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Ashbya gossypii is a filamentous fun-
gus that naturally overproduces ribo-

flavin. Indeed, engineered strains are
currently used for the industrial produc-
tion of riboflavin, replacing the chemical
synthesis processes formerly used. The
utilization of A. gossypii for biotechnolog-
ical applications affords significant
advantages that involve low-cost media
use and cheap downstream processing for
some applications. Although A. gossypii
cannot be considered a bona fide oleagi-
nous microorganism, the accumulation
of lipid droplets within hyphae has been
described. In view of the genomic and
molecular tools available for its manipu-
lation, the metabolism of A. gossypii was
engineered aiming to increase total lipid
accumulation. Blocking the b-oxidation
pathway through the knock-out of the
AgPOX1 gene was sufficient to obtain
strains with high lipid yields, comparable
to those of the best oleaginous microor-
ganisms. Thus, the poxD strain of A. gos-
sypii constitutes a novel promising tool
for the production of microbial oils in
forthcoming modified A. gossypii strains.

Ashbya Gossypii as a Novel
Organism for Microbial Oil

Production

Our society is strongly dependent on
crude oil for the production of fuels, fine
chemicals, and many other commodities.
However, fossil oil supplies are limited,
and their use has negative environmental
consequences.1 Thus, in recent years new
technologies have been developed for the
production of both fuels and chemicals
from renewable sources, such as plant oils,
animal fats or microbial oils.

Microbial oils (also called single-cell
oils, SCOs) have several advantages over

other oil sources: i) the fermentation pro-
cess of microorganisms is independent of
season and climate; ii) many industrial by-
products can be used as fermentation sub-
strates; and iii) microorganisms can be
efficiently modified via metabolic engi-
neering approaches, hence allowing the
optimization of the amount and proper-
ties of the SCOs.

In light of the above, biotechnological
research has focused on oleaginous micro-
organisms, which can accumulate at least
20% of their cell dry-weight (CDW) as
lipid content. Additionally, some oleagi-
nous microorganisms can reach higher lev-
els of lipid, accumulating up to 80% of
their CDW when cultured in oil-contain-
ing media.2 However, the biotechnologi-
cal optimization of some oleaginous
microorganisms for industrial applications
is difficult owing to the lack of appropriate
metabolic engineering tools. Accordingly,
a potential alternative is the manipulation
of industrial microorganisms that can be
engineered to afford lipid yields compara-
ble to oleaginous microorganisms. In this
sense, some model organisms, such as
Escherichia coli and Saccharomyces cerevi-
siae, have been engineered to overproduce
lipids.3-6

Ashbya gossypii is a filamentous hemias-
comycete that is extensively used for the
industrial production of riboflavin.7-9

Indeed, the use of A. gossypii in industry is
considered a paradigm of sustainable
white biotechnology for the industrial
overproduction of riboflavin and other
vitamins.

Importantly, a large number of geno-
mic, bioinformatic and biotechnological
tools are available for A. gossypii,10-13 thus
allowing the development of systems met-
abolic engineering approaches to indus-
trial applications of the fungus. In
addition, the use of A. gossypii for
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microbial fermentation has other biotech-
nological advantages such as the ability to
grow both in some industrial by-products
and low-cost oils, the partial autolysis of
hyphae at late growth phases, and the har-
vesting of mycelia by simple filtration.
Moreover, A. gossypii can be grown by pel-
let fermentation, which reduces broth vis-
cosity and improves mixing and mass
transfer, saving both costs and energy.

A. gossypii has not been considered an
oleaginous fungus because it is not able to
accumulate more than 20% of its cell dry
weight in the form of fatty acids. How-
ever, as previously mentioned the fungus
can be manipulated to overproduce differ-
ent metabolites. Thus, in our recent paper
entitled “Strain Design of Ashbya gossypii
for Single-Cell Oil Production” we
described the generation of A. gossypii
strains that were engineered to accumulate
up to 70% of their CDW as lipids in glu-
coseCoil-containing media (1% glucose
C 2% oleic acid).14 This represents a
novel promising microbial platform for
the production of single-cell oil.

Lipid accumulation in A. Gossypii
The concept of lipid accumulation

refers to a metabolic imbalance between
lipid biosynthesis and degradation. The
biosynthesis of lipids mainly depends on a
continuous supply of cytosolic acetyl-

CoA, which is the substrate for the acetyl-
CoA carboxylase (ACC) to form malonyl-
CoA. Next, the fatty acid synthase (FAS)
multienzymatic complex catalyzes the
elongation of the acyl-CoA chain by con-
densing malonyl-CoA molecules and
acetyl-CoA (Fig. 1). In this respect, oleagi-
nous microorganisms are equipped with
the enzyme ATP-citrate lyase, which con-
verts citrate into cytosolic acetyl-CoA.
Additionally, the biosynthesis of lipids
also relies on a sufficient supply of
NADPH as the essential reducing power
for fatty acid biosynthesis.15 In contrast to
lipidogenesis, b-oxidation is the main cat-
abolic pathway of fatty acids and, conse-
quently, its activity competes with the
accumulation of lipids. Beta-oxidation
comprises a 4-step oxidative cycle that
removes 2 carbons (an acetyl-CoA mole-
cule) from the acyl-CoA chain in each
cycle.16

