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Abstract

Here we present a Golden-Gate assembly system adapted for the rapid genomic engineering of
the industrial fungus A. gossypii. This biocatalyst is an excellent biotechnological chassis for
synthetic biology applications and is currently used for the industrial production of riboflavin. Other
bioprocesses such as the production of folic acid, nucleosides, amino acids and biolipids have
been recently reported in A. gossypii. In this work, an efficient assembly system for the expression
of heterologous complex pathways has been designed. The expression platform comprises
interchangeable DNA modules, which provides flexibility for the use of different loci for integration,
selection markers and regulatory sequences. The functionality of the system has been applied to
engineer strains able to synthesize polyunsaturated fatty acids (up to 35% of total fatty acids). The
production of the industrially relevant arachidonic, eicosapentanoic and docosahexanoic acids

remarks the high potential of A. gossypii to produce these functional lipids.
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Introduction

Microbial lipids are a sustainable source of fuels and chemicals and therefore, their efficient
production has been extensively studied in the recent years. These oils can potentially replace
fossil fuels for the production of polymers, plastics, pharmaceuticals, lubricants, surfactants or
nutraceuticals . One of these high-value nutraceuticals are the long-chain polyunsaturated fatty
acids (=C) (LC-PUFASs), and specifically omega-3 (»3) fatty acids, which are essential
components of the diet for humans and animals 2. The commercial importance of these PUFAs
prompted to the elucidation of several pathways leading to their production 2. Usually, the single
overexpression of the genes of the pathway lead to the production of very reduced amounts of
PUFAs, typically under 4% in Saccharomyces cerevisiae °. Extensive manipulation was required
in Yarrowia lipolytica to achieve a high production of PUFAs per cell, which reached 56% of the
omega-3 eicosapentanoic acid (EPA; C20:5) using a multigene-multicopy approach comprising 30
copies of 9 different genes 6. Anyhow, even small amounts of these PUFAs can have a huge
commercial potential specially if they are produced in combination with other nutraceuticals such
as proteins or vitamins and used for feeding. Besides, the production of these PUFAs from waste
industrial by-products using the appropriate biocatalysts also constitute an important challenge for
the biotechnological industry.

A. gossypii is a filamentous fungus that is currently used for the bio-based industrial production of
riboflavin or vitamin B, 1. One of the most important applications of the vitamin produced by A.
gossypii is animal feeding. In addition, A. gossypii has been engineered to be a suitable
biotechnological chassis for the implementation of bioprocesses such as the production of
microbial oils 1216, nucleosides 1"*° and other vitamins 2°. In this regard, a large number of
biotechnological tools available for A. gossypii 212, together with the ability to grow using low-cost
substrates, reinforce the versatility of A. gossypii as an ideal cell factory with broad-range
capacities for microbial fermentations and potential nutraceutical applications.

A. gossypii is a genetically-tractable microorganism, however episomic plasmids containing S.
cerevisiae ARS elements are not stable in A. gossypii. Therefore, the genetic manipulations of A.

gossypii for metabolic engineering applications are mainly based on genomic integrations 2*.



The manipulation of complex metabolic pathways in A. gossypii required many rounds of
integration events using single-gene expression cassettes. Previous works in A. gossypii described
the production of biolipids using single-gene heterologous expression of ACL genes from Y.
lipolytica, the pta gene from Bacillus subtilis or the xpkA gene from Aspergillus nidulans 12 14,
These single-gene approaches may present an important drawback, since the fitness and the
sporulation ability can be affected after many events of genomic integrations.

