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1.2 Thraustochytrids: biotechnological potentials 
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Abstract: Thraustochytrids are unicellular, heterotrophic marine eukaryotes. Some species are known
to store surplus carbon as intracellular lipids, and these also contain the long-chain polyunsaturated
fatty acid docosahexaenoic acid (DHA). Most vertebrates are unable to synthesize sufficient amounts
of DHA, and this fatty acid is essential for, e.g., marine fish, domesticated animals, and humans.
Thraustochytrids may also produce other commercially valuable fatty acids and isoprenoids. Due to
the great potential of thraustochytrids as producers of DHA and other lipid-related molecules, a need
for more knowledge on this group of organisms is needed. This necessitates the ability to do genetic
manipulation of the different strains. Thus far, this has been obtained for a few strains, while it has
failed for other strains. Here, we systematically review the genetic transformation methods used
for different thraustochytrid strains, with the aim of aiding studies on strains not yet successfully
transformed. The designs of transformation cassettes are also described and compared. Moreover,
the potential problems when trying to establish transformation protocols in new thraustochytrid
species/strains are discussed, along with suggestions utilized in other organisms to overcome similar
challenges. The approaches discussed in this review could be a starting point when designing
protocols for other non-model organisms.

Keywords: thraustochytrids; Aurantiochytrium; Schizochytrium; transformation; electroporation

1. Introduction

Thraustochytrids are heterotrophic marine microorganisms divided into ten genera [1].
They belong to stramenopiles, one of the most diverse eukaryotic phyla, known for groups
such as diatoms, oomycetes and brown algae [1,2]. Thraustochytrids commonly inhabit
oceans and sediments, especially in nutrient-rich areas, such as mangrove forests, where
they grow on decomposing biological debris, and they play critical ecological roles for car-
bon recycling. Detailed biological features and classification have recently been extensively
reviewed by others [3].

Thraustochytrids are well-known for storing up to 70% lipids (triacylglycerols) con-
taining high amounts of ω3-polyunsaturated fatty acids (ω3-PUFAs), especially docosa-
hexaenoic acid (DHA), produced by a dedicated polyketide synthase-like (PKS) enzyme
complex [4–6]. DHA and other ω3-PUFAs, such as eicosapentaenoic acid (EPA), have
substantial benefits for human health, including reducing the risks of cardiovascular, de-
pressional, and neurodegenerative diseases [7–9]. As humans and most other vertebrates
hardly synthesize DHA, it must be obtained by the diet. Currently, fish oil is the most used
source for human and domesticated animals, including fish. Due to the limited fish stock
available, alternative sustainable sources of DHA are needed, and thraustochytrids have
been developed as commercial DHA-rich oils producers [10–12]. However, DHA from
thraustochytrids is currently considered to be less competitive in low-cost markets [13]. On
the other hand, some thraustochytrids produce other substances, such as squalene [10,14],
carotenoids [15], extracellular enzymes [16], and extracellular polysaccharides [17], that
potentially could be valuable biproducts.

Mar. Drugs 2021, 19, 515. https://doi.org/10.3390/md19090515 https://www.mdpi.com/journal/marinedrugs
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Genetic engineering tools have become increasingly important in understanding
specific metabolic pathways that could eventually be the prerequisite to create strains
producing valuable materials in higher rates and titers [11,18,19]. Due to the advance and
reduced cost of sequencing techniques, it is relatively easy to acquire genome sequences
and identify gene targets for engineering. However, genetic method development of
marine protists across taxa showed that no protocol could be universally applied [20].
Additionally, as will become apparent later, the established protocols for thraustochytrids
all seem to be restrained to one or only a few strains. This is a general challenge for anyone
working on non-model organisms; the transformation protocol needs to be designed for
that particular strain.

When a new strain is to be transformed, the challenge is how to find the first true
transformant when one does not know which antibiotic resistance markers can be used,
which promoters and terminators will work, how to transfer the DNA, or the efficiency of
recombination in that particular strain. The multiple possible combinations of parameters
make the method development on new strains complicated without proper feasibility
clues based on previous experiences in the same genus. Still, experiences from related
species may help. This review aims to compile and discuss the current transformation
protocols and choice of DNA elements for thraustochytrids. Knowledge of what has been
achieved for other microorganisms is included. Additionally, while this review focuses on
thraustochytrids, it may also be read as an example of the different approaches that can be
used to achieve gene knock-outs and gene knock-ins in other microorganisms.

2. Transforming DNA into the Cells: Methods and Considerations

Electroporation, biolistic transformation, and Agrobacterium-mediated transformation
(AMT) are used for many microbial cells, and all three methods have been successfully
applied in thraustochytrids (Figure 1).

 
Figure 1. (a) The number of successfully engineered thraustochytrid strains by one or more methods
(electroporation [20–52], biolistic transformation [5,27,53–55], and others [56–59]) (Tables S1 and S2).
The doughnut pie charts indicate the proportion of different genera. Four strains have been trans-
formed by more than one method: a A. limacinum mh018 and T. aureum ATCC 34304; b Schizochytrium
sp. S31; c Schizochytrium sp. TIO1101; (b) The number of successfully transformed thraustochytrid
strains and the methods applied in recent years. Any strain–method combinations are counted only
once, even if they are used in several publications.

During electroporation, electric pulses are applied to the cells, and pores may be
generated in both the cell membrane and the nuclear membrane. Depending on the condi-
tions, the pores can be reversible and non-lethal for the cell. When such pore-generation is
used to facilitate the uptake of exogenous DNA, the process is called electrotransforma-
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tion [60]. Biolistic transformation, or particle bombardment mediated transformation, uses
high-pressure helium to inject DNA-coated non-reactive metal (tungsten or gold) particles
into host cells. This has been applied to a wide variety of species [61]. The procedure
is relatively simple, and it is the most widely used technique for genetic engineering in
diatoms [62]. Still, the method has a relatively high cost. Its frequency of multiple copy
random insertions is higher, and it causes more cell damage [61,63]. Agrobacterium tumefa-
ciens is a plant pathogen that is widely used in generating transgenic plants, fungi, and
microalgae. When A. tumefaciens infects a cell, part of its Ti plasmid, or binary vector, is
integrated into the genome of the cell. AMT is relatively inexpensive. The DNA being
transferred can be large (up to 150 kb) and with a single copy genome integration [64,65],
which makes it possible to introduce an entire metabolic pathway.

It is important to note that there is a marked difference as to which thraustochytrid
genera can be transformed by which method. Sakaguchi et al. [27] showed that electropora-
tion is far more efficient than biolistic transformation in Aurantiochytrium limacinum mh0186,
while biolistic transformation is more efficient than electroporation in Thraustochytrium au-
reum ATCC 34304. The electroporation protocol did not succeed at all in Parietichytrium sp.
TA04Bb and Schizochytrium sp. SEK 579, both of which could be transformed by a particle
gun. These results indicate that the fundamental biological features determining the success
of any transformation method can be quite different between genera. As ectoplasmic nets,
the unique ‘rhizoid-like’ cell membrane structures that extend from sub-cellular organelles
are more apparent in Parietichytrium and Schizochytrium than Aurantiochytrium [3], the
cellular structural features may affect the effectiveness of different transformation methods.
This further suggests that one should test another of these principally different methods if
the first one tested does not yield any results in a new microorganism.

2.1. Transformation by Electroporation

In thraustochytrids, electroporation is the most common method for delivering DNA
into cells (Figure 1). In the methods developed for thraustochytrid strains, both the treat-
ment of cells prior to electroporation and the electroporation conditions themselves have
been varied, as described in Figure 2. Exponential decay pulses and square wave pulses are
the two most widely used pulse types for electrotransformation [66]. An exponential decay
pulse is generated by exponentially reducing the initial voltage. Exponential decay pulse is
described by two components: (1) electric field strength (kV/cm) is the electric potential
difference (voltage) per unit distance between two electrodes; and (2) pulse length or time
constant (ms), is equal to resistance multiplied by capacity [67]. The ionic strength and the
volume of electroporation solutions affect the resistance of the samples so that the time
constants are also affected. High ionic solutions with large volumes tend to have lower
resistance, resulting in greater current and a higher probability of arcing and cell lethality.
These parameters are further described below.

2.1.1. Pulse Types, Numbers, and the Parameters

The known optimal values of pulse length and field strength vary among different
species. For most microbes, pulse lengths lie within a range from 1 to 30 ms, and field
strength from 1 to 20 kV/cm [60]. Exponential decay is the most used pulse type in
thraustochytrids, with the applied field strengths vary from 1.8 to 10 kV/cm, while the set
pulse lengths range from 0.65 to 25 ms (Figure 2). A square wave pulse is generated by
quickly turning on and off a voltage, which is maintained at a stable level (constant field
strength) in a short period of time (pulse length) [68]. Square wave pulses have been used
to transform two thraustochytrid species (Figure 2, Table S1).
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Figure 2. The parameters prevalence and the procedure scheme of transformation by electroporation
in thraustochytrid strains. Numbers in parentheses, the number of strains that have used the
parameter in at least one publication (Table S1); NF, NucleofectorTM solution L; OM, OPTI-MEMTM I;
Ionic buffers include BSS, artificial sea water and phosphate buffer; Non-ionic, buffers include 50 mM
Sucrose, 1 M Sorbitol, water, PEG 8000; Enzyme, 20 g/L pectinase and 20 g/L snailase in 7 M KCl.

A series of pulse parameters can be tested to find the optimal values. For Auranti-
ochytrium sp. SD116, the number of transformants decreased as the pulse length in the
tested range increased [40]. Previous studies also show that a series of voltages should be
tested to find the optimal field strength values during the new protocol [40,51]. For bacteria,
optimal transformation results were often obtained by applying high field strengths with
shorter time constants, or low field strengths with high time constants [67,69]. However,
we found no similar correlations in the published protocols for thraustochytrids.

Most thraustochytrid protocols applied one exponential decay pulse per electropo-
ration, while some applied two exponential pulses (Figure 2). In the microalgae Chlamy-
domonas reinhardtii, two pulses were required to introduce DNA into the cell, but only one
pulse was needed to deliver DNA into the cell-wall-deficient mutant [70]. However, at least
four thraustochytrid strains were engineered successfully with only one pulse without cell
wall disruption (see Section 2.1.2), indicating that introducing DNA into thraustochytrid
cells with intact cell walls does not require two exponential decay pulses. In addition, the
transformation efficiency in Aurantiochytrium sp. SD116 increased about five times when
the square wave pulse number increased from 30 to 50, followed by a five-times reduction
when the number increased from 50 to 60 [40], suggesting that optimal pulse numbers can
be narrow-ranged when applying electroporation with square wave pulses.
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The initial voltage of an exponential decay pulse is high, to enhance cell permeabi-
lization by pore generation, while the subsequential decayed low voltage part of the pulse
contributes to electrophoretic transferring molecules into the cells [66]. As the voltages of
the initial and later stage of an exponential decay pulse are related to one another, and can-
not be adjusted independently, methods were developed with combinations of a first rapid
high-voltage pulse followed by a longer low-voltage pulse in mammalian cells [71,72]. The
low-voltage pulse was shown to contribute to the transfection efficiency when the plasmid
concentration is low [73]. For thraustochytrids, A. limacinum SR21 has been transformed
by two short, high voltage square pulses for poring cells, followed by one longer, lower
voltage square pulse for molecule transferring using the NEPA21 electroporator [20]. This
instrument can measure the resistance, allowing it to be adjusted to a specific range by
altering cell volumes before pulsing (see Section 2.1.3), an informative function for further
parameter optimization.

High-throughput approaches can be performed to optimize pulse parameters. Through
transforming the cells with fluorescently labeled DNA or cell-impermeable fluorescent
molecules, the efficiency of delivering molecules to the cells can be measured by the num-
ber of fluorescent cells detected under different pulse conditions. This approach separates
the process of transforming DNA from recombination and transcription of the inserted
DNA. For example, the transformation of YOYO-1 labeled plasmid DNA was used to
determine the permeability of yeast cells [74]. Similar approaches have been applied in
microalgae, Caecitelus sp., Nannochloropsis oceanica, and C. reinhardtii through FITC-Dextran
transformation [20,75]. However, fluorescently labeled DNA or cell-impermeable fluo-
rescent chemicals can also accumulate in permeable but non-viable cells. In order to
distinguish the permeable viable cells from permeable non-viable cells, Muñoz et al. [76]
utilized two cell-impermeable dyes with different florescent emission wavelengths, Sytox
Green and propidium iodide; these were mixed with the cells before the pulses and after
the recovery from pulses, respectively, to measure transient cell permeability and viability
independently. This method was successfully applied to find optimized pulse conditions
in four microalgae species. A similar approach on thraustochytrids has not been reported
to date.