The wild-type strain of A. gossypii is
able to accumulate about 5% of its CDW
as lipids in glucose-rich media (8% glu-
cose), while it can accumulate almost 20%
of its CDW as lipids in glucoseCoil-con-
taining media (1% glucose C 2% oleic
acid).14 Lipid accumulation can be opti-
mized both by increasing the availability
of lipid precursor and by blocking the
competing pathways of lipid
accumulation.

A. gossypii lacks the enzyme ATP-
citrate lyase, which is a hallmark of oleagi-
nous microorganisms. In our work, A. gos-
sypii was endowed with ATP-citrate lyase
(ACL) activity through the heterologous
expression of the ACL1 and ACL2 genes
from Yarrowia lipolytica, which code for
the 2 subunits of the ACL enzyme.
Expression of the Y. lipolytica ACL genes
in the wild-type strain of A. gossypii
induced a 30% increase in lipid accumula-
tion in glucose-rich medium (8% glucose)
after 3 d of culture. Moreover, the b-oxi-
dation pathway was abolished in A. gossy-
pii through the deletion of the POX1 and
FOX1 genes, which control the first and
second steps of b-oxidation, respectively.
The deletion of both the POX1 and FOX1
genes in A. gossypii did not exert any effect
on biomass production either in glucose-
rich medium or in glucoseCoil-containing
medium; however, growth was absent in
soybean oil medium (2% soybean oil)
(Fig. 2), indicating that the b-oxidation
pathway supports growth from culture
media with oil as the only carbon source.
Accordingly, oil-containing medium for
the quantification of lipid accumulation
in either the pox1D or fox1D strains of A.
gossypii must also include a non-lipid car-
bon source in their formulations (typically
1% glucose). The elimination of b-oxida-
tion in A. gossypii resulted in a 2-fold
increase in lipid accumulation both in glu-
cose-rich and glucoseCoil-containing
media after 3 d of culture. However, the
expression of the Y. lipolytica ACL enzyme
in a pox1D strain did not show any
increase in the lipid yield.

Regarding the levels of acetyl-CoA in
the engineered strains, the expression of
the ACL genes in the wild-type induced a
significant increase in the intracellular ace-
tyl-CoA pool (2-fold more acetyl-CoA).
Interestingly, we found that the pox1D
strain had levels of acetyl-CoA 4-times
higher than those of the wild-type strain
and, unexpectedly, the pox1D strain had
higher levels of acetyl-CoA (approximately
2.5-fold higher) than the ACL-overex-
pressing strain. In addition, the pox1D
strain showed a lower increase in acetyl-
CoA levels (50% more acetyl-CoA) after
combined expression of the ACL genes
from Y. lipolytica. Accordingly, lipid accu-
mulation was not correlated with the

Figure 1. Simplified diagram of the lipid metabolism in A. gossypii. The ACL (ATP:citrate lyase) activ-
ity (gray) is not present in A. gossypii. ACS, acetyl-CoA synthase; ACC, acetyl-CoA carboxylase; FAS,
fatty acid synthase; Pox1, fatty-acyl coenzyme A oxidase; Fox2, 3-hydroxyacyl-CoA dehydrogenase
and enoyl-CoA hydratase; Fox3, 3-ketoacyl-CoA thiolase. The elongation system comprises the elon-
gases ELO624 and ELO586 which elongate C18:0 fatty acids up to C26:0 (C > 18). The desaturation
system is composed by 2 desaturases (D9 and DES589). Saturated fatty acids (Cn:0) can be desatu-
rated by D9 to form Cn:1 fatty acids (where n is the number of carbons of the acyl chain). The D12
DES589 can further desaturate the Cn:1 fatty acids to form Cn:2 (mainly C18:2, linoleic acid). Dashed
arrows indicate multistep pathways.
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increase in acetyl-CoA levels in the differ-
ent strains. Furthermore, the pox1D strain
expressing ATP-citrate lyase did not show
any increase in the total lipid content,
indicating that an additional metabolic
bottleneck exists after the limitation in
acetyl-CoA synthesis has been overcome.
The block in the b-oxidation pathway in
the pox1D strain of A. gossypii was suffi-
cient to trigger a huge increase in fatty
acid accumulation in glucoseCoil-con-
taining medium. After 7 d of culture in
glucoseCoil-containing medium, the
pox1D strain was able to accumulate up to
70% of the cell dry weight as lipid content
(Fig. 3A). Indeed, the pox1D strain
showed a characteristic phenotype of its
hyphae when growing on glucose C oil-
containing media due to the high lipid
accumulation (Fig. 3B). In contrast, the
pox1D strain showed a lower total fatty
acid yield (about 60% of CDW) when it
was engineered to overexpress both the
ACL1 and ACL2 genes from Y. lipoly-
tica.14 This effect was inversely correlated
with higher levels of acetyl-CoA in that
strain, again supporting the idea that ace-
tyl-CoA does not limit lipid accumulation
under those conditions.