Different approaches have been applied to enhance the production of biolipids in A. gossypii. The
overexpression of ACL genes from Y. lipolytica together with the abolition of the FA beta-oxidation
pathway resulted in engineered strains with high levels of lipid accumulation (up to 70% of total
C.D.W.) ¥, Also, the production of biolipids from xylose in A. gossypii has been demonstrated by
both the overexpression of the endogenous pathway for xylose utilization and the heterologous
overexpression of a phosphoketolase pathway *2. In addition, we have previously described the
malleability of the A. gossypii fatty acid profile by engineering both the elongation and desaturation
systems *°. In that work, a strain overexpressing AgDes589, which encodes a A12 desaturase,
was shown to accumulate high levels of linoleic acid (LA; C18:2), which is the immediate precursor
of both omega-3 and omega-6 PUFAs (Figure 1) > 24 However, A. gossypii lacks the enzymatic
machinery required for the successive elongation and desaturation steps leading to the synthesis
of omega-3/6 PUFAs from LA (Figure 1) ?*. The omega-6 arachidonic acid (ARA; C20:4) can be
synthesized from LA through the so-called conventional A6 desaturase pathway, sequentially
catalyzed by a A6 desaturase, a A6 C18/20 elongase and a A5 desaturase (Figure 1) . On the
other hand, the synthesis of the omega-3 EPA (C20:5) and docosahexaenoic acid (DHA; C22:6)
requires, in addition to the A6 desaturase pathway, the activity of a A17 desaturase, a A5 C20/22

elongase and a A4 desaturase (Figure 1) 4.
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Figure 1. Schematic pathway of the omega PUFAs biosynthesis. The enzymatic activities that have been
modified in this work are indicated in bold. SA, stearic acid; OA, oleic acid; LA, linoleic acid; GLA, gamma-
linolenic acid; DGLA, di-homo-gamma-linolenic acid; ARA, arachidonic acid; ALA, alpha-linolenic acid; STA,

stearidonic acid; ETA, eicosatetraenoic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid,;

DHA, docosahexaenoic acid.

In this work, we have adapted the Golden Gate cloning system in A. gossypii and used it to
express a multigene complex heterologous pathway for the production of omega-3/6 PUFAs. The
utilisation of the GG system strongly accelerated the engineering process required to express a set
of 7 heterologous genes. Moreover, the modularity of the systems allowed us to quickly test
different promoter combinations in the expression cassettes. Interestingly, the engineered strains

were able to produce between 20-35% of the total lipids as omega fatty acids.

Results and Discussion

As mentioned above, the overexpression of heterologous genes in A. gossypii, instead of using
episomic expression plasmids, is mainly achieved using genomic integrations of overexpression
cassettes that comprise integration, selection and expression modules (Figure 2A). The modularity
of the system provides flexibility for the use of diverse genomic loci for integration, different
selection markers and tunability of transcriptional activity by using different promoter sequences
(Figure 2A). Therefore, the introduction of complex pathways, which involve a high number of
heterologous genes, requires the development of timesaving approaches for a rapid assembly of
efficient overexpression cassettes in A. gossypii. In this work, cassettes for the heterologous
overexpression of different TUs have been constructed following a GG modular cloning system,

which is based on the use of type lIs restriction enzymes (Figure 2B-C and Figure S1).
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Figure 2. Cassettes for heterologous gene expression in A. gossypii. A, scheme of the integration (left and
right flanks), selection and expression modules of a typical cassette for the overexpression of heterologous
genes in A. gossypii. List of currently used modules in the overexpression cassettes. B, modules comprising
the overexpression cassette are assembled following a head-to-tail strategy, which is determined by the 4-nt
overhangs of each module. C, scheme of the one-pot assembly reaction for the construction and genomic
integration of the overexpression cassette.
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The possibility of using multiple overexpression modules within a single cassette provides
versatility and modularity to the system, i. e. the ability of using either the same or different
promoter/terminator sequences for the expression of the genes of interest. Hence, the generation
of a combinatorial library of GG modules contributes to the development of a valuable toolbox in A.
gossypii, which can be employed for a large number of applications in metabolic engineering and

synthetic biology. Indeed, the use of different combinations of promoters, with different



transcriptional activity and regulatory features, can be decisive for the optimization of metabolic
fluxes in A. gossypii. Accordingly, to validate a multigene GG methodology in A. gossypii, we
implemented a complex metabolic pathway for the production of LC-PUFAS.

