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A B S T R A C T

Thraustochytrids were first discovered in 1934, and since the 1960's they have been increasingly studied for
their beneficial and deleterious effects. This review aims to provide an enhanced understanding of these protists
with a particular emphasis on their taxonomy, ecology and biotechnology applications. Over the years,
thraustochytrid taxonomy has improved with the development of modern molecular techniques and new bio-
chemical markers, resulting in the isolation and description of new strains. In the present work, the taxonomic
history of thraustochytrids is reviewed, while providing an up-to-date classification of these organisms. It also
describes the various biomarkers that may be taken into consideration to support taxonomic characterization of
the thraustochytrids, together with a review of traditional and modern techniques for their isolation and mo-
lecular identification. The originality of this review lies in linking taxonomy and ecology of the thraustochytrids
and their biotechnological applications as producers of docosahexaenoic acid (DHA), carotenoids, exopoly-
saccharides and other compounds of interest. The paper provides a summary of these aspects while also high-
lighting some of the most important recent studies in this field, which include the diversity of polyunsaturated
fatty acid metabolism in thraustochytrids, some novel strategies for biomass production and recovery of com-
pounds of interest. Furthermore, a detailed overview is provided of the direct and current applications of
thraustochytrid-derived compounds in the food, fuel, cosmetic, pharmaceutical, and aquaculture industries and
of some of the commercial products available. This review is intended to be a source of information and re-
ferences on the thraustochytrids for both experts and those who are new to this field.

1. Introduction

There are numerous examples of case studies that initially started
with the investigation of ecology of microorganisms but which even-
tually lead to biotechnological as a result of the discovery of new
compounds with specific industrial or research applications. For ex-
ample, numerous enzymes from extremophile microorganisms have
found biotechnological applications of very high importance such as the
Taq DNA polymerase which underpinned the polymerase chain reaction
(de Champdoré et al., 2007). However, the importance of taxonomy is
often overlooked in biotechnology as an indicator of potential novel
innovations. Indeed, the close phylogenetic relationship between mi-
croorganisms can provide valuable information regarding general
trends on growth requirements, production of compounds of interest,

and ecological functions which collectively can lead to the discovery of
a new group of functional microorganisms or functional bioactive
compounds, or provide insight into process and method development in
fermentation. In addition, while extensive efforts have been applied to
the study of bacteria and fungi for uses in the food, chemical and
pharmaceutical industries, heterotrophic protists (with the exception of
photosynthetic microalgae) have been largely disregarded and left un-
derexplored for many years (Kiy, 1998).

However, new tools in metagenomics analysis have shown the po-
tential of protists in many biotechnology fields (Mackiewicz et al.,
2010). In the last two decades, the drive for discovering new bioactive
compounds, has lead an increasing number of scientists to tap into the
little-known group of microorganisms that are the protists, with a
particular interest in flagellates (e.g. Leishmania) and ciliates (e.g.
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Tetrahymena), notably as host organisms for the production of complex
recombinant proteins (Breitling et al., 2002; Catalani et al., 2016;
Cowan et al., 2014). Still, those working on these microorganisms face
many future challenges as the mass culture of heterotrophic protists is
reputed to be complex and difficult due to specific nutritional re-
quirements and sensitivity to shear forces while being cultured, and
longer generation times than many prokaryotes (Kiy, 1998).

In this study, we reviewed a group of heterotrophic marine bi-
flagellate protists, the thraustochytrids, from the importance of their
taxonomy to the current biotechnological applications, based on an
appreciation of their ecology, growth requirements and metabolism.
The thraustochytrids are well known in the field of single cell oil for
their ability to produce the health-benefitting long-chain omega-3 oils,
in particular DHA, in high absolute and relative content and are cur-
rently being exploited by several companies. While previous and recent
reviews have provided very detailed analysis of specific aspects of the
thraustochytrids, this review aims to provide a broad overview of these
microorganisms from their first description to their current utilization.
By doing so, this review ensures the continuity of many studies on
thraustochytrids, linking historical and modern taxonomy with growth
and production patterns of certain compounds of interest, which di-
rectly feed into biotechnological applications. Hence, this is the first
review with the aim of linking ecology and taxonomy to trends and
production patterns among genera, in order to help maximize their uses
in current and future biotechnological applications.