A more specific challenge for thraustochytrids is that their cells can co-exist in various
growth stages, including medium vegetative cells, large multinucleated or sporangium
cells, and small zoospores [1]. There are not only ambiguities between a single multi-
nucleated cell, a single sporangium, and a cluster of multiple zoospores; the cleavages
formed on the sporangium cells also decrease the roundness of cells to different extents.
These various cell sizes and shapes make it difficult to distinguish individual cells by
fluorescence microscopy or flow cytometry. They probably also are electrotransformed at
different frequencies.

2.1.2. Cell Wall Disruption or Removal

Cell walls are complex structures that generally contain various polysaccharides,
lipids, and proteins. Disruption of cell walls has been shown to facilitate the uptake
of molecules of the cells. For instance, the cell wall-less mutants of the microalgae
C. reinhardtii could take up larger-sized molecules such as polysaccharides and proteins
more efficiently [75,77]. In general, the electrotransformation efficiency of marine protists
is relatively low without cell wall removal [20]. One example was the transformation
efficiency in C. reinhardtii, shown to be up to ten times higher for the cell wall-less mutant
than for the wild type [78].

Chemical treatments have been used to disrupt or remove cell walls. Dithiothreitol
(DTT) contains two sulfhydryl groups, which can reduce the disulfide bridges of cell
wall proteins to destabilize cell wall structures or even generate protoplasts. In yeast,
cell wall porosity increased when the number of disulfide bridges of cell wall proteins
decreased [79]. DTT-treatment resulted in the release of various proteins, glycoproteins,
and polysaccharides from the outer cell wall layers of the yeast Candida albicans [80]. DTT
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has been applied to the transformation of multiple species, such as Saccharomyces cerevisiae
and other fungi [81]. In thraustochytrids, DTT treatment is the most used method to
disrupt or remove cell walls before electric pulses (Figure 2). Cell wall degrading enzymes,
including pectinase and snailase (a mixture of many enzymes including cellulase, beta-
glucuronidase, polygalacturonase, hemicellulase, protease, and pectinase), can also be used
to prepare microalgae protoplast [82,83]. In Schizochytrium sp. PKU#Mn4, the two enzymes
were applied to weaken the cell wall further after DTT treatment [46]. As thraustochytrid
cell walls are generally composed of galactose-rich polysaccharides without cellulose [3],
one would expect pectinase and polygalacturonase, but not the cellulase and hemicellulase,
to play the major role in decomposing the cell walls in the protocol. However, using only
these enzymes for disrupting cell walls remains to be tested in preparing thraustochytrid
cells for electroporation.

Cell walls can also be physically weakened by vigorously agitating the cells in the
presence of glass beads, as demonstrated for yeast, the microalgae Chlamydomonas and
thraustochytrids [32,84,85]. In thraustochytrid strain 12B and A. limacinum SR21, the
transformation efficiency was improved by agitating with glass beads from nearly no
transformants to 1.5–15 transformants/μg and 3–150 transformants/μg, respectively [32].
Hence, when establishing a thraustochytrid electroporation protocol, cell wall disruption
is a parameter to consider.

2.1.3. Effect of the Solutions Used to Prepare the Electrocompetent Cells

Typical electroporation solutions used on microbial cells are non-ionic osmotic sta-
bilizers such as sorbitol and sucrose, to increase the cell survival rate [86]. In yeast, the
transformation was more efficient with sorbitol as an electroporation solution than with su-
crose [87]. Similarly, sorbitol is the most used electroporation solution for thraustochytrids,
followed by sucrose (Figure 2), indicating that sorbitol can be a prioritized option in estab-
lishing the protocols. Although the absence of ions during electric pulse increases the cell
viability, washing cells without ions could decrease the cell viability [88], which further
complicates the selection of solutions. Even if the solutions used are non-ionic, the cells’
environment will not be entirely non-ionic due to incomplete washing. In thraustochytrids,
both ionic (e.g., artificial seawater, BSS [51], and phosphate buffer) and non-ionic solution
(H2O, sorbitol, and sucrose) has been used to wash cells (Figure 2).

2.2. Transforming DNA into Thraustochytrid Cells by Non-Electroporation Methods

In thraustochytrids, biolistic transformation is the second most used approach
(Figure 1a), but apparently is less used for thraustochytrids now (Figure 1b). However, it
might just be that more groups have the equipment for studying the electrotransformable
strains, and hence they are studied more. As mentioned earlier, some strains are only
transformed by the biolistic method. Moreover, AMT has been used to engineer two
Schizochytrium species (Table S2). Recently, a commercial kit originally developed for yeast
transformation was successfully applied on Aurantiochytrium sp. YLH70 [56]. The protocol
is significantly simpler than the methods mentioned previously. Although the detailed
principle of the kit is not described, it seems to be related to the lithium cation-based chem-
ical transformation that is commonly applied in yeast [81]. This implies that establishing
protocols based on other existing protocols with more straightforward procedures might
still be possible.

2.3. Other Strategies for Transferring DNA into Cells

Tremendous efforts have been dedicated from different research groups to broaden
our skillsets in the genetic manipulation of thraustochytrids. However, several concerns
could hinder generating systematic strategies based on the existing protocols. For instance,
it would be beneficial if details on unsuccessful protocols and optimization strategies
had been revealed, as demonstrated amiably by few studies [27,32,40,51], to reduce the
unnecessary trials under limited times and resources. Moreover, it is unfortunately common
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to have transformation protocols reported without necessary details. This could affect the
reproducibility and make it more challenging to interpret the optimal factors by protocol
comparisons. Nevertheless, there are still genetic engineering strategies that could be
tested on thraustochytrids, especially those that have been used on other stramenopiles
and microalgae, or technologies developed recently.

Escherichia coli can transfer plasmids or episomes based on conjugative plasmids
through conjugative bridges between the donor E. coli and the recipient cells, a process
similar to AMT. Two plasmids are often used, including a cargo plasmid that contains
the expression cassette and a helper plasmid (without the origin of transfer, oriT) that
includes all genes required for transferring an oriT-containing plasmid. Conjugation does
not require expensive equipment such as electroporators, and efficient conjugation-based
genetic methods have been established for some diatom and green algae species [20,62,89].
For instance, the transformation efficiency of conjugation is higher than biolistic and
electroporation in the diatom Phaeodactylum tricornutum [90,91], and a vector with 49 kb
cargo DNA were introduced and maintained in P. tricornutum after conjugation [91].

Electroporation can also be developed in combination with digital microfluidics
systems. Traditional ‘bulk’ electroporation usually applies voltage from hundreds to
thousands of volts, which can cause water electrolysis in the part of solutions near the
electrodes, resulting in local pH changes that reduce cell viability. In digital microfluidics
systems, cells and DNA cassettes are encapsulated in tiny oily droplets before electric
pulses with electrodes placed near the surfaces of the droplets so that the applied voltages
can be largely reduced to 1 V–2 V though still being able to give an electric field strength in
a range similar to bulk electroporation [92,93]. In addition, due to the relatively sizeable
area-to-volume ratio of the droplets, the heat generated by the pulses can be more rapidly
dissipated [94]. The droplet electroporation on microfluidic chips was found to have up to
a thousand times higher transformation efficiency for the microalgae C. reinhardtii than the
bulk electroporation using cuvettes [78,95], and can therefore be a promising system to test
on transforming thraustochytrids and other microbes.

Cell-penetrating peptides (CPPs) are small peptides usually with less than 30 amino
acids that show a remarkable ability to cross cell membranes and can transport biological
materials intracellularly through non-covalent binding [96]. The TAT peptide (GRKKR-
RQRRRPQ) was the first CPP to be discovered. It is naturally part of the transactivator
of transcription (TAT) protein of human immunodeficiency viruses. The TAT peptide
has been used to facilitate the translocation of the dsDNA T-DNA into the microalgae
Chlorella vulgaris, resulting in genomic integration of a DNA cassette. The peptide pVEC
(LLIILRRRIRKQAHAHSK) derived from the murine vascular endothelial cadherin protein,
has been used to transport Cas9-gRNA RNPs (see Section 3.3 and 3.4) into the microalgae
C. reinhardtii for gene disruption. One advantage of both methods is the simplicity of the
procedure, which only requires cells being treated with detergent or protease before or
after mixing with the corresponding CPP-cargo [97,98]. Further investigation is required to
determine the potential application of CPPs on the transformation of other species.

3. The Properties of the DNA Affect the Outcome of the Transformation

After the DNA has been transformed into the cell, it can be integrated in the genome
at a specific location by homologous recombination (HR), utilizing the sequence homology-
based DNA repair mechanism of the cells. Alternatively, DNA can be integrated in the
genome at the location of random double-strand breaks (DSBs) by the non-homologous
end joining repair (NHEJ) pathway. In most microalgae, random integration is significantly
more efficient than HR, and widely applied to the genome engineering [62,99,100]. How-
ever, the site of the genomic integrations can affect the expression levels, and with random
integration, one cannot utilize previous knowledge on the integration site. Moreover,
non-target genes can be disrupted by random integration, resulting in misinterpretation of
phenotypes unless the integration site is mapped [101]. Therefore, approaches such as intro-
ducing dedicated nucleases or interfering with NHEJ-specific enzymes have been proposed
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to enhance HR efficiency [102]. Exogenous genes without homology arms have been ran-
domly integrated and expressed in at least nine thraustochytrid strains (Table S3). For four
of these strains, random integration was shown to be more efficient than HR-based genome
integration [27]. Episomes and plasmids, which can autonomously replicate extrachromo-
somally and carry expression cassettes, would also reduce the potential side effects from
random genomic integration. Additionally, it is possible to eliminate extrachromosomal
DNAs from the cell simply by removing the selection pressure from the culture.

3.1. The Presence and the Design of Homology Arms Affect Genome Integration

HR has been used for genome editing in prokaryotes and eukaryotes for decades, and
it has, e.g., been exploited to express exogenous genes or disrupt existing genes in at least
20 thraustochytrid strains (Table S3). The most common design is to flank the cassettes
with two homology arms, that is DNA with sequence homologous to a specific genome
location, which can then integrate the cassette into genomes by HR. The efficiency of HR in
cells could be enhanced when the length of the homology arms was increased [103,104]. A
plasmid design for more straightforward construction work is to place only one homology
arm next to the expression cassettes. The plasmid is then linearized by restriction enzymes
cutting a site in the middle of the homology arm before transformation, and thus designed
to integrate into the genome through a single crossover. This approach has been used
in T. aureum ATCC 34304 and A. limacinum SR21 [20,27]. However, the HR efficiency of
the one-homology-arm design is two times lower than the two-homology-arm design in
T. aureum ATCC 34304 [27].

Endogenous promoter and terminator regions can be used directly as homology arms
flanking the exogenous gene [39,55], the shorter cassettes could potentially increase DNA
delivery efficiency. However, this would result in the replacement of the endogenous gene.

3.2. The Structure and Quantity of DNA Affect Transformation Frequencies

The efficiency of HR also depends on whether DNA is linear or circular. Both linear and
circular DNA molecules have been used to transform thraustochytrids (Tables S1 and S2). In
Schizochytrium sp. CB15-5, there were no significant differences in the electrotransformation
efficiency between introducing circular and linear DNA [51]. However, for the biolistic
transformation of T. aureum ATCC 34304, only the linear, and not the circular, DNA molecule
successfully generated transformants [27]. As DNA molecules are attached to beads, and
then penetrate the cell by a pressurized gun in biolistic transformation, DNA structures are
not expected to affect the ability of DNA to enter the cells. Moreover, Zhang et al., 2018 [46]
performed electrotransformations in Schizochytrium sp. PKU#Mn4 with linearized DNA for
genome integration by HR, but used a circular DNA vector for random genome insertion. This
indicates that linear DNA could be more advantageous in performing HR in thraustochytrid
cells. However, the paper does not quantitatively compare the two approaches.