As stated above, a strain overexpressing the endogenous A12 desaturase is able to accumulate
high levels of LA (C18:2), which in turn is the immediate precursor of omega PUFAs (Figure 1) 524
Here we decided to further manipulate the fatty acid profile of that strain by using synthetic biology
approaches as a proof of concept for the production of both omega-3 and omega-6 PUFAs in A.
gossypii. Therefore, genes encoding elongases and desaturases from oleaginous yeasts and
algae were selected for heterologous overexpression in A. gossypii (Table 1 and Supporting

Information File S1).

Table 1. List of heterologous genes used in this study.

ORF Source UniProt entry
MaFADS6 - A6 desaturase Mortierella alpina Q76LW8
MaGLELO - A6 elongase Mortierella alpina A9ZLZ4
MaFADSS - A5 desaturase Mortierella alpina Q589C4
A12/A15 desaturase Fusarium moniliforme Q27236
Al17 desaturase Phytophthora infestans DONES8O
PsELOS - A5 elongase Pavlova salina QOD2wW3
PSFADS4 - A4 desaturase Pavlova salina AOPJ29

The production of ARA has been extensively studied in the oleaginous fungus Mortierella alpina
with reported titers of ARA production ranging from 0.5-19 g/L ?°. Therefore, genes encoding A6
desaturase, A6 C18/20 elongase and A5 desaturase from M. alpina were selected for the
heterologous expression in A. gossypii (Table 1 and Supporting Information File S1).
Overexpression cassettes encompassing three TUs for the reconstitution of the ARA pathway
were constructed using the GG assembly method. In addition to the TUs, the overexpression
cassettes contained flanking sequences that target the integration of the cassettes at defined
genomic locations. These sites were previously validated as integration sites that do not notably
affect the expression of an inserted RIB5 gene used as reporter (Figure S2). In addition, the
growth rate of the integration strains was not affected (not shown).

Two approaches were designed to test different promoter activities for the overexpression of the

conventional A6 desaturase pathway (Figure 1). Hence, three different strong constitutive



promoters from genes involved in the glycolytic pathway (GPD1, PGK1, FBA1) were chosen
according to gene expression data from the Ashbya Genome Database . In a first approach,
each of the three heterologous genes were expressed under the control of different promoter and
terminator sequences: Pgpp1 and Teve: for the A6 C18/20 elongase, Ppeki and Teoki for the A5
desaturase and Prsa1 and Teno: for the A6 desaturase (Figure 3A). Thus, a strain overexpressing
the ARA heterologous pathway from M. alpina, together with the endogenous A12 desaturase from
A. gossypii was generated and designated as omega-6-GPF. In a second approach, the three TUs
for the ARA pathway were placed under the control of the GPD1 promoter, thus generating the
strain omega-6-G (Figure 3B).
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Figure 3. Schematic representation of the GG modules used for the production of omega PUFAs in A.
gossypii. A, omega-6-GPF cassette for the simultaneous expression of a A6 C18/20 elongase, a A5
desaturase and a A6 desaturase under the control of three different promoters. B, omega-6-G cassette for
the simultaneous expression of a A6 C18/20 elongase, a A5 desaturase and a A6 desaturase under the
control of the promoter Pgpp1. C, overexpression cassette for the A17 desaturase from P. infestans. D,
omega-3 cassette for the simultaneous expression of a A15 desaturase, a A4 desaturase and a A5 elongase
under the control of the promoter Pgpp1. The target loci for genomic integration of the cassettes are indicated
(left and right flanks). The sequences of the 4-nt overhangs for the GG assembly of each cassette are
shown.