2. Taxonomy, phylogeny and morphological features of
thraustochytrids

2.1. Taxonomy and phylogeny

Marine fungi, protists, heterokonts, chromists, or heterotrophic
microalgae are the many common names, and sometimes misnomers,
that have been used to describe thraustochytrids. As a result of this
confusion, efforts have been made to establish the true taxonomic po-
sition of thraustochytrids and the related labyrinthulids and apla-
nochytrids within the domain Eukarya, but the classification of some

doubtful strains and group members still remains unclear, and dis-
agreements between taxonomists also still persist.

The first description of a thraustochytrid was made in 1934. This
was Thraustochytrium proliferum, which was isolated from the marine
alga Bryopsis plumose in coastal waters near Woods Hole, Massachusetts
(Sparrow, 1936). Initially, the family Thraustochytriaceae was in-
correctly identified as belonging to the Phycomycetes, due to their
ability to release biflagellate zoospores and form the rhizoid-like
structures that are commonly referred to as the ectoplasmic net (EN)
(Ellenbogen et al., 1969; Sparrow, 1960). Later, the thraustochytrids
were assigned to the Oomycetes, (Sparrow, 1973), before Cavalier-
Smith et al. (1994) showed that thraustochytrids were definitively not
‘true’ fungi or Oomycetes by analysis of their 5S and 18S rDNA. In
parallel, other authors identified a series of common features between
the thraustochytrids, the labyrinthulids and aplanochytrids, suggesting
interrelationships (Alderman et al., 1974; Moss, 1986; Perkins, 1973a,
1973b). With the advent of more studies supporting these inter-
relationships, the class Labyrinthulomycetes (International Code of
Nomenclature for algae, fungi, and plants, ICN) (Von Arx, 1974) or
Labyrinthulea (International Code of Zoological Nomenclature, ICZN)
(Cavalier-Smith, 1986; Olive, 1975) were established in order to en-
compass all three groups (thraustochytrids, labyrinthulids, aplanochy-
trids) of microorganisms (Cavalier-Smith, 1989; Porter, 1990). How-
ever, difficulties persisted in positioning the Labyrinthulea (from now
used as a synonym of Labyrinthulomycetes) in the tree of life and the
relationship between the families it encompassed. Honda et al. (1999)
definitively established the proximity of labyrinthulids and thraus-
tochytrids as a monophyletic group within the stramenopiles using
molecular techniques, but also distinguished two groups: the labyr-
inthulids phylogeny group (LPG) and the thraustochytrid phylogeny
group (TPG). However, some strains initially belonging to the same
genus were divided between the LPG and TPG groups, which generated
more confusion, exposing the limit of taxonomy based only on mor-
phology. This was further confirmed by experimental evidence, which
also showed that in different nutritive environments, the same thraus-
tochytrid can exhibit very different morphology, demonstrating the
plasticity of these organisms. For instance, Raghukumar (1988a) and

Table 1
Nucleotide primers and probes used to amplify the 18S rDNA gene of Thraustochytrida for phylogenetic analysis and to detect their presence in environmental samples.