In addition, adding more DNA could generate more transformants [60,87], which can
be expected due to the increased possibility of DNA to contact with chromosomal DNA,
resulting in higher genome integration rate. The amount of DNA added per electropora-
tion ranges widely from 1 to 20 μg in thraustochytrids protocols. In A. limacinum SR21,
adding one μg of DNA resulted in the highest electroporation efficiency, but the number
of transformants increased from 44 to 68 when the DNA rose from 1 to 10 μg [20]. As
DNA is not a costly material, and the goal of most studies is to obtain a high number of
transformants, starting with a high amount of linear DNA seems the best strategy when a
new strain is to be transformed.

3.3. Strategies That Facilite Homologous Recombination

Inducing DSBs at specific sequences by sequence-specific nucleases can increase the
efficiency of HR. Clustered, regularly interspaced short palindromic repeats (CRISPR)-
associated protein (Cas) is a genome-editing technique widely used across species, with
principles and features reviewed extensively by others [102]. With the assistance of site-
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specific guide RNA, DNA DSBs can be introduced by Cas9 or similar endonucleases.
The DSBs can be repaired explicitly by homology-directed repair (HDR), resulting in
predetermined deletions, insertions, or nucleotide changes determined by the added
DNA where flanking arms are homologous to each side of the cut(s). Cas9 or Cas12
nuclease-induced DNA DSBs were shown to increase the efficiency of HR in the microalgae
C. reinhardtii and diatom Thalassiosira pseudonana [105–107]. Recently, zeocin resistance
cassettes were shown to be more efficiently integrated into the genome of Aurantiochytrium
sp. RH-7A and A. limacinum SR21 with assistance from the CRISPR-Cas9 system using
HDR [36]

Another approach to enhance HR might be to interfere with NHEJ-specific enzymes.
For instance, does DNA ligase type IV ligate the nonhomologous DNA ends at the last step
of NHEJ, and knockdown of this enzyme increased the rate of homologous recombination
in P. tricornutum [103]. It is possible that HR efficiency in thraustochytrids can be increased
by attenuating the expression of DNA ligase IV. However, thraustochytrid proteins are
usually evolutionarily distant from those of model species, and a BLAST search in GenBank
shows that most putative DNA ligase IV homologs encoded in the thraustochytrid genomes
have less than 30% identity to those of S. cerevisiae, Arabidopsis thaliana, or P. tricornutum
(unpublished). Hence, the function of putative proteins in the HR and NHEJ pathways in
thraustochytrids needs to be experimentally verified, but the experimental data show them
to be functional for genome engineering.

3.4. Application of Extrachromosomal DNAs

Extrachromosomal DNAs contain elements that function as centromere and origin of
replication (or autonomously replicating sequences, ARS), and yeast-derived centromere
and ARS and have been used to construct a replicating plasmid for A. limacinum OUC88,
which was used to deliver the Cre-recombinase [30]. It is also possible to isolate ele-
ments that function as centromere or ARS from host genomes to support the autonomous
replication of extrachromosomal DNAs [108].

In the recently established CRISPR-Cas9 method in thraustochytrids, the Cas9-gRNA
Ribonucleoprotein (RNP) complex was directly electroporated into the cell to execute
its function [36]. As Cas9-gRNA RNP is assembled in vitro by relatively costly gRNA
and Cas9 proteins, an alternative strategy is to express both gRNA and the endonuclease
after their genes are integrated into the genome, as already established in the diatoms
T. pseudonana and P. tricornutum [109,110]. However, constitutive expression of Cas9 can
cause re-editing (correction) of mutants, have a higher probability of off-target editing, and
may be toxic to cells, which has been shown in microalgae such as C. reinhardtii [111]. To
avoid this, Cas9 and gRNA can be expressed on an autonomously replicating episome
so that the expression of Cas9 can be eliminated by removing the episome from the cell.
This approach has been demonstrated in the diatom P. tricornutum [90], and is a promising
approach to optimize the application of CRISPR-Cas9 genome editing in thraustochytrids.

4. The Properties of the DNA Related to Gene Expression in Thraustochytrids

The gene expression level from an expression cassette will be affected by the choice
of promoter and terminators, originated either endogenously, from other closely related
species, or from other species. Constitutive promoters are commonly used to express
heterologous genes with different strengths, while inducible promoters are advantageous
at controlling the expression of toxic genes. Once transformation has been achieved, several
strategies have been used to discover or design promoters that could be used to enhance
transformation efficiency or control gene expression. Antibiotics selection is widely used
to identify transformants expressing the corresponding antibiotic resistance gene. When
the goal is gene-inactivation, one only needs to express a selectable marker gene if the
organism is haploid, while diploid organisms would necessitate two marker genes for
complete inactivation. Expanding the number of antibiotics applicable for transformant
selection can boost the genetic engineering capability, as multiple genes of an organism
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can be disrupted by different antibiotic-resistance cassettes through HR. On the other
hand, in most cases one would want to express one or more additional genes. Then, each
gene would need their own promoter and terminator, resulting in long DNA cassettes for
transformation. Approaches such as utilizing self-cleaving peptides (Section 4.3) or co-
transforming separate single gene-containing DNA molecules can reduce DNA size when
co-expressing antibiotic-resistance gene with gene of interests (GOIs), which potentially
enhance DNA delivery.

4.1. Promoters and Terminators Used for Controlling Cassette Expression Level

In yeast, the elongation factor 1-alpha (EF1α) promoter is one of the strongest con-
stitutive promoters used [112,113], and the cytochrome c1 (CYC1) terminator is among
the three most used terminators [114]. In thraustochytrids, the EF1α promoter and termi-
nator are one of the most frequently used endogenous promoters and terminators, while
S. cerevisiae’s EF1α (TEF1) promoter and CYC1 terminator are the most frequently used
non-endogenous promoter and terminator (Figure 3 and Table S4). In Schizochytrium sp.
CB15-5, transformants were more efficiently generated by expressing the zeocin resistance
cassette with the endogenous EF1α promoter-terminator than with the endogenous actin
promoter-terminator, followed by the endogenous glyceraldehyde 3-phosphate dehydro-
genase (GAP) promoter-terminator. The number of transformants with the endogenous
EF1α promoter-terminator was up to 15 times higher than that with the endogenous
GAP promoter-terminator [51]. Recently, a promoter activity assay was established in
Schizochytrium sp. S31 and the tested promoters, here listed by descending promoter
strength, were glucose-repressible gene (ccg1) of Neurospora, TEF1, endogenous EF1α, and
endogenous ubiquitin [48]. Hence, the EF1α and the ccg1 promoters are presumably more
secure options for establishing protocols on new strains. There are also no indications that
endogenous promoters are preferable in thraustochytrids. However, these comparisons of
promoter strength were all performed in the Schizochytrium genus. Whether the trends are
similar in Aurantiochytrium and other genera is unknown.

Figure 3. The prevalence of constitutive promoters (a) and terminators (b) used in thraustochytrids
genetic engineering. Strain numbers: the number of strains that have used the promoter/terminator
in at least one publication (Tables S3 and S4).

Strong promoters have been determined based on a transcriptomic analysis in the
diatom P. tricornutum [115]. One approach has also been to transform promoter-less marker
genes to subsequently identify the marker genes’ upstream sequence with strong expression
in the transformants of the microalgae C. reinhardtii [116]. However, this approach only
applies to those strains with established transformation protocols. There are also limited
choices of marker genes that are able to generate easy-to-screen phenotypes when they are
expressed. Finally, it is possible to generate synthetic promoters by error-prone PCR or
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rational design, which has been reviewed in detail [94,95]. Similarly, stronger terminators
can also be identified by screening fluorescent reporter proteins with a combination of
thousands of terminators [117].

Compared to constitutive promoters, significantly fewer thraustochytrids were engi-
neered with inducible promoters, including the galactose-inducible galactokinase (GAL1)
promoter of S. cerevisiae [30], the ethanol-inducible alcohol dehydrogenase I (AlcA) pro-
moter of Aspergillus nidulans [57,58], and the methanol-inducible alcohol oxidase I (AOX1)
promoter of Pichia pastoris [48] (Table S3). Although the strength of the induced AOX1
promoter was discovered to be weaker than TEF1, the AOX1 promoter had no detectable
promoter activity in the absence of methanol [48], indicating its great potential for control-
ling the expression of a toxic gene in thraustochytrids.

4.2. Antibiotics Resistance Genes for Transformant Selection in Thraustochytrids

G418, zeocin, and hygromycin are the most frequently used antibiotics in thraus-
tochytrids. However, the concentrations needed vary largely between different strains
(Table 1). For example, the zeocin concentration applied for selecting transformants
in Thraustochytrium sp. ONC-T18 is more than 100 times higher than that used for
Schizochytrium sp. HX-308 [55]. The antibiotic concentration used in different protocols
for the same strain also varies (Table 1). One possibility is that one tends to choose a
concentration somewhat higher than the minimum inhibitory concentration (MIC). Ad-
ditionally, as the transformation process may result in different cell fragility levels, cells
can have different levels of antibiotic tolerance. Furthermore, the density of cells growing
on the selective agar media can alter the resistance. For the yeast P. pastoris, it has been
shown that dead cells can absorb zeocin and reduce the perceived concentration, allowing
untransformed cells to grow as false-positive colonies [118]. A similar phenomenon also
existed when we attempted to select Aurantiochytrium sp. T66 transformants by zeocin
(unpublished), potentially aggravated by the cells’ clustering-prone phenotype. Overall,
although G418, zeocin, and hygromycin can be prioritized for new protocol establishments,
it is difficult to estimate the concentration for a new strain based on previous research
on other strains. The MIC must always be determined using cell concentrations similar
to those that will be utilized when plating out transformed cells. When establishing a
protocol, it may be worthwhile to plate transformants on a couple of different antibiotics
concentrations to avoid both false negatives and the risk of exceeding the resistance level
for transformed cells.

Table 1. Antibiotics used for selecting transformants of thraustochytrids.

Strain Zeocin Hygromycin G418 Blasticidin Other Reference

A. limacinum F26-b 2000 500 [21–23]

A. limacinum mh0186 500 * 1000; 2000 * 500 1200 500 (neomycin) [24–28]

A. limacinum OUC168 5 100 (chloramphenicol) [29]

A. limacinum OUC88 5 100 (chloramphenicol) [30]

A. limacinum SR21 30; 50; 100 200 500 [20,31–36,52]

Aurantiochytrium sp. KRS101 30 (cycloheximide) [37]

Aurantiochytrium sp. MP4 50 [38]

Aurantiochytrium sp. PKU#SW7 500 500 [39]

Aurantiochytrium sp. RH-7A 100 [36]

Aurantiochytrium sp. SD116 30; 50; 100 500 * 50 *; 50 100
*(anhydrotetracycline) [40–42]

Aurantiochytrium sp. SK4 50 [38,43]

Aurantiochytrium sp. YLH70 15 [56]

Parietichytrium sp. TA04Bb 2000 500 800 [27]

Schizochytrium sp. S31 40; 50 100
50 (bleomycin); 250

(cefotaxime); 50
(paromomycin)

[5,47,48,53,57,58]
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Table 1. Cont.

Strain Zeocin Hygromycin G418 Blasticidin Other Reference

Schizochytrium sp. HX-308 1.5; 20 [44,45]

Schizochytrium sp. PKU#Mn4 800 [46]

Schizochytrium sp. TIO01 100 [49]

Schizochytrium sp. TIO1101 300 [50,59]

Schizochytrium sp. SEK 579 2000 500 [27]

Schizochytrium sp. CB15-5 20 [51]

Thraustochytrid strain 12B 500 [32]

T. aureum ATCC 34304 2000 1000; 2000 200–400 [27,54]

Thraustochytrium sp. ONC-T18 250 400 [55]

Each number represents the minimal concentration (μg/mL) used on agar for transformant selection in the reference; * MIC identified in
the reference that was not used in transformant selection. The references of each used concentration are shown in Table S5.

Expanding the number of antibiotics applicable for transformant selection is especially
critical for gene inactivation in diploid thraustochytrid strains such as T. aureum ATCC
34304, as each allele must be disrupted separately to inactivate the gene function com-
pletely [27,54]. Potentially applicable antibiotics for thraustochytrids can be selected from
those applied on other stramenopiles, including phleomycin, nourseothricin, puromycin,
and formaldehyde [20]. As both zeocin and phleomycin belong to the bleomycin family
with the same corresponding resistance gene, phleomycin can be tested on those strains
that fail to be selected by zeocin without changing the resistance cassette. However, as
antibiotic resistance of thraustochytrids is among the highest compared to other marine
protists, expanding the number of applicable antibiotics is expected to be challenging [20].