Both the omega-6-GPF and omega-6-G strains were able to transform LA into the intermediates of
ARA biosynthesis, in contrast to the strain overexpressing only the endogenous A12 desaturase

(Figure 4). The engineered strains were able to produce between 24-35% of total PUFAs (12.1-



18.3 mg/g of DCW). Moreover, the strain omega-6-G showed a 4.4% + 0.5% of ARA with regard to
the total fatty acid content and a 24.1% of omega-6 fatty acids, thus confirming that the
conventional A-6 pathway of M. alpina is functional in A. gossypii (Figure 4 and Table S1).
However, the strain omega-6-GPF showed an accumulation of LA and very low levels of GLA and
DGLA, which indicate that the transformation of LA into GLA represents a metabolic bottleneck in
this strain. Indeed, the gene expression analysis of both strains revealed that the genes encoding
A6 desaturase and A5 desaturase showed much lower expression levels in the strain omega-6-

GPF (Figure 5).
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Figure 4. Fatty acids composition (% TFA) of the engineered strains of A. gossypii. The production of ARA,
EPA and DHA is indicated. The bars represent the average of three independent experiments (see Table S3
for numerical data). The error bars indicate the standard deviations.

In agreement with these data, our preliminary RNAseq data from the wild-type strain showed that
GPD1 is expressed 7-fold higher than FBA1 (Supporting Information File S2). These results
indicate that the accumulation of LA in the omega-6-GPF strain must be caused by an insufficient
expression of the A6 desaturase from the promoter Prga1, which is restored with the use of the
promoter Pepp: in the omega-6-G strain, thus highlighting the importance of choosing the optimal
combination of transcriptional activities for each gene to be expressed. In this regard, common
challenges for synthetic biology such as the metabolic bottlenecks and the accumulation of toxic
intermediates can be managed by altering transcriptional activity with the use of strong/weak
promoters. Consequently, we decided to use the strong constitutive promoter of the GPD1 gene

for the manipulation of the omega-3 pathway.
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Figure 5. Gene expression analysis of the engineered strains of A. gossypii. A, transcription levels of genes
from the A6 desaturase pathway in the engineered strains. B, transcription levels of heterologous genes
expressed in the omega-3 producing strains. The error bars indicate the standard deviations.

Our strategy to implement the omega-3 production in A. gossypii was intended first to transform all
the omega-6 intermediates into omega-3 by the overexpression of a A17 desaturase, and second
to direct metabolic flux from OA into the production of omega-3 FA. Accordingly, we used an
overexpression cassette containing a A17 desaturase from Phytophthora infestans, which is able
to convert a wide range of omega-6 substrates into omega-3 PUFAs (Figure 1 and Table 1) ?’. The
codon optimized ORF encoding the A17 desaturase from P. infestans was expressed under the
control of the GPD1 promoter and the ICL1 terminator (Figure 3C). In addition, we used an
overexpression cassette for the heterologous reconstitution of the omega-3 DHA pathway (Figure
1), which comprised three additional TUs: omega-3 A12/A15 desaturase from Fusarium
moniliforme 28, and A5 elongase and A4 desaturase from Pavlova salina 2°2° (Figure 3D and Table
1). It has been reported that the heterologous expression of the omega-3 A12/A15 desaturase from
F. moniliforme resulted in high ALA content in Y. lipolytica and soybean 8. Besides, we selected
both the A5 elongase and A4 desaturase from P. salina based on the ability of this marine
microalga to produce high levels of EPA and DHA 2%, Accordingly, two strains were generated
that harbored the omega-6 pathway together with the A17 desaturase (omega-6-A717) and the

complete omega-6/omega-3/A17 pathway (omega-3-A17), respectively. The analysis of the lipids