Primer for 18S rDNA amplification Sequence (5′→ 3′) Base pair position References

Forward
SR1 TACCTGGTTGATCCTGCCAG 1–20 Nakayama et al. (1996)
18S001 AACCTGGTTGATCCTGCCAGTA 1–22 Honda et al. (1999)
FA1 AAAGATTAAGCCATGCATGT 37–56 Mo et al. (2002)
NSF-370F AGGGYTCGAYYCCGGAGA 370–387 Siboni et al. (2010)
F GGGAGCCTGAGAGACGGC 387–404 Mo et al. (2002)
NS3 GCAAGTCTGGTGCCAGCAGCC 472–492 White et al. (1990)
FA2 GTCTGGTGCCAGCAGCCGCG 555–574 Mo et al. (2002)
F566 CAGCAGCCGCGGTAATTCC 566–585 Hadziavdic et al. (2014)
LABY-A GGGATCGAAGATGATTAG 944–961 Stokes et al. (2002)
FA3 CTTAAAGGAATTGACGGAAG 1125–1144 Mo et al. (2002)

Reverse
RA1 AGCTTTTTAACTGCAACAAC 605–624 Mo et al. (2002)
Lab-1017r GACTACGATGGTATCTAATCATCTTCG 1017–1043 Siboni et al. (2010)
NS4 CTTCCGTCAATTCCTTTAAG 1101–1120 White et al. (1990)
RA2 CCCGTGTTGAGTCAAATTAAG 1171–1191 Mo et al. (2002)
RT1200 CCCGTGTTGAGTCAAATTAAGC 1200 Hadziavdic et al. (2014)
R GGCCATGCACCACCACCC 1254–1271 Mo et al. (2002)
LABY-Y CWCRAACTTCCTTCCGGT 1361–1378 Stokes et al. (2002)
RA3 CAATCGGTAGGTGCGACGGGCGG 1662–1684 Mo et al. (2002)
18S13 CCTTGTTACGACTTCACCTTCCTCT 1733–1757 Honda et al. (1999)
SR12 CCTTCCGCAGGTTCACCTAC 1781–1762 Nakayama et al. (1996)
NSR-1787 CYGCAGGTTCACCTACRG 1787–1804 Siboni et al. (2010)

Probes for detection
ThrFL1 GTCGACAACTGATGGGGCAG 282–301 Takao et al. (2007)
LABY1336 AACCCGAAATGTCCCTCTAAGAAG 1336–1359 Stokes et al. (2002)
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Honda et al. (1998) showed that Schizochytrium mangrovei and Schi-
zochytrium limacinum, known for their characteristic successive bi-
partition mode of division (Goldstein and Belsky, 1964), also had an
amoeboid stage (normally attributed to Ulkenia (Gaertner, 1977)),
calling into question the features traditionally used to distinguish
thraustochytrid genera.

Thanks to advancements in molecular techniques and the design of
primers specifically for this group (Table 1), the paraphyletic taxon of
the Labyrinthulea class and its further division into thraustochytrids,
labyrinthulids and aplanochytrids was further supported and better
understood. Tsui and Vrijmoed (2012) proposed a new classification of
the Labyrinthulea, divided into two orders and four monophyletic
groups. The first group contained most of the members of the thraus-
tochytrids (which have cells which generally do not glide using the EN),
the second and third groups encompassed the aplanochytrids and la-
byrinthulids (which have cells which glide using the EN), while the
fourth and last group contained the LPG thraustochytrids Schizochy-
trium minuta and Thraustochytrium multirudimentale, which were rear-
ranged into a new genus Oblongichytrium (Yokoyama and Honda, 2007).
The authors also established the Bicosoecida and not the Oomycetes, as
initially supported by Oudot-Le Secq et al. (2006), as the direct sister
group of Labyrinthulea. Over time, as old genera were amended or
reclassified, and new genera discovered, the class Labyrinthulea grew
bigger with the creation of five new genera (Yokoyama et al., 2007;
Yokoyama and Honda, 2007), six new families and one super family,
addition of three genera (Anderson and Cavalier-Smith, 2012), one
superfamily and two associated genera (Gomaa et al., 2013) and most
recently a further four novel genera (Doi and Honda, 2017; FioRito
et al., 2016; Takahashi et al., 2016; Tice et al., 2016). The most up to
date classification of the Labyrinthulea class based on these successive
revisions is shown in Table 2.

