAs may enhance stress resistance in
engineered strains by modulating cellular stress response pathways,
improving survival and growth under adverse conditions (Ushio et al.,
2023). According to reports, OCTAGs have more health benefits
(Vockley, 2020; Mochel, 2017).
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In this work, the unique capabilities of the OCFAs platform strain
RTFATPT3 were harnessed to synthesize two distinct categories of odd-
chain fatty acid derivatives: OCTAGs and odd-chain FFAs. While the
engineering of metabolic pathways for the production of even-chain
FFAs and even-chain TAGs has been explored in prior studies (Chen
etal., 2014), our endeavor represents the highest reported titer of OCFAs
derivatives produced in microorganisms. While the engineered strain
achieved a high intracellular OCFAs ratio, further optimization is likely

required to maintain sufficient propionyl-CoA flux in high lipid-
producing backgrounds. Enhancing precursor supply and improving
pathway balance will be key to scaling production, as demonstrated in
the previous work in converting yeast metabolism to lipogenesis (Yu
et al., 2018). Additionally, the concept of extracellular fatty acid
secretion presents an alternative route to alleviate intracellular lipid
burden and simplify product recovery, though potential toxicity must be
addressed through strain engineering. Enhancing the tolerance of yeast
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to extracellular fatty acids, as well as incorporating fatty acid export
systems, could be promising strategies to address these limitations (Zhu
et al., 2020). Overall, our findings provide a foundation for OCFAs
biosynthesis in yeast, but further efforts are needed to adapt this plat-
form for industrial-scale OCFAs production.

5. Conclusion

This work represents a significant advancement in the de novo syn-
thesis of OCFAs, achieving an unprecedented OCFA proportion of 51.9
% in S. cerevisiae. In addition, the production of odd-chain FFAs and
OCTAGs are the highest reported to date in engineered microbial cell
factories. The engineered strains serve as versatile microbial chassis,
enabling efficient, scalable bioproduction of diverse OCFA derivatives.
Moreover, the genetic modification of S. cerevisiae to enhance the pro-
duction of OCFAs induced significant alterations in cellular physiology,
including changes in membrane fluidity and broader metabolic shifts.
These findings illuminate the complex relationship between lipid
composition and cellular function.
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