profile revealed that the strain omega-6-A17 was able to produce the omega-3 EPA as well as the
intermediates ALA and ETA, with a total omega-3 content of about 5% of the total fatty acid
content (Figure 4 and Table S1). In addition, the strain omega-3-A717 showed higher levels of EPA
(4.1% £ 0.3%) and, moreover, it was able to produce both the omega-3 DPA and DHA PUFAs
(Figure 4 and Table S1). The total PUFA production reached 20.5% of the total fatty acids in this
strain (Figure 4 and Table S1). The lipid profile of the strain omega-6-A17 indicates that the
overexpression of a A17 desaturase is critical for the transformation of omega-6 substrates into
omega-3 PUFAs, which is confirmed by the total conversion of ARA into EPA. Also, it is
noteworthy that the A17 desaturase from P. infestans may be able to transform LA into ALA. In this
regard, the gene expression analysis of the omega-3 producing strains showed that the level of
expression of the A17 desaturase does not constitute a bottleneck for the transformation of omega-
6 substrates into omega-3 PUFAs (Figure 5). In contrast, the low levels of both DPA and DHA in
the omega-3-A17 strain, which cannot be attributed to a deficient transcription of the omega-3 DHA
pathway (Figure 5), show that the conversion of EPA is not efficient in A. gossypii, thus suggesting
the use of alternative A5 elongase and A4 desaturase heterologous genes.

Previous works have also shown different strategies for the simultaneous production of

EPA and DHA: in Phaeodactylum tricornutum, a unicellular marine diatom, the heterologous co-
expression of A6 desaturase and A5 elongase from Ostreococcus tauri resulted in 18% EPA and
11% DHA of TFA 3L, in E. coli, the overexpression of the EPA/DHA pathway gene cluster from
Shewanella baltica produced about 0.2-0.4% DHA and 14-31% EPA of TFA 3233; more recently, it
has been reported that transgenic plants from Camelina sativa, a member of the Brassicacae,
were able to accumulate about 4% of both DHA and EPA 34 However, most of these species have
a low growth rate, thus generating low biomass yields. Other works reported high yields for the
production of EPA exclusively, using either the conventional AG-pathway or the alternative A-8-
pathway (see # and references therein). Notably, both strain engineering and optimization of
downstream processing have been carried out in Y. lipolytica to achieve a 25% of EPA in the yeast
biomass *.

Our work describes the development of a powerful synthetic biology tool for the industrial fungus A.

gossypii, which will accelerate the construction of engineered strains and will permit the use of



combinatorial approaches to optimise metabolic fluxes otherwise unaffordable. In addition, here we
proved the methodology useful for the production of high-value nutritional lipids. This represents a
proof of concept about the production of PUFAS in A. gossypii, which is an excellent
biotechnological chassis with several advantages: rapid growth and biomass generation, high
productivity and accumulation of lipids, efficient utilization of waste streams from industrial
processes for fermentation and the strong capacity of overproducing vitamins, nucleosides and
lipds, which can be used for food and feed purposes 11131619 Thys, we foresee that additional
engineering of the pathway in new A. gossypii strains, together with the optimization of culture
conditions and downstream processing, will allow at considering A. gossypii as a good candidate

for the sustainable production of PUFAs.



Methods

A. gossypii strains and growth conditions. The A. gossypii ATCC 10895 strain was used and
considered a wild-type strain. Other A. gossypii strains used in the study are listed in Table S2. A.
gossypii cultures were initiated with spores (10° spores per liter) and carried out at 28°C in MA2
rich medium . Cultures for PUFA production were grown for 3 days at 28°C. A. gossypii
transformation, its sporulation conditions and spore isolation were as described previously ’.

Concentrations of 250 mg/L for geneticin (G418) (Gibco-BRL) were used where indicated.