In order to improve the classification of these organisms, several
authors recommended including biochemical characteristics, such as
lipid and carotenoid profiles (Ellenbogen et al., 1969; Findlay et al.,
1986; Huang et al., 2003; Yokoyama et al., 2007; Yokoyama and
Honda, 2007). Although Ellenbogen et al. (1969) and Findlay et al.
(1986) recognized a potential phylogenetic implication of the poly-
unsaturated fatty acids (PUFA) profile in thraustochytrids, Huang et al.

(2003) were the first to separate thraustochytrids based on their PUFA
profiles into 5 major groups, assigning them each to a single cluster of
strains based on their 18S rDNA gene. These strains formed pre-
dominantly DHA/DPAω6, DHA/DPAω6/EPA, DHA/EPA, DHA/
DPAω6/EPA/ARA, and DHA/DPAω6/EPA/ARA/DTA.1 However, as
the work was mostly based on new isolates, this strategy failed to assign
a PUFA profile for a particular genus, but established PUFA profile as a
biochemical marker for thraustochytrids. This is particularly valuable,
since PUFA profiles are little impacted with temperature ranging from
15 °C to 30 °C or different culture media (Fossier Marchan et al., 2017;
Huang et al., 2003; Taoka et al., 2009a). Later, the correlation of a
PUFA profile signature and the addition of carotenoid profile as a sec-
ondary biochemical signature, with the 18S rDNA signature, was fur-
ther developed and refined, resulting in the recognition of new genera
each with consistent biochemical markers and 18S rDNA signature and
unique morphological characteristics within these new genera
(Yokoyama et al., 2007; Yokoyama and Honda, 2007). The new pro-
filing ultimately provided a more robust phylogeny for the class La-
byrinthulea that comprised of monophylogenetic clades, with the ex-
ception of the genus Thraustochytrium.

At the present time, several taxonomies co-exist that encompass a
mycological (Dick, 2001; Nakai and Naganuma, 2015) or a protistolo-
gical approach (Anderson and Cavalier-Smith, 2012). This led to dif-
ferent terminologies are now in use to describe thraustochytrids as
chromists or stramenopiles (Cavalier-Smith et al., 1994; Dick, 2001),
while use of the term ‘heterotrophic micro-algae’ has also become
common due to the close molecular phylogenetic relationship of the
thraustochytrids to some photosynthetic micro-algae; the term is also
understandable by the largest community of lay readers (Barclay et al.,
1994). In this review, we will therefore focus primarily on micro-
organisms in the order Thraustochytrida and exclude those constituting
the superfamilies Amphitremida and Amphifiloidea.

2.2. The ultrastructure, morphology and cell division of thraustochytrids

Thraustochytrids are single cells, epi- and endobiotic, monocentric
and eucarpic, with a branched or unbranched EN, and with a globose or
sub-globose shape (Raghukumar, 2002; Sparrow, 1960). Commonly,
zoospore cell size is in the range from 2.5–3.0 × 4.5–8.0 μm, while
zoosporangium size is located between 15 and 35 μm when observed in
seawater and pine pollen grain culture (Dick, 2001). The vegetative
thalli of thraustochytrids are uni-nucleate, contain single dictyosomes
(an individual stack of Golgi apparatus), and centrioles associated with
shallow nuclear pockets, and are bound by discrete cell walls (Moss,
1986). Paranuclear bodies are characteristic of many thraustochytrids
as regions of convoluted smooth endoplasmic reticulum enclosing ri-
bosome-free cytoplasm frequently associated with the nucleus (Moss,
1986).