Finally, removal of the resistance gene from the genome by Cre/loxP system was
demonstrated in A. limacinum OUC88 [30]. This method can reduce the number of different
antibiotics needed to generate a series of genome integrations and, therefore, it would be
worthwhile to explore its application on more thraustochytrid strains.

4.3. Expression of Multiple Genes

Cassettes containing a GOI and antibiotic resistance gene have been expressed in
at least 18 thraustochytrid strains (Table S3). In most of these cassettes, each gene was
flanked with an individual pair of promoter and terminator. These were different for each
gene on the cassette, potentially intended to avoid intramolecular HR that can truncate
the plasmids [119]. One exception is that two copies of the same phosphoglycerate kinase
(PGK) promoter were used on the same cassette without negative consequences mentioned
in A. limacinum OUC168 [29].

As multiple promoters and terminators on the same cassette significantly increase
the cassette size, it potentially reduces DNA delivery efficiency and limits the number
of genes expressed on a single cassette. An alternative approach is to connect multiple
genes with 2A linker sequences as a single multicistronic transcription unit, driven by a
single pair of promoter and terminator. 2A linker sequences are 18–22 amino acids viral
origin peptides that introduce cleavage of polypeptides during translation in eukaryotic
cells [120]. Picornavirus 2A (P2A) peptides have been used in Aurantiochytrium sp. SK4 [43],
Thraustochytrium sp. ONC-T18 [55], and A. limacinum SR21 [52], while foot-and-mouth
disease virus 2A (F2A) peptides have been used in Aurantiochytrium sp. SD116 [41]. In
Aurantiochytrium sp. SK4, three genes were linked via P2A sequences [43], demonstrating
the possibility for co-expressing several genes of interest. The efficiency of 2A cleavage
may depend on the 2A peptide or the strain that is used. In Aurantiochytrium sp. SD116,
the proteins that contain F2A peptides were nearly 100% cleaved [41]. However, in Thraus-
tochytrium sp. ONC-T18, the proteins that comprise P2A peptides were only partially
cleaved [55].

Another approach that could reduce the cassette sizes for transformation would be to
put the antibiotics resistance gene and the genes of interest on separate DNA molecules
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and transform them simultaneously. Although it is apparent that not all antibiotic-resistant
transformants can be expected to express the gene from the other DNA molecule, this
approach has been applied in the diatom P. tricornutum combined with biolistic transforma-
tion and around 60–70% of the transformants expressed genes originated from both plas-
mid [121]. Studies using this approach on thraustochytrids have not yet been published.

5. Conclusions

Most eukaryotic microorganisms have not been identified to date, and among those
known to have biotechnologically interesting properties, only a small fraction have been
transformed. This review compiles the current knowledge that is either used or have the
potential to be used in one group of marine microorganisms that, evolutionarily, is quite
different from other organisms as recently shown [122]. However, the approaches and ele-
ments used are similar to those used in other species, such as yeast, green microalgae, and
diatoms, and hence will be relevant to consider for eukaryotic microorganisms in general.

Thraustochytrids are becoming increasingly interesting for sustainable biomanu-
facturing. Thus far, only some thraustochytrids have been successfully engineered by
protocols tailored to the species and strains of interest. Still, developing genetic tools in
new thraustochytrid strains presents significant challenges. Although methods such as
biolistic transformation and AMT have been used, electroporation is the most widely used
method for delivering DNA into thraustochytrids cells, with experimental setup of electric
pulses, cell wall treatment, and the solutions as most common factors to be considered.
Moreover, the properties of expression cassettes, including promoters, terminators, ho-
mology arms, antibiotics resistance genes, self-replicating sequences, linkers, and vector
structure and quantity, play important roles in heterologous expression experiments. Fur-
ther systematic studies to narrow down the critical parameters involved in thraustochytrid
genetic engineering methods are needed to effectively overcome fundamental barriers of
protocol establishment. Emerging tools such as CRISPR-Cas, conjugation, microfluidics,
and CPPs may open up new solutions to simplify the engineering process establishment in
thraustochytrids, as well as other microorganisms.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md19090515/s1, Table S1: Electroporation conditions used in thraustochytrid transformation,
Table S2: Non-electroporation transformation methods used in thraustochytrids, Table S3: Promoters
and terminators used for thraustochytrids genetic engineering as well as the insertion type and the
expressions of GOIs in thraustochytrids genetic engineering, Table S4: The prevalence of constitutive
promoters and terminators used in thraustochytrids genetic engineering, and Table S5: Antibiotics
used for selecting transformants of thraustochytrids with detailed information regarding to the
reference of each concentration.
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Table S2. Non-electroporation transformation methods used in thraustochytrids. 

Strain Transformation 
method 

DNA 
structure 

Efficiency Reference 
 

Aurantiochytrium sp. 
YLH70 

Frozen-EZ Yeast 
Transformation II 

L n/a [56] 

A. limacinum mh0186 Biolistic L Extremely 
rare 

[27] 

Parietichytrium sp. TA04Bb Biolistic L 50 [27] 

Schizochytrium sp. S31 AMT n/r n/r [57] 

AMT n/r n/r [58] 

Biolistic C >2 [53] 

Biolistic C 125-12.5 [5] 

Schizochytrium sp. TIO1101 AMT n/r n/r [59] 

Schizochytrium sp. SEK 579 Biolistic L 46 [27] 

T. aureum ATCC 34304 Biolistic L 190 [27] 

Biolistic L n/a [54] 

Thraustochytrium sp. ONC-
T18 

Biolistic L n/a [55] 

Efficiency, number of transformants per ug of cassette DNA; n/a, not available; AMT, Agrobacterium 
tumefaciens-mediated transformation; n/r, not relevant; L, linear; C, circular. 

 

 

  



Table S3. Promoters and terminators used for thraustochytrids genetic engineering as well as the insertion type and the 
expressions of GOIs in thraustochytrids genetic engineering. 

Strain Promoter Terminator Insertion type 
A. limacinum F26-ba EF1α (n/a) [21, 22]; Ubiquitin (T. 

aureum) [21-23] 
EF1α (n/a) [22]; Ubiquitin (n/a) 
[21]; SV40 [21-23] 

HR [21-23];  
Random [21, 22] 

A. limacinum mh0186a EF1α (T. aureum) [24-28]; 
Ubiquitin (T. aureum) [24-28] 

EF1α (T. aureum) [24-28]; 
Ubiquitin (T. aureum) [24-28] 

HR [25];  
Random [24-28] 

A. limacinum OUC168a PGK (Sc) [29] CYC1 [29] HR [29] 

A. limacinum OUC88a EF1α (Sc) [30]; PGK (Sc) [30]; 
GAL1(Sc) [30]  

CYC1 [30] HR [30] 

A. limacinum SR21a EF1α (Sc) [33-35]; GAP [20, 52]; 
Ubiquitin (T. aureum) [31]; EF1α 
(T. aureum) [31]; EF1α (12B) [32]; 
Actin (RH-7A) [36] 

CYC1 [33-35]; GAP [20, 52]; 
Ubiquitin (T. aureum) [31]; EF1α 
(T. aureum) [31]; EF1α (12B) [32]; 
Actin (RH-7A) [36] 

HR [20, 32-35, 
52];  
Random [31] 

Aurantiochytrium sp. 
KRS101a 

GAP (Hp) [37] AOX (Hp) [37] HR [37] 

Aurantiochytrium sp. 
MP4a 

Tubulin (SK4) [38] SV40 [38] HR [38] 

Aurantiochytrium sp. 
PKU#SW7  

PH [39]; DH [39] PH [39]; DH [39] HR [39] 

Aurantiochytrium sp. 
RH-7A 

Actin [36] Actin [36] n.r. 

Aurantiochytrium sp. 
SD116a 

EF1α [40]; Actin [40]; EF1α (Sc) 
[41, 42]; Tubulin [42] 

EF1α [40]; Actin [40, 42]; CYC1 
[40-42] 

HR [40-42] 

Aurantiochytrium sp. 
SK4a 

Tubulin [38, 43] SV40 [38, 43] HR [38, 43] 

Aurantiochytrium sp. 
YLH70a 

Actin [56]; ubiquitin [56] orfC [56] HR [56] 

Parietichytrium sp. 
TA04Bb 

Ubiquitin (T. aureum) [27] Ubiquitin (T. aureum) [27] Random [27] 

Schizochytrium sp.  
S31a 

35S (CMV) [47, 57, 58]; Tubulin [5, 
47]; AlcA (An, inducible) [57, 58]; 
EF1α [48, 53]; EF1α (Sc) [48]; ccg1 
(Neurospora) [48]; AOX1 (Pp, 
inducible) [48]; Ubiquitin [48] 

polyA (CMV) [47, 57, 58]; Nos 
(At) [47, 57, 58]; CYC1 [47]; PFA3 
[53]; SV40 [5]; Ubiquitin [48]; 
AOX1 (Pp) [48] 

HR [5, 47];  
Random [48, 53, 
57, 58] 

Schizochytrium sp.  
HX-308a 

EF1α (Sc) [44, 45]; Ubiquitin (n/a) 
[44, 45] 

CYC1 [44, 45]; Ubiquitin (n/a) [44, 
45] 

HR [44, 45] 

Schizochytrium sp. 
PKU#Mn4a 

poly-Ubiquitin [46] CYC1 [46] HR [46]; 
Random [46] 

Schizochytrium sp. 
TIO01a 

EF1α (Sc) [49]  CYC1 [49]  HR [49] 

Schizochytrium sp. 
TIO1101a  

EF1α (Sc) [50, 59]; 35S (CMV) [59] CYC1 [50, 59] ; Nos (At) [59] HR [50];  
Random [59] 

Schizochytrium sp.  
SEK 579 

Ubiquitin (T. aureum) [27] Ubiquitin (T. aureum) [27] Random [27] 

Schizochytrium sp. 
CB15-5a 

Actin [51]; EF1α [51]; GAP [51] Actin [51]; EF1α [51]; GAP [51] HR [51] 



Thraustochytrid strain 
12B 

EF1α [32] EF1α [32] HR [32] 

T. aureum ATCC 
34304a 

Ubiquitin [27, 54]; EF-1α [27]; EF-
1α (n/a) [54] 

Ubiquitin [27, 54]; EF1α [27]; 
SV40 [54]; EF1α (n/a) [54] 

HR [27, 54]; 
Random [54]  

Thraustochytrium sp.  
ONC-T18a 

Tubulin [55] Tubulin [55] HR [55] 

The origins of each element were indicated in parentheses; Sc, Saccharomyces cerevisiae; All CYC1 originated from Sc; All SV40 
originated from simian virus 40; Except CYC1 and SV40, all elements without indications are endogenous; EF1α (Sc), TEF1; PH, 
very-long-chain (3R)-3-hydroxyacyl-CoA dehydratase; DH, dehydrase/isomerase; Nos, nopaline synthase; 12B, 
Thraustochytrid strain 12B; RH-7A, Aurantiochytrium sp. RH-7A; SK4, Aurantiochytrium sp. SK4; T. aureum, Thraustochytrium 
aureum ATCC 34304; CMV, Cauliflower mosaic virus; An, Aspergillus nidulans; Pp, Pichia pastoris; At, Agrobacterium tumefaciens; 
Hp, Hansenula polymorpha; n/a, not available; n.r., not relevant (CRISPR-Cas9); aWith GOIs expressed. 

 

  



Table S4. The prevalence of constitutive promoters and terminators used in thraustochytrids genetic engineering. 
 

Endogenous 
Non-endogenous 

Thraustochytrids S. cerevisiae Simian 
virus 40 

H. polymorpha 

Promoter      
EF1α 4 3 7 0 0 
Ubiquitin 4 5 0 0 0 
Actin 4 1 0 0 0 
Tubulin 4 1 0 0 0 
GAP 2 0 0 0 1 

Terminator      
CYC1 0 0 9 0 0 
EF1α  4 2 0 0 0 
Ubiquitin 2 4 0 0 0 
SV40 0 0 0 5 0 
Actin 3 1 0 0 0 

The numbers show the number of strains that have used the promoter/terminator in at least one publication (Table 
S4). 