These results suggest that substrate lim-
itation for lipid synthesis in A. gossypii can
be partially prevented by the expression of
ATP-citrate lyase. However, once acetyl-
CoA levels are no longer a limiting factor
for de novo lipid synthesis, other mecha-
nisms seem to affect lipid production. The
increased pool of intracellular acyl-CoA
might be responsible for these limitations
since it has been demonstrated that high
levels of acyl-CoA can inhibit fatty acid
synthesis in other microorganisms.17,18

Accordingly, the enzymes involved in
the esterification of the acyl-CoA to
sterols or triacylglycerol might be good
candidates to further manipulate the
oleaginous nature of A. gossypii. Also,
NADPH levels might not be sufficient
to provide enough reducing power for
an increased biosynthesis of fatty acids.
Thus, a combined strategy aimed at
increasing both the levels of acetyl-CoA
and NADPH has been used for the
production of fatty acid ethyl esters and
polyhydroxybutyrate.19-21

Many culture medium formulations
for microbial fermentations are based on

waste/low-cost sugars and it is therefore
important to improve lipid accumulation
from sugar-based media.22 In this sense,
the pox1D strains generated in our work
were able to produce up to 9% of their
CDW as lipids in rich glucose-rich
medium (Fig. 3). Thus, although the total
oil yield in A. gossypii growing in glucose-
rich media is still low, it is significantly
higher than that seen for some oleaginous
yeasts such as engineered Y. lipolytica,
which can accumulate up to 4.8 C/- 0.4%
of its CDW as fatty acids in a similar rich
medium (YPD).23 Nonetheless, de novo
lipid biosynthesis must be increased by

optimized medium formulations and/or
by additional metabolic engineering
manipulations. For example, a wild-type
strain of Y. lipolytica is able to attain
16.3% of its cell dry weight CDW as lip-
ids under optimized conditions in glu-
cose-based media and up to 88% of lipid
content after extensive metabolic engi-
neering.24 Similarly, the oleaginous yeast
Rhodosporidium toruloides accumulates up
to 9.8% and 63% of its CDW as fatty
acids in glucose-based media and in nitro-
gen-limited media respectively.25 These
comparisons suggest that oil production
in A. gossypii from sugar-based media need

Figure 2. Effect of the abolition of the b-oxidation pathway on biomass production in A. gossypii.
The wild-type strain of A. gossypii and the pox1D, fox1D and pox1D/fox1D mutants were grown
in glucose-based media (2% glucose) (A) and soybean oil media (2% soybean-oil) (B). Biomass
production (g/L) was measured over time.

www.tandfonline.com 121Bioengineered



to be further improved both by medium
optimization (i.e. nitrogen-limited condi-
tions) and by systems metabolic
engineering.

Regarding the use of oil-containing
media, the increased rate of lipid accumu-
lation in such media suggests that the
incorporation of extracellular lipids is a
very active process in A. gossypii. This is
worth noting within the context of the
industrial process called oil biotransforma-
tion, which is the fermentative conversion
of a cheap oil into a high-value oil. This
process relies on cells’ ability to modify
the extracellular fatty acids that have been
incorporated into the cytosol. For exam-
ple, the activity of fatty acid elongases can
tune the length of fatty acids, while desa-
turases can catalyze the formation of dou-
ble bonds within the acyl chain.
Accordingly, we have recently character-
ized both the elongase and desaturase sys-
tems of A. gossypii.26 Additionally,
metabolic engineering has also been
applied to both the elongase and desatur-
ase systems with a view to generating
novel A. gossypii strains that are able to
accumulate polyunsaturated fatty acids,
monounsaturated fatty acids, lubricants or
components of waxes. Likewise, A. gossypii
strains with optimized features for the
production of biodiesel have also been
generated. These strains lack both very
long chain fatty acids and polyunsaturated

fatty acids, which are undesired features in
biodiesel blends.26

Taking the above observations together,
we propose A. gossypii as a novel and prom-
ising candidate for biolipid production that
can offer an economically feasible alterna-
tive to some oleaginous yeasts. It has been
demonstrated that modified strains of A.
gossypii are able to accumulate high
amounts of lipids and, additionally, it is
possible to adapt the lipid profiles of such
strains for them to become enriched in
fatty acids of industrial relevance.14,26

Nonetheless, more research is being carried
out to increase lipid production from glu-
cose-based media as well as to optimize the
biotransformation of low-cost oils into
high-value oils.
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