Mitochondria are numerous, polymorphic and characterized by
tubular cristae. The cell cytoplasm is commonly granular and can
sometimes be filled with multiple lipid bodies and contain other in-
clusions (Azevedo and Corral, 1997; Moss, 1980). Two main modes of
cell division have been described for thraustochytrids, and these can
sometimes co-exist within the same species. The first mode of cell di-
vision involves the formation of a zoosporangium by progressive clea-
vage, during which the cell wall remains intact after completion of
karyokinesis, leading to multinuclear cells and proliferation bodies. The
second mode of division is based on successive bipartition of a parent
cell, immediately following karyokinesis, during which cytoplasmic
schism occurs. Cytokinesis involves either invagination of the plasma
membrane (presence of parental scales) or fusion with internal vesicle

Table 2
Taxonomic classification of Labyrinthulea (protistological taxon) adapted from Anderson
and Cavalier-Smith (2012), Gomaa et al. (2013), and Beakes et al. (2014). Names in
parentheses are the mycological nomenclature equivalents. {kingdom Chromista, sub-
kingdom Harosa, superphylum Heterokonta, phylum Bygira, subphylum Sagenista}.

Order 1 Labyrinthulida (Labyrinthulales)
Family 1 Labyrinthulea (Labyrinthulaceae)

Labyrinthula
Family 2 Aplanochytriidae (Aplanochytridiaceae)

Aplanochytrium
Order 2 Thraustochytrida (Thraustochytridiales)
Family 1 Thraustochytriidae (Thraustochytridiacae)

Thraustochytrium, Japonochytrium, Schizochytrium, Aurantiochytrium, Ulkenia,
Sicyoidochytrium, Parietichytrium, Botryochytrium, Monorhizochytrium

Family 2 Oblongichytriidae (Oblongochytridiaceae)
Oblongichytrium

Family 3 Althorniidae (Althornidiaceae)
Althornia

Superfamily 1 Amphitremida
Family 1 Diplophryidae (Diplophryidaceae)

Diplophrys
Family 2 Amphitremidae (Amphitremidaceae)

Amphitrema, Archella
Superfamily 2 Amphifiloidea
Family 1 Amphifilidae (Amphifilaceae)

Amphifila, Fibrophrys
Family 2 Sorodiplophryidae

Sorodiplophrys
Superfamily 3Incertae sedis

Stellarchytrium, Elina

1 ARA: Arachidonic acid (20:4ω6), EPA: Eicosapentaenoic acid (20:5ω3), DPAω6:
Docosapentaenoic acid (ω6 - Osbond acid, (22:5ω6)), DHA: Docosahexaenoic acid
(22:6ω3), DTA: Docosatetraenoic acid (22:4ω6).
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membranes (no scale membranes) (Moss, 1986). In both cases, an in-
termediate step can sometimes occur before or after cell division, de-
scribed as an amoeboid stage, where a naked protoplast emerges from
within the cell wall of a mature thallus (Raghukumar, 1982).

Although there remains a lack of unanimity among thraustochytrid
taxonomists, there is a greater consensus on the presence of unique
phenotypic features that thraustochytrids should share between them
(Raghukumar, 1996). These specific features are: 1) a non-cellulosic
cell wall that is composed of overlapping circular scales on a cellular
membrane or plasmalemma; 2) the presence of an ectoplasmic net
emerging from a subcellular organelle (the bothrosome or sagenogen-
etosome, SAG); and 3) biflagellate zoospores with a short posterior
whiplash and a long anterior tinsel flagellum (Alderman et al., 1974;
Moss, 1986). Further details for these three features follow.

2.2.1. Non-cellulosic cell wall
The circular scales are multilamellate and non-cellulosic, ranging

from 2 to 3 nm thick with a circular diameter of 0.5 to 1 μm. They
derive from dictyosome cisternae during thallus development (Moss,
1985) and consist of sulphated polysaccharides that are rich in ga-
lactose and xylose for the thraustochytrids, and in fucose for apla-
nochytrids and labyrinthulids (Bahnweg and Jackle, 1986). Scales are
deposited onto the basal membrane through vesicles and merge to-
gether (Moss, 1985).