 



Table S5. Antibiotics used for selecting transformants of thraustochytrids with detailed information regarding to the 
reference of each concentration. 

Strain Zeocin Hygromycin G418 Blasticidin Other 
A. limacinum F26-b 

 
2000 [21-23] 500 [21, 22] 

  

A. limacinum mh0186 500* [27] 1000 [25]; 
2000* [27] 

500 [25-28] 1200 [27] 500 (neomycin) [24] 

A. limacinum OUC168 5 [29] 
   

100 (chloramphenicol) 
[29] 

A. limacinum OUC88 5 [30] 
   

100 (chloramphenicol) 
[30] 

A. limacinum SR21 30 [35]; 50 [33, 
35]; 100 [20, 34, 

36, 52] 

200 [20] 500 [20, 31, 
32] 

  

Aurantiochytrium sp. 
KRS101 

    
30 (cycloheximide) 

[37] 
Aurantiochytrium sp. MP4 50 [38] 

    

Aurantiochytrium sp. 
PKU#SW7  

 
500 [39] 500 [39] 

  

Aurantiochytrium sp. RH-
7A 

100 [36] 
    

Aurantiochytrium sp. 
SD116 

30 [40]; 50 [42]; 
100 [41] 

500* [40] 50* [40]; 50 
[41] 

 
100* 

(anhydrotetracycline) 
[40] 

Aurantiochytrium sp. SK4  50 [38, 43] 
    

Aurantiochytrium sp. 
YLH70 

15 [56] 
    

Parietichytrium sp. 
TA04Bb 

 
2000 [27] 500 [27] 800 [27] 

 

Schizochytrium sp. S31 40 [48]; 50 [5] 
 

100 [47] 
 

50(bleomycin) [47]; 
250 (cefotaxime) [57, 

58]; 50 (paromomycin) 
[53] 

Schizochytrium sp. HX-
308 

1.5 [45]; 20 [44] 
    

Schizochytrium sp. 
PKU#Mn4 

  
800 [46] 

  

Schizochytrium sp. TIO01 100 [49] 
 

  
  

Schizochytrium sp. 
TIO1101  

  
300 [50, 59] 

  

Schizochytrium sp. SEK 
579 

 
2000 [27] 500 [27] 

  

Schizochytrium sp. CB15-5 20 [51] 
    

Thraustochytrid strain 
12B 

  
500 [32] 

  

T. aureum ATCC 34304 
 

2000 [27, 54] 1000 [27]; 
2000 [54] 

200-400 [54] 
 

Thraustochytrium sp.  
ONC-T18 

250 [55] 400 [55]    

Each number represent the minimal concentration (μg/mL) used on agar for transformant selection in the reference; *Minimum 
inhibitory concentration identified in the reference that was not used in transformant selection. 
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Abstract
Thraustochytrids are oleaginous marine eukaryotic microbes currently used to produce the essential omega-3 fatty acid
docosahexaenoic acid (DHA, C22:6 n-3). To improve the production of this essential fatty acid by strain engineering, it is
important to deeply understand how thraustochytrids synthesize fatty acids. While DHA is synthesized by a dedicated enzyme
complex, other fatty acids are probably synthesized by the fatty acid synthase, followed by desaturases and elongases. Which
unsaturated fatty acids are produced differs between different thraustochytrid genera and species; for example, Aurantiochytrium
sp. T66, but not Aurantiochytrium limacinum SR21, synthesizes palmitoleic acid (C16:1 n-7) and vaccenic acid (C18:1 n-7).
How strain T66 can produce these fatty acids has not been known, because BLAST analyses suggest that strain T66 does not
encode any Δ9-desaturase-like enzyme. However, it does encode one Δ12-desaturase-like enzyme. In this study, the latter
enzyme was expressed in A. limacinum SR21, and both C16:1 n-7 and C18:1 n-7 could be detected in the transgenic cells. Our
results show that this desaturase, annotated T66Des9, is a Δ9-desaturase accepting C16:0 as a substrate. Phylogenetic studies
indicate that the corresponding gene probably has evolved from aΔ12-desaturase-encoding gene. This possibility has not been
reported earlier and is important to consider when one tries to deduce the potential a given organism has for producing
unsaturated fatty acids based on its genome sequence alone.

Key points
• In thraustochytrids, automatic gene annotation does not always explain the fatty acids produced.
• T66Des9 is shown to synthesize palmitoleic acid (C16:1 n-7).
• T66des9 has probably evolved from Δ12-desaturase-encoding genes.

Keywords Delta-9 desaturase . Palmitoleic acid . Aurantiochytrium . Thraustochytrids . Delta-12 desaturase . Fatty acid

Introduction

Thraustochytrids are heterotrophic marine eukaryotes known
for the ability to accumulate high levels of the omega-3 fatty
acid DHA (Aasen et al. 2016; Morabito et al. 2019). They
belong to the Stramenopiles group and are divided into several
genera such as Schizochytrium, Aurantiochytrium, and

Thraustochytrium (Marchan et al. 2018). Omega-3 fatty acids,
including DHA, are beneficial to human health, and some
thraustochytrid strains are used for commercial DHA produc-
tion (Barclay et al. 2010; Guo et al. 2018). Due to the increas-
ing demand for sustainable sources of fatty acids (FAs), such
as DHA (Ghasemi Fard et al. 2019; Sprague et al. 2016),
knowledge about how thraustochytrids synthesize FAs is im-
portant to be able to improve potential production strains by
metabolic engineering.

Polyunsaturated fatty acids (PUFAs) can be produced
by two distinct pathways. Usually, PUFAs are synthesized
from C16:0, the main product of the fatty acid synthase
(FAS), by the desaturase-elongase (DE) pathway (Sun
et al. 2020; Thelen and Ohlrogge 2002) (Fig. 1). The
desaturases of the DE pathway are mixed function oxi-
dases, and the reaction is coupled to an electron flow
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involving cytochrome b5 and cytochrome b5 reductase.
However, in thraustochytrids producing DHA and in bac-
teria producing omega-3 fatty acids, PUFAs are mostly
synthesized by an alternative pathway, using a dedicated
polyketide synthase (PKS) which synthesizes, e.g., DHA
directly from malonyl-CoA and acetyl-CoA without the
need for oxygen for desaturation (Hauvermale et al.
2006; Metz et al. 2001). Although some PUFAs are syn-
thesized by the DE pathway in some thraustochytrids, this
pathway has not been shown to contribute to DHA produc-
tion (Matsuda et al. 2012; Sakaguchi et al. 2012). Even
though both the FAS-DE and the PKS pathways share pre-
cursors such as acetyl-CoA, malonyl-CoA, and NADPH,
the regulation of the relative activities of these pathways is
still mostly unknown.

Different thraustochytrid genera or strains have different FA
compositions, potentially related to the presence or absence of
particular enzymes. In a comparative study, it was reported that
the amount of linoleic acid (C18:2 n-6), stearic acid (C18:0),
and oleic acid (C18:1 n-9) in Schizochytrium sp. SEK210 and
Thraustochytrium aureum ATCC 24473 were significantly
higher than those in the tested Aurantiochytrium sp. (Nagano
et al. 2011). Moreover, T. aureum has been found to produce n-
6 PUFAs by the DE pathway (Matsuda et al. 2012), while FAs
like C20:4 have not been detected in Aurantiochytrium sp.
(Heggeset et al. 2019). In addition, monounsaturated FA
palmitoleic acid (C16:1 n-7) and vaccenic acid (C18:1 n-7)
have been detected in Aurantiochytrium sp. T66., but not in
Aurantiochytrium limacinum SR21 (Jakobsen et al. 2008;
Yokochi et al. 1998). As indicated in Fig. 1, C16:0 can be

desaturated to C16:1 n-7 by Δ9-desaturases. C16:1 n-7 can
then be elongated to C18:1 n-7 by an elongase accepting
C16-Δ9 as substrate. Alternatively, C18:1 n-7 could be synthe-
sized from C18:0 by a Δ11-desaturase.

The genome of Aurantiochytrium sp. T66 encodes seven
putative desaturases, including gene T66002957.1, which ex-
hibits high homology to Δ12-desaturases that catalyze the
conversion of oleic acid (C18:1 n-9) to linoleic acid (C18:2
n-6) (Heggeset et al. 2019). However, no C18:2 n-6 or C18:1
n-9 were detected in the FA profile of Aurantiochytrium sp.
T66 (Jakobsen et al. 2008). In addition, T66002957.1 was
highly expressed at the nitrogen-limited lipid accumulation
stage in Aurantiochytrium sp. T66 cells and that is when the
two monounsaturated FAs are synthesized (Heggeset et al.
2019). Moreover, in Thraustochytrium sp. ATCC 26185, a
putative desaturase with the identical amino acid sequence
of the T66002957.1 encoded a protein that displayed no
Δ12-desaturase activity when expressed heterologously in
Escherichia coli (Meesapyodsuk and Qiu 2016), suggesting
that the function of the enzyme could be different from that
predicted by sequence similarity.

In this study, we explored the hypothesis that although the
T66002957.1 encoded protein shares Δ12-desaturase se-
quence characteristics, it might possess Δ9-desaturase activi-
ty. Since A. limacinum SR21 has not been reported to produce
C16:1 or C18:1 FAs, and was found not to encode a homol-
ogous protein, we expressed T66002957.1 in A. limacinum
SR21. The transgenic strain synthesized both C16:1 n-7 and
C18:1 n-7. T66002957.1 is therefore named T66des9 and the
corresponding protein T66Des9 in the rest of this paper.

Materials and methods

Strains and medium

Aurantiochytrium limacinum SR21 (ATCC® MYA-1381™)
was cultured in GPYS [3% glucose, 0.6% peptone, 0.2% yeast
extract, 50 mM sucrose, 1.8% ocean salt (Tropic Marin® Sea
Salt CLASSIC), 200 μg/ml ampicillin, 200 μg/ml streptomy-
c in ) a t 28 °C wi th ro ta ry shak ing a t 170 rpm.
Aurantiochytrium sp. T66 (ATCC® PRA-276™) was cul-
tured in YPDS (2% glucose, 2% peptone, 1% yeast extract,
1.75% ocean salt, 200 μg/ml ampicillin, 200 μg/ml strepto-
mycin) at 25 °Cwith rotary shaking at 170 rpm (Supplemental
Table S1). For plates, 20 g/L agar (LP0011, Oxoid Ltd, UK)
was added. For long-term storage, cells were suspended in
15% glycerol and kept at −80 °C.

The fat accumulation medium was prepared as described:
(in g/l) glucose (40), NH4Cl (0.7), KH2PO4 (0.3), Na2SO4

(18), MgSO4x7H2O (0.25), CaCl2x2H2O (0.2), KCl (0.4),
Tris-base (6.1), maleic acid (5.8), and yeast extract (0.3).
The pH of medium was adjusted to 7 with NaOH.

Fig. 1 Possible pathways for biosynthesis of unsaturated fatty acids in
Aurantiochytrium sp. T66. des, desaturase; elo, elongase; FAS, fatty acid
synthase; PKS, PKS pathway. Enzymes not found encoded in the
Aurantiochytrium sp. T66 genome and FAs never detected in this strain
are written in gray. Single asterisk indicates the automatic annotation for
T66Des9.
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Immediately before use, every liter of the medium was sup-
plemented with 5 ml of trace mineral solution (in mg/l: 390
CuSO4x5H2O, 20 CoCl2x6H2O, 5000 FeSO4x7H2O, 150
MnSO4x7H2O, 10 NaMoO4x2H2O, and 440 ZnSO4x7H2O)
and 1 ml of vitamin solution (in g/l: 0.05 thiamin HCl and
0.005 B12 cobalamin).

Phylogenetic analysis

The analyses were conducted inMEGAX (Kumar et al. 2018)
by using the maximum likelihood method and JTT matrix-
based model (Jones et al. 1992). The analysis involved 31
amino acid sequences. There were a total of 546 positions in
the final dataset. Initial trees for the heuristic search were
obtained automatically by applying Neighbor-Join and
BioNJ algorithms to a matrix of pairwise distances estimated
using the JTT model and then selecting the topology with
superior log likelihood value.