Golden Gate Assembly Method. All the modules for the assembly of the overexpression cassettes
were PCR-amplified either using A. gossypii genomic DNA or synthetic codon-optimized ORFs
(Integrated DNA Technologies, USA) (see Supporting Information File S1 and Table S3 for
sequences). PCR primers included sequences of 4-nucleotide (nt) overhangs flanked by Bsal
recognition sites, which serve for the assembly of the whole overexpression cassette in a single-
step, one-pot reaction, into a destination vector carrying compatible 4-nt overhangs (Figure S1).
The PCR products consisting of the module sequence plus the specific 4-nt overhangs flanked by
Bsal recognition sites are cloned into the pBluescript-SK |l vector, thus generating a Golden Gate
library of exchangeable modules for integration, selection and expression (a summary of available
modules is shown in Figure 2A). To ensure an organized and efficient assembly of all the modules
that comprised the overexpression cassette, the 4-nt sticky ends of each module are designed
following a head-to-tail strategy. Accordingly, the assembly of the modules can only occur in a
controlled order and orientation into a destination vector that contains a spectinomycin resistance
marker (spcf) and compatible 4-nt sticky ends flanked by Sapl recognition sites (Figure 2B-C). For
the assembly of the overexpression cassette, equimolar amounts of each plasmid (typically 100ng)
were used in a one-pot assembly reaction with the following conditions on a thermocycler: 30
cycles of 37°C for 3 min and 16°C for 4 min; 50°C for 5 min and 80°C for 5 min.

The assembled plasmids were selected in spectinomycin/kanamycin-containing LB plates and
confirmed by restriction analysis and DNA sequencing. Then, the overexpression cassettes were
cleaved by Sapl digestion and used for A. gossypii transformation (Figure 2C). Positive clones

were selected in G418-containing medium. Homaokaryon clones were obtained by sporulation of



the primary transformants. The correct genomic integration of each overexpression cassette was
confirmed by analytical PCR followed by DNA sequencing. The loxP repeated inverted sequences
present in the loxP-KanMX-loxP marker enabled the selection marker to be eliminated and

subsequently reused by expressing a Cre recombinase, as described elsewhere 4.

Lipid extraction and analysis. Lipid extraction for gravimetric quantitative analysis was performed
as previously described 2. The mycelial biomass was collected by filtration, lyophilized and equal
volumes of methanol and chloroform were added to the mycelium powder and mixed vigorously by
vortex. Then, ¥ volume of H,O was added and mixed again. After centrifuging for 5 min. at 2000
r.p.m., the lower organic phase was collected and the total fatty acids content was determined
gravimetrically after evaporation of organic solvents.

Lipid extraction and analysis for GC-MS was carried out as described elsewhere 2. Briefly,
lyophilized biomass was resuspended in 1 mL of 97.5% methanol and 2.5% sulfuric acid with an
internal standard. The samples were incubated at 80°C for 1.5 hours and the transesterification
reaction was stopped by the addition of 1.5 mL H>O. Then, 0.45 mL of hexane were added and the
mixture was vigorously stirred. The upper phase was recovered after centrifugation for 5 min. at
2500 r.p.m. Methyl esters of fatty acids dissolved in hexane were analysed on a gas
chromatograph coupled to a mass spectrometer (GC-MS). GC-MS was carried out using the GC17
Shimazdy GC and Shimazdy QP5000 MS. A column DB-5 (30 m, 0.25 mm, 25 um) was used. The
conditions were as follows: helium was used with a flow of a 1.3 mL/min as a carrier gas, with a
Split-ratio 60:1. The injector temperature was 270°C and the interface temperature was 290°C
(initial temperature of 90°C for 5 minutes, a ramp of 12°C/min to 190°C, and a ramp of 4°C/min to
290°C). The fatty acids were identified by comparison with the methyl esters of fatty acids of
standard commercial sample (FAME32; Supelco). The total quantification of fatty acids was carried
out following the method of standard internal pattern using 50 ug of heptadecanoic acid C17:0
(Sigma).

Quantitative Real-Time PCR. Quantitative real-time PCR (QRT-PCR) was performed with a
LightCycler 480 real-time PCR instrument (Roche), using SYBR Green | master mix (Roche) and

following the manufacturer’s instructions. Total RNA samples were obtained as described



previously 1° and cDNA samples were prepared using the Transcriptor First Strand cDNA
Synthesis Kit (Roche). All real-time PCR reactions were performed in duplicate and in two
independent experiments. Quantitative analyses were carried out using the LightCycler 480

software.
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