2.2.2. Ectoplasmic net
The EN is an extension of the plasma membrane and emerges from

each thallus from a unique sub-cellular organelle most often termed the
SAG (Perkins, 1972) or sometimes the bothrosome (Porter, 1969). The
exception to this is the genus Althornia, which does not produce EN. The
SAG is made of a labyrinth of convergent and constricted lamellae of
endoplasmic reticulum, connected on one side with the endoplasmic
reticulum of the cell body, and on the other with the plasma membrane
and the EN (Moss, 1980). One of the main differences between
thraustochytrids and aplanochytrids, and of the former with the la-
byrinthulids is the distribution of SAG within the cell. With labyr-
inthulids, several organelles are distributed over the cell surface that
results in an EN that entirely envelopes the cells in a colony and within
which they can move. For the thraustochytrids and aplanochytrids, the
EN has been reported to originate from a single trunk emerging from
either a collection of many SAG (as for Thraustochytrium motivum) or
from a single organelle (as for Japonochytrium marinum and Schizochy-
trium aggregatum) (Moss, 1985). The EN is believed to have multi-
functional roles that include an adhesive function (allowing coloniza-
tion of surfaces), a secretive and penetrative function (bringing diges-
tive enzymes to food sources), and an absorptive function (for the as-
similation of the products of digestion) (Nakai and Naganuma, 2015).

2.2.3. Biflagellate zoospores
The formation of biflagellate zoospores, with characteristic flagella,

is directly related to their mode of division. Thraustochytrids divide in
several ways, but commonly vegetative cells transform into a zoos-
porangium, either directly or after an amoeboid stage (release of a
naked protoplast) (Gaertner, 1977). This then divides and the process
ends by the release of zoospores. The zoospores can adopt various
shapes – oblong, reniform, ovoid, elliptical, fusiform or elongate – but
are always biflagellate, either directly after release or after a quiescent
phase (Dick, 2001; Raghukumar, 1996). The long anterior flagellum
(tinsel flagellum) possesses mastigonemes (hairs), while the shorter
posterior flagellum (whiplash) is smooth (Aneja and Mehrotra, 2001)
and confers the swimming motility of the zoospores. Aplanospores are
often described in Aplanochytrium as crawling or gliding spores moving
on the EN (Leander et al., 2004), but the term aplanospore was also
used to described the non-motile spore (non-flagellated) in Ulkenia vi-
surgensis and other organisms (Alderman et al., 1974; Moss, 1980).

2.3. Description of the genera

Currently, nine genera are recognized within the thraustochytrid
family sensu strico, based on life cycle, morphology, ultrastructure,
phylogenetic analysis and biochemical markers (PUFA and carotenoids
profile): Thraustochytrium (Sparrow, 1936), Japonochytrium (Kobayashi
and Ookubo, 1953), Schizochytrium (Goldstein and Belsky, 1964), Ulk-
enia (Gaertner, 1977), Aurantiochytrium (Yokoyama and Honda, 2007),
Sicyoidochytrium, Parietichytrium, Botryochytrium (Yokoyama et al.,
2007), andMonorhizochytrium (Doi and Honda, 2017). Two very closely
related thraustochytrids have recently been removed from the sensu
stricto family (Anderson and Cavalier-Smith, 2012), but are still con-
sidered by some scientists as belonging to the thraustochytrid group.
These are Oblongichytrium (Yokoyama and Honda, 2007) and Althornia
(Jones and Alderman, 1971). Additionally, a recent study defined
Stellarchytrium dubum as belonging to a new genus within the Labyr-
inthulea, super family Incertae sedis, with cells that form an EN ra-
diating outwards from the colonies when grown on agar, very similar to
thraustochytrids. This discovery assumes further revisions of this class
in the future and potentially also of the Thraustochytrida (FioRito et al.,
2016). The following section describes the morphological and bio-
chemical characteristics (where possible) of each genus constituting the
order Thraustochytrida. Table 3 shows a list of the different genera and
species of thraustochytrids reported to date. An identification key in the
appendix provides