Plasmid construction

PCRs were performed by Q5® High-Fidelity DNA
Polymerase (New England Biolabs, USA). DNAs were
digested by restriction enzymes (New England Biolabs,
USA) and purified from gels by Monarch® DNA gel extrac-
tion kit (New England Biolabs, USA). Genomic DNAs were
isolated by MasterPure™ Complete DNA and RNA
Purification Kit (Lucigen, USA). Plasmids were extracted by
ZR Plasmid Miniprep (Zymo Research, USA). DNAs were
cloned into TOPO vectors by Zero Blunt™ TOPO™ PCR
Cloning Kit (Invitrogen, USA). DNAs were ligated by T4
DNA Ligase (New England Biolabs, USA), followed by stan-
dard E. coliDH5α transformation and antibiotic selection. All
PCR-originated regions of the clones are verified by Sanger
sequencing (Eurofins Scientific, Luxembourg). Plasmids,
primers, restriction enzymes, and antibiotic selection genes
used were indicated in Supplemental Table S2, S3 and Fig.
S1. Gene T66des9 (T66002957.1) is the base pair position
4173-5426 of the T66 genome contig LNGJ01004217
(GenBank accession number) (Liu et al. 2016).

The scheme of the plasmid construction was illustrated in
Supplemental Fig. S1. DNA fragment (r)ble-2A-
T66des9-(f)GAPt was generated by overlap extension PCR.
The 1st round PCR products A and C were amplified from
pUC19-18GZG, and product B was amplified from
Aurantiochytrium sp. T66 genomic DNA. PCR products A,
B, and C were purified from gels and mixed as the 2nd round
PCR template (Hilgarth and Lanigan 2020). DNA fragment
GAPp-(f)ble and (r)GAPt were amplified from pUC19-
18GZG. Upper and lower flanking were amplified from
A. limacinum SR21 genomic DNA.

Transformation of A. limacinum SR21

The electrotransformation protocol of A. limacinum SR21was
adapted from Faktorová et al. (2020) and Rius (2021). Cell
colonies were inoculated in GPY medium at 28 °C for 2 days
with rotary shaking at 170 rpm, followed by sub-culturing
cells with starting OD600~0.02 in 50 ml GPY medium with
250ml non-baffled flasks and 170 rpm rotary shaking at 28 °C
until the OD600 reached around 3 (~24 h). Cells were then
collected by centrifugation at 7,000 g for 5 min at 4 °C and
washed by 10 ml of 1X BSS (10 mM KCl, 10 mM NaCl, and
3 mMCaCl2) twice by 10 ml of 50 mM sucrose with the same
centrifugation setting and resuspended in 2 ml of 50 mM su-
crose to a final concentration of approximately 7.5×105 cells/
μl. The cell suspensions were transferred to 2-mm-gap cu-
vettes (VWR, Belgium) on ice and adjusted to appropriate
volumes (typically 150~300μl) with impedance (kΩ) between
0.9 and 1.5, measured byNEPA21 Electroporator (Nepa Gene
Co., Ltd., Japan). DNA cassettes were linearized by SfoI di-
gestion at the plasmid backbone region and purified
(Monarch® Kits for DNA Cleanup, New England Biolabs,
USA). Tenμl DNA (3~5 μg) was added to the cell suspension
in 2-mm-gap cuvettes, mixed by flicking, and incubated on ice
for 5 min. Each cuvette was set on the NEPA21 Electroporator
and pulsed with poring pulse parameters: 275 V, 8 millisec-
onds (ms) pulse length, two pulses, 50 ms length interval,
10% decay rate, “+” polarity and transfer pulse parameters: 20
V, 50 ms pulse length, 50 ms length interval, 1 pulse, 40%
decay rate, “+/−” polarity. Two ml of GPYS medium was
immediately added to the pulsed cells, which was then trans-
ferred to tubes and incubated overnight at 28 °C with rotary
shaking at 170 rpm. The cells were collected by centrifugation
and plated evenly to three GPYS agar plates (avoid over-
dried) containing 100 μg/mL Zeocin (Thermo Fisher
Scientific, USA) and incubated at room temperature for 3–5
days. Emerged colonies were re-streaked to new GPYS agar
plates containing 100 μg/ml Zeocin. Colonies that grew after
re-streaking were subjected to genomic DNA extraction
(MasterPure™ Complete DNA and RNA Purification Kit,
Lucigen, USA) and verified by PCR (Q5® High-Fidelity
DNA Polymerase, New England Biolabs, USA).

RT-PCR analysis

Total RNA from A. limacinum SR21 cells cultivated overnight
in GPY medium were isolated using Spectrum™ Plant Total
RNA Kit (Sigma-Aldrich, USA) with DNase I treatment
(DNA-free™ DNA Removal Kit, Thermo Fisher Scientific,
USA), and the cDNA was synthesized using First-Strand
cDNA Synthesis Kit (Cytiva, USA) with random hexamer
primers. PCR was performed to amplify parts of T66des9
cDNA by the primer pair 2957RT-f and 2957RT-r, ble cDNA
by the primer pair zeo sjekk-f and zeoRT-r, and β-tubulin gene
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(GenBank accession number: KX668278) cDNA as a reference
gene by the primer pair SR21tubF2 and SR21tubR2
(Supplemental Table S3). PCR was performed by Q5® High-
Fidelity DNA Polymerase (New England Biolabs, USA), with
the parameters: 98 °C for 30 s, followed by 28 cycles of 98 °C
for 10 s, 66 °C for 30 s, and 72 °C for 30 s, and followed by a
final extension of 2 min at 72 °C.

Cultivations for determination of fatty acid profiles

Single colonies of A. limacinum SR21 were inoculated in
tubes with GPY medium at 28 °C for 2 days with rotary
shaking at 170 rpm, followed by sub-culturing cells with
starting OD600~0.02 in 100 ml fat accumulation medium with
500ml baffled flasks and 170 rpm rotary shaking at 28 °C. For
every collection time point, culture OD600 was recorded, and
2 ml of the culture was stored at −20 °C for FA analysis. For
lipid extraction and determination of the FA isomers, 50 ml of
the culture was centrifuged, and the pellet was stored at −20
°C until freeze-drying and analyses.

Fatty acid analyses

The FA concentrations were determined by LC-MS (Heggeset
et al. 2019). For the determination of the FA isomers, total
lipids were extracted from the freeze-dried pellets (Jakobsen
et al. 2008). The extracted oil was diluted with isooctane (to
ca. 80 μg/μl) and methylated (AOCS 2017a; AOCS 2017b),
before analysis on an Agilent 8860 gas chromatograph
(Agilent Technologies, USA) equipped with a flame ioniza-
tion detector and a CP-Wax 52 CB capillary column (25 m ×
250 μm × 0.2 μm, Agilent Technologies, USA). The FAs
were identified based on the GLC Reference standard 68D
(GCL-68D, Nu-Check, USA), which contains 20 fatty acid
methyl esters (FAMEs).

Results

Sequence analysis of T66des9

Wewanted to know if other species or strains encode homologs
of T66Des9. The amino acid sequence of T66Des9 was first
compared to the non-redundant protein sequences database at
GenBank using BLAST. T66Des9 showed the highest degree
of identity with proteins that are either annotated as Δ12-
desaturase or hypothetical proteins, but no Δ9-desaturases
(Supplemental Table S4). Phylogenetic analysis showed that
T66Des9 is most closely related to proteins from other
thraustochytrids, followed by diatoms and plants (Fig. 2).
Two of the proteins most similar to T66Des9, TauΔ12des of
T. aureum and PpDes12 of Phaeodactylum tricornutum, have
both been verified to exhibit Δ12-desaturase activities

(Domergue et al. 2003; Matsuda et al. 2012). To compare the
sequence between T66Des9 and a functionally verified Δ9-
desaturase, we added fD9des of Fistulifera solaris to the phy-
logenetic analysis (Muto et al. 2013). However, fD9des is sub-
stantially distant from the rest of the analyzed proteins, includ-
ing a putative Δ12-desaturase from the same species. The
structure of T66Des9 was then analyzed. Homology modeling
using Phyre2 (Kelley et al. 2015) indicated that only the se-
quences of membrane-bound FA desaturases from mammals
(Bai et al. 2015; Wang et al. 2015) were sufficiently similar to
obtain a model. T66Des9 was found to have the four expected
trans-membrane helixes (not shown). The protein contains the
three histidine boxes with eight histidine residues and the single
histidine residue after the last transmembrane helix (His302 in
T66Des9), all of which are necessary for coordinating the di-
iron molecule in the catalytic center (Nachtschatt et al. 2020;
Nagao et al. 2019) (Fig. 3). The first histidine box has the
consensus sequence HX3H, not the consensus sequence
HX4H prevalent among Δ9-desaturases (Shanklin et al.
1994). We further compared the T66Des9 sequence to the
Labyrinthulomycetes part of the whole genome shotgun data-
base at NCBI and the sequenced heterokonts available at JGI.
This identified a few additional thraustochytrid species
encoding proteins closely related to T66Des9 (Supplemental
Table S5). Notably, A. limacinum did not encode proteins
closely related to T66Des9.

Generation of a T66des9-expressing A. limacinum
SR21 mutant strain

It was decided to insert an expression cassette encoding
T66Des9 into the crtIBY gene of A. limacinum SR21 by ho-
mologous recombination. The expression cassette contains a
Zeocin resistance gene (ble) linked to T66des9 by a 2A
peptide-encoding DNA fragment, and gene expression was
controlled by the endogenous glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) promoter and terminator (Fig. 4a and
Supplemental Fig. S1). The 2A peptide can be cleaved off
during protein translation, resulting in two separated proteins
(Liu et al. 2017). The cassette was flanked by two DNA frag-
ments from theβ-carotene synthesis gene crtIBY (Iwasaka et al.
2018). Disruption of crtIBY will turn the colonies from brown
to pale due to the lack of carotenoids, making this a convenient
integration site since the site-specific genome integration does
not affect viability or growth and can be verified by the color of
the colonies (Rius 2021). The vector containing the T66des9
knock-in cassette was designated pEMR24. Since the precursor
of carotenoids is also acetyl-CoA, disruption of crtIBY could
potentially affect FA synthesis. Moreover, the use of the endog-
enous GAPDH promoter might alter the expression of GAPDH
and influence glycolysis, gluconeogenesis, and glycerol synthe-
sis. Considering these potential side effects, we constructed
plasmid pEMR26 to be able to create a control strain.

Appl Microbiol Biotechnol



pEMR26 is identical to pEMR24, except for it only encoding
ble (Supplemental Fig. S1).

pEMR24 and pEMR26 were used to transform
A. limacinum SR21 cells by electroporation. We obtained
one colony (26-1) that could grow after re-streaking on a plate
containing Zeocin after transformation by pEMR24 and five
such colonies (30-1, 30-18, 30-21, 30-22, 30-23) after trans-
formation by pEMR26. DNA from these colonies were then
used in a PCR reaction that confirmed that 26-1 and three of
the five transformants (30-1, 30-21, and 30-23) of pEMR26
had replaced parts of crtIBY with the plasmid inserts (Fig.
4a, b and Supplemental Fig. S2). Strains 26-1 and 30-1
encoding ble-2A-T66des9 and ble, respectively, were chosen
for further work. These strains also showed the expected pale
phenotype which further supported that the expression cas-
sette was correctly integrated (Fig. 4c).

While resistance to Zeocin indicated that the first part of the
construct was expressed, we wanted to confirm that the
T66des9 gene transcripts were present in 26-1 strain. This
was done by isolating RNA from the wild type (WT), strain
30-1 and 26-1, creating cDNA and then performing T66des9

PCR. Samples without reverse transcriptase were used to rule
out contamination of genomic DNA in the RNA samples. The
results showed the presence of T66des9 mRNA in 26-1 (Fig.
4d).

Analyses of the fatty acid compositions of the
T66Des9-expressing transgenic A. limacinum SR21
strains

Given that the gene was expressed, it was likely that the pro-
tein also would be expressed. In that case, analyses of the FAs
synthesized by the mutant strain could demonstrate the func-
tion of T66Des9.

A. limacinum SR21 WT and strains 30-1 and 26-1 were
cultivated in shake flasks using glucose as the carbon source.
The growth curves were similar for all three strains (Fig. 5). It
should be mentioned that since the thraustochytrid cells accu-
mulate lipids in the stationary phase, the optical density will
still increase after they have stopped cell division. This be-
comes apparent in all studies plotting both optical density and
lipid-free cell mass. We analyzed the FA composition of the

Fig. 2 Phylogenetic analysis of T66Des9 and its homologs from the
GenBank search. The homologs’ names and information were
summarized in Supplemental Table S4 and shown here only with the
species name unless selectively indicated with parentheses. The tree
with the highest log likelihood (−20940.42) is shown. The tree is rooted

with fD9des. The scale bar shows a distance of 0.5 substitutions per
residue. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1000 replicates) are shown next
to the branches (Felsenstein 1985)
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strains after cultivating for 16.5 (approximately at nitrogen-
exhaustion), 36 (nitrogen-limited), and 60 h (late nitrogen-
limited). Supplemental Table S6 shows the data for all time
points and Table 1 the data for the last sampling of the two
transgenic strains. As expected, neither C16:1 nor C18:1 was
detected in WT or strain 30-1 at any time point. On the other
hand, both C16:1 and C18:1 were detected in strain 26-1.

In order to determine the position of the double bond,
methyl esters of the FAs produced by strain 26-1 and
Aurantiochytrium sp. T66 WT as control were analyzed by
GC-FID. The results showed that both C16:1 and C18:1 were
the n-7 isomers (Fig. 6a and Supplemental Table S7). This
indicated that T66Des9 is a Δ9-desaturase when C16:0 is
the substrate.

Discussion

In the present study, expression of T66Des9 resulted in the syn-
thesis of C16:1 n-7 and C18:1 n-7 in A. limacinum SR21. Since
the amount of C18:0 was lower than that of C18:1 n-7 and the

amount of C16:1 n-7 and C18:1 n-7 accumulated nearly linearly
at similar rates (Fig. 6 b and c), it is likely that C18:1 n-7 was
synthesized from C16:1 n-7 by an elongase (Fig. 1). In
Aurantiochytrium sp. T66, the putative protein encoded by
T66003689.1 (ELO-1) is identical to the function-verified
C16-Δ9 elongase TsELO2 from Thraustochytrium sp. ATCC
26185 (Heggeset et al. 2019; Ohara et al. 2013). The protein
encoded by Aurli1_73494 of A. limacinum SR21 shows 72%
identity to TsELO2, and this protein or other putative elongases
might be able to accept C16:1 n-7 as substrate.

Our data cannot exclude the possibility that the enzyme
T66Des9 is an ω-7 desaturase, counting from the methyl
end instead of the carboxyl end indicated by theΔ-nomencla-
ture. Still, we have not found any reports in literature on ω-
type enzymes introducing the first double bond. Some plants
also make n-7 fatty acids, and it has been shown that they do
so by using Δ9 desaturases (see, e.g., Cahoon et al. 1998).
However, since the plant enzymes utilize ACP-linked and not
CoA-linked substrates, this merely is an indication. Taken
together, the most likely interpretation of our data is that
T66Des9 is aΔ9-desaturase that accepts C16:0 as a substrate.

Fig. 3 Multiple sequence alignment of the amino acid sequence of
T66Des9 with the two most homologous proteins with characterized
enzyme activity found in our search was generated by ClustalW and
drawn by ESPript 3.0 (Robert and Gouet 2014). Tau12des: TauΔ12des,
a Δ12-desaturase of T. aureum; PpDes12: a Δ12-desaturase of

P. tricornutum; white letters with a black background: identical residues;
bold letters in a black box: similar residues; underline: the three conserved
histidine boxes of membrane-bound FA desaturases; asterisk: the con-
served His302
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Fig. 4 a Scheme for linearized
pEMR24 or pEMR26 (without
2A and T66des9) cassettes
integrating into the genome of
A. limacinum SR21 cells. Upper/
lower, homologous regions;
GAPp/t, GAPDH promoter/
terminator; ble, Zeocin resistance
gene; 2A, peptide self-cleavage
sequence; arrows, primer anneal-
ing sites. b Genomic PCRs of in-
dicated strains were performed
with the primer pairs 11+15 and
16 + 14. M: lambda-PstI ladder. c
Indicated strains were streaked on
GPYS agar medium and incubat-
ed at room temperature for about
2 weeks. d The transcripts of the
indicated strains were detected by
RT-PCR using specific primers
for the T66des9, ble, and β-
tubulin gene; RT+/-, template
RNA with/without reverse
transcription

Table 1 Fatty acid composition of A. limacinum SR21 strains after
cultivation for 60 h. (Data are expressed as the mean ± the variation of
two replicates originating from two independent cultures. The data for

each replicate are the mean of two separate runs of FA analysis. The FAs
less than 0.01 g/l were considered as background signals and were not
shown)

Strains 30-1 26-1

FAs g/la %b g/l %

C14:0 0.36±0.01 4.62±0.44 0.38±0.04 5.07±0.36

C16:0 4.35±0.3 55.18±0.92 3.99±0.19 52.94±0.02

C16:1 0.00 0.00 0.2±0.01 2.66±0.07

C18:0 0.09±0.04 1.1±0.54 0.1±0 1.4±0.09

C18:1 0.00 0.00 0.18±0 2.37±0.14

C20:5 0.02±0 0.3±0.01 0.02±0 0.29±0.02

C22:5 0.77±0.04 9.66±0.74 0.71±0.03 9.42±0.86

C22:6 2.31±0.18 29.11±0.82 2.05±0.14 27.13±0.57

Total 6.87±1.85 7.54±0.35

a Grams per liter of the culture
b Percentage of total fatty acids
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Phylogenetic studies of desaturases have shown that Δ9-
desaturases and Δ12-desaturases are well separated (Sperling
et al. 2003;Wilding et al. 2017). However, the same papers also
point out that since the assumed gene duplication and subse-
quent functional change to Δ9-desaturases or Δ12-desaturases
took place fairly early in evolution, much of the amino acids
now found to be specific forΔ9-desaturases orΔ12-desaturases
might not really be necessary for their specific functions. Still,
Fig. 1 shows that T66Des9 belongs to the clade identified as
Δ12-desaturases (Wilding et al. 2017). A possible explanation
could be that the Δ12-desaturase gene in an ancestral
thraustochytrid cell became duplicated. Then, one of the dupli-
cate genes evolved, possibly through the step of encoding a
bifunctional Δ9/Δ12-desaturase into a Δ9-desaturase gene. In
the ancestral T66 cell, the Δ12-desaturase gene was then lost.
One similar incident has been described earlier in the house
cricket (Acheta domesticus) (Zhou et al. 2008). This insect en-
codes a bifunctionalΔ12/Δ9-desaturase AdD9des with lowΔ9
desaturation activity that presumably evolved from a Δ9-
desaturase (Zhou et al. 2008). The Δ9 desaturation activity of
AdD9des could also be enhanced by point mutations, identified

Fig. 5 The growth of A. limacinum SR21 strain WT, 30-1 and 26-1 in
shake flasks using glucose as the carbon source, measured as optical
density (OD600); data are expressed as the mean of two replicates origi-
nating from two independent cultures; error bars represent the variation;
checkmarks, sample collecting time points

Fig. 6 a Partial gas
chromatography chromatogram
of FAMEs from A. limacinum
SR21 strain 26-1 cultured for 60
hours. The positions of the FAs
were based on the standard GCL-
68D. The time course accumula-
tion of C16:1 and C18:1 from
A. limacinum SR21 strain 26-1 is
shown by grams per liter of cul-
ture (b) and the percentage of total
fatty acids (c). Data are the mean
of two replicates originating from
two independent cultures. The
data for each replicate are the
mean of two separate runs of FA
analysis; cell growth is the mean
of two replicates originating from
two independent cultures and in-
dicated as OD600; error bars rep-
resent the variation
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via directed evolution approaches, indicating that the Δ12 re-
gioselectivity of AdD9des could gradually have been obtained
by an ancestral Δ9-desaturase (Vanhercke et al. 2011). No di-
unsaturated FA were identified in our experiments, indicating
that T66Des9 is not a bifunctional enzyme.

One of the reasons that thraustochytrids may not usually
generate DHA through the DE pathway is that many strains
are missing one or more of the expected DE pathway
desaturases and elongases (Dellero et al. 2018; Liang et al.
2020; Meesapyodsuk and Qiu 2016). For example, here we
demonstrated that Aurantiochytrium sp. T66 lacks the Δ12-
desaturase annotated previously, because the gene instead en-
codes the Δ9-desaturase T66Des9 synthesizing C16:1 n-7, a
FA that is not considered as a DHA precursor. Our findings
are consistent with the possibility described in previous re-
ports that Aurantiochytrium sp. T66 does not possess an intact
FAS-DE pathway to produce DHA (Heggeset et al. 2019;
Jakobsen et al. 2008).

C16:1 n-7 and a non-oleic C18:1 FA can be produced in
Thraustochytrium sp. ATCC 26185 (Weete et al. 1997). It has
earlier been demonstrated that C18:1 n-7 can be synthesized
from C16:1 n-7 by TsELO2 of this strain (Ohara et al. 2013),
while it was not known which enzyme produces C16:1 n-7.
Since Thraustochytrium sp. ATCC 26185 has an identical pro-
tein to T66Des9, our discovery seems to be fitting the last piece
into the puzzle of how Thraustochytrium sp. ATCC 26185 can
produce the C18:1 n-7, presumably the non-oleic C18:1 found
in the strain. Conjugated linoleic acid, the downstream product
of C18:1 n-7, is substantially beneficial to human metabolism
(Koba and Yanagita 2014). The potential values of C18:1 n-7
itself on health are also expanding (Blewett et al. 2009; Jacome-
Sosa et al. 2016). The knowledge gained from this study dem-
onstrates the potential of utilizing thraustochytrids to produce
C18:1 n-7 by metabolic strain engineering.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00253-021-11425-5.
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Supplemental Table S1 Strains used in this study

Strain Description Reference

T66 Wild-type Aurantiochytrium sp. T66 ATCC®

SR21 Wild-type Aurantiochytrium limacinum SR21 ATCC®

#26-1 Transgenic strain derived from SR21 with crtIBY disrupted by ble-2A-T66des9
expression cassette

this study

#30-1 Transgenic strain derived from SR21 with crtIBY disrupted by ble expression cassette this study

Supplemental Table S2 Plasmids used in this study

Plasmids Description Reference

pUC19-18GZG AmpR, ble flanked by SR21 endogenous GAPDH promoter and terminator Addgene

pEMR15 KanR, pCR™Blunt II-TOPO® containing ble (rear part)-2A-T66des9-
GAPDH terminator (front part)

This study

pEMR19 KanR, pCR™Blunt II-TOPO® containing crtIBY homologous flanking
sequence (upper)

This study

pEMR20 KanR, pCR™Blunt II-TOPO® containing GAPDH promoter-Ble (front
part)

This study

pEMR21 KanR, pCR™Blunt II-TOPO® containing GAPDH terminator (rear part) This study

pEMR22 KanR, pCR™Blunt II-TOPO® containing crtIBY homologous flanking
sequence (lower)

This study

pEMR23 AmpR, containing GAPDH terminator (rear part)-crtIBY homologous
flanking sequence (lower)

This study

pEMR24 AmpR, GAPDH promoter-ble-2A-T66des9-GAPDH terminator expression
cassette flanked by crtIBY homologous sequences

This study

pEMR26 AmpR, GAPDH promoter-ble-GAPDH terminator expression cassette
flanked by crtIBY homologous sequences

This study



Supplemental Table S3 Primers used in this study

Primer
short
name

Primer Sequence 5' 3' Underlined
region

1 KI2957-1-SmaI CTCCCGGGACTTCGTG XmaI/SmaI

2 KI2957-2-2a GTCTCCTGCTTGCTTGAGCAGAGAGAAGTTCGTG
GCTCCGGATCCGTCCTGCTCCTCGGC

partial 2A
sequence

3 KI2957-3-2a GCCACGAACTTCTCTCTGCTCAAGCAAGCAGGAG
ACGTGGAAGAAAACCCCGGTCCTTGCAAGGTGG
AGCCC

partial 2A
sequence

4 KI2957-4 TACATGTCGACTCTAGAGGATCCCCTTAGAGCGT
CTTGGCCTTG

5 KI2957-5 GGGGATCCTCTAGAGTCGAC

6 KI2957-6 CAGAAATACTAGTTTTGTGAATGAAAAGAGATG
ATAAAAG

SpeI

7 GAPDHpro_SbfI-F ATACCTGCAGGGAGACGAGCATATGACTACTG SbfI

8 Ble_inside_SmaI-R ACGAAGTCCCGGGAGAAC XmaI/SmaI

9 GAPDHter_inside-SpeI-F CATTCACAAAACTAGTATTTCTGCATTAGAAATC SpeI

10 GAPDHter-NotI-R ATAGCGGCCGCAGCGGATAACAATTTCACACAG
G

NotI

11 SR21 CrtUF GGTACCTGGATGCCTGAGGTCTTC KpnI

12 SR21 CrtUR GGGCCCATTAATCCTGCAGGGAATACATGGCTGC
GCTAC

SbfI

13 SR21 CrtD-NotI-F ATAGCGGCCGCCGCTCGCTTTCTTGGATACTG NotI

14 SR21 CrtDR ATTGTCACAGGGCGAACG

15 21crt-midR CGGCCGTGTTCATATAAGAG

16 21CrtUFcheck TGGCAGAGCTCATCAGTTTG

zeo sjekk-f AGTTGACCAGTGCCGTTCC

zeoRT-r CGAAGTCGTCCTCCACGAAG

SR21tubF2 TGTTGAGAACGCTGATGAGG

SR21tubR2 CGAGCTTACGGAGGTCAGAG

2957RT-f GTCAACGCCTACCTCATTGGG

2957RT-r CTTGGAGAAGAGGTGGTGCG



Supplemental Table S4 T66Des9 homologs that showed the highest degree of identity with
proteins encoded by different genera or thraustochytrids species using BLAST in the non-

redundant protein sequences database at Genbank

Accession Description Species Query
Cover

E value Per.
Ident

AOG21009.1 delta12 desaturase Thraustochytrium sp. ATCC 26185 100% 0 100.00%

GBG24140.1 Delta12-fatty-acid desaturase Hondaea fermentalgiana 100% 0 80.65%

BAM37464.1 delta12-fatty acid desaturase Thraustochytrium aureum 99% 1.00E-124 44.12%

AAO23564.1 delta 12 fatty acid desaturase
(PpDes12)

Phaeodactylum tricornutum 97% 8.00E-119 44.34%

BAO27791.1 delta12 desaturase-b Fistulifera solaris 90% 1.00E-110 44.19%

OEU07512.1 delta 12 fatty acid desaturase Fragilariopsis cylindrus CCMP1102 91% 2.00E-109 44.25%

XP_00229207
1.1

predicted protein Thalassiosira pseudonana CCMP1335 91% 3.00E-106 41.67%

VEU44279.1 unnamed protein product Pseudo-nitzschia multistriata 90% 2.00E-103 42.57%

CEM11741.1 unnamed protein product Vitrella brassicaformis CCMP3155 88% 1.00E-101 43.32%

XP_00903562
1.1

hypothetical protein
AURANDRAFT_24467

Aureococcus anophagefferens 87% 2.00E-100 42.01%

MBC8351339.
1

fatty acid desaturase Planctomycetes bacterium 86% 7.00E-93 42.12%

KAA8495721.
1

Omega-6 fatty acid desaturase,
endoplasmic reticulum isozyme 2

Porphyridium purpureum 96% 8.00E-93 38.69%

NLA37757.1 fatty acid desaturase Actinobacteria bacterium 85% 7.00E-87 41.32%

XP_00250709
1.1

fatty acid desaturase Micromonas commoda 94% 6.00E-85 38.06%

CEO99628.1 hypothetical protein PBRA_007361 Plasmodiophora brassicae 90% 7.00E-84 37.99%

XP_00145454
7.1

hypothetical protein Paramecium tetraurelia strain d4-2 85% 2.00E-83 39.28%

NLD75814.1 fatty acid desaturase Acidimicrobiales bacterium 92% 2.00E-82 39.19%

HBU37186.1 TPA: fatty acid desaturase Planctomycetaceae bacterium 91% 8.00E-82 37.98%

KAF4668261.
1

linoleoyl-CoA desaturase activity Perkinsus chesapeaki 87% 2.00E-81 38.92%

XP_00307537
4.1

Fatty acid desaturase, type 1 Ostreococcus tauri 86% 1.00E-80 38.21%

RHZ75025.1 hypothetical protein Glove_218g3 Diversispora epigaea 95% 6.00E-80 34.91%



QDZ17765.1 delta(12)-fatty-acid desaturase Chloropicon primus 84% 2.00E-78 38.72%

ABQ01458.1 oleate 12-hydroxylase Physaria lindheimeri 84% 2.00E-78 38.14%

XP_01886021
2.1

delta(12)-fatty-acid desaturase FAD2-
like

English walnut 93% 3.00E-78 38.78%

XP_00402505
0.1

hypothetical protein IMG5_193510 Ichthyophthirius multifiliis 91% 6.00E-78 37.28%

KRX08182.1 hypothetical protein PPERSA_12337 Pseudocohnilembus persalinus 88% 7.00E-78 36.19%

GHP07573.1 linoleoyl-CoA desaturase Pycnococcus provasolii 84% 9.00E-78 40.77%

XP_02264045
9.1

omega-6 fatty acid desaturase,
endoplasmic reticulum isozyme 2
isoform X2

mung bean 91% 2.00E-77 39.16%

KAF8643095.
1

hypothetical protein HU200_066967 Digitaria exilis 95% 2.00E-77 38.00%

KAB8088627.
1

hypothetical protein EE612_013286 rice 89% 3.00E-77 38.96%

XP_01722051
8.1

PREDICTED: delta(12)-fatty-acid
desaturase FAD2-like

Daucus carota subsp. sativus 90% 4.00E-77 37.86%



Supplemental Table S5 List of thraustochytrid species encoding proteins closely related to
T66Des9 by using BLAST in the databasesa at Genbank

nrb wgsc

Species Accession Identity
(%)

Accession Identity
(%)

Aurantiochytrium sp. KH105 BGKB01000047.1 87

Aurantiochytrium sp. KH105 BGKB01000033.1 80

Hondaea fermentalgiana strain FCC1311 GBG24140.1 80.65 NPFB01000004.1 81

Schizochytrium sp. CCTCC M209059 JTFK01001013.1 86

Thraustochytrium aureum ATCC 34304 BAM37464.1 44.12 BLSG01000191.1 43

Thraustochytrium sp. ATCC 26185 AOG21009.1 100
a No relevant results were obtained from the sequenced heterokonts available at JGI database. b The non-
redundant protein sequences database at Genbank. c The Labyrinthulomycetes part of the whole genome
shotgun database at Genbank



Supplemental Table S6 Fatty acid compositions of A. limacinum SR21 strains: all analyzed
timepoints a

g/lb

Strain WT 30-1 26-1

Hr
FA 16.5 36 60 16.5 36 60 16.5 36 60

C14:0 0.11±0.01 0.28±0.01 0.34±0.01 0.11±0.01 0.31±0.01 0.36±0.01 0.13±0.01 0.34±0.03 0.38±0.04

C15:0 0 0 0 0 0 0 0 0 0

C16:0 1.53±0.06 3.46±0.1 4.71±0.3 1.36±0.12 3.36±0.21 4.35±0.3 1.37±0.23 3.32±0.07 3.99±0.19

C16:1 0 0 0 0 0 0 0.06±0 0.15±0.01 0.2±0.01

C17:0 0 0 0 0 0 0 0 0 0

C18:0 0.02±0.03 0.05±0.07 0.12±0 0.04±0 0.06±0.03 0.09±0.04 0.04±0 0.09±0 0.1±0

C18:1 0 0 0 0 0 0 0.05±0 0.12±0 0.18±0

C20:5 0.02±0 0.02±0 0 0.01±0 0.02±0 0.02±0 0.01±0 0.02±0 0.02±0

C22:5 0.24±0.04 0.58±0.06 0.79±0.08 0.21±0 0.6±0.02 0.77±0.04 0.21±0.01 0.58±0.05 0.71±0.03

C22:6 0.74±0.11 1.8±0.12 2.63±0.48 0.64±0.02 1.78±0.01 2.31±0.18 0.66±0.08 1.66±0.02 2.05±0.14

Total 2.64±0.2 6.18±0.22 8.61±0.72 2.37±0.15 5.32±1.28 6.87±1.85 2.51±0.34 6.21±0.05 7.54±0.35

%c

Strain WT 30-1 26-1

Hr
FA 16.5 36 60 16.5 36 60 16.5 36 60

C14:0 4.18±0.17 4.48±0.26 3.93±0.23 4.51±0.02 5.11±0.22 4.62±0.44 5.01±0.15 5.47±0.45 5.07±0.36

C15:0 0 0 0 0 0 0 0 0 0

C16:0 58.04±2.2
7

55.98±0.3
2

54.72±1.0
2

57.43±1.4
7

54.81±2.1
3

55.18±0.9
2

54.69±1.6
3

53.51±0.6
6

52.94±0.0
2

C16:1 0 0 0 0 0 0 2.36±0.14 2.42±0.13 2.66±0.07

C17:0 0 0 0 0 0 0 0 0 0

C18:0 0.78±1.1 0.74±1.04 1.36±0.06 1.78±0.1 1.03±0.51 1.1±0.54 1.71±0.14 1.44±0.02 1.4±0.09

C18:1 0 0 0 0 0 0 2.08±0.21 1.89±0.07 2.37±0.14

C20:5 0.29±0.01 0.26±0.01 0 0.3±0.01 0.27±0.02 0.3±0.01 0.28±0.01 0.26±0.01 0.29±0.02

C22:5 8.89±0.99 9.37±1.38 9.19±1.65 8.69±0.58 9.75±0.61 9.66±0.74 8.52±0.61 9.31±0.82 9.42±0.86

C22:6 27.82±2.2 29.18±0.9
3

30.47±3.0
7

27.26±0.7
9 29±0.75 29.11±0.8

2 26.57±0.5 26.73±0.4
5

27.13±0.5
7

aData are expressed as the mean ±variation of two replicates originated from two independent cultures. The data of each
replicate of strain 30-1 and 26-1 are the mean of two separate runs of FA analysis. bGrams per liter of the culture. cPercentage
of total fatty acids. The FAs less than 0.01 g/l were considered as background signals and were not shown



Supplemental Table S7 Fatty acid compositions of A. limacinum SR21 strain 26-1 and
Aurantiochytrium sp. T66 WT with the isomers distinguished

Peak Area % of identified FAMEs

Fatty acid 26-1 T66

C14:0 3.76 13.75

C14:1 n-5 < 0.1 < 0.1

C16:0 55.67 32.82

C16:1 n-7 2.64 13.62

C18:0 1.57 1.23

C18:1 n-9 < 0.1 < 0.1

C18:1 n-7 2.45 8.17

C18:3 n-3 < 0.1 < 0.1

C20:0 0.20 < 0.1

C20:4 n-6 0.23 0.15

C20:5 n-3 (EPA) 0.26 0.48

C22:0 0.11 < 0.1

C22:5 n-3 (DPA) 5.99 7.97

C24:0 < 0.1 0.17

C22:6 n-3 (DHA) 26.99 21.42

Sum identified FAMEs (%) 99.40 98.19

Sum unknown peaks (%) 0.60 1.65

LOQ 0.1%



Supplemental Fig. S1 Scheme of constructing pEMR24 and pEMR26. Upper/Lower flanking: crtIBY homologous regions;

GAPp: GAPDH promoter; GAPt: GAPDH terminator; (f)/(r)GAPt: the front/rear of GAPt ; ble: Zeocin resistance gene;

(f)/(r)ble: the front/rear of ble; 2A: peptide self-cleavage sequence; 1~12: PCR primers



Supplemental Fig. S2 Illustration of the sizes of PCR products amplified from the gnomic DNA of (A) WT and

non-transformants (30-18 and 30-22), (B) strain 30-1, 30-21 and 30-23, (C) strain 26-1. Primer pair 11+15

amplified fragments of 1475bp only from WT, 30-18 and 30-22. Primer pair 16 + 14 amplified larger PCR

fragments of 6997bp and 5683bp from 26-1, and the three strains (30-1, 30-21 and 30-23), respectively. Primer pair

16 and 14 amplified a shorter fragment of 3003bp from WT, 30-18 and 30-22. Upper/Lower: crtIBY homologous

regions; GAPp/t: GAPDH promoter/terminator; ble: Zeocin resistance gene; 2A: peptide self-cleavage sequence;

Arrows: primer annealing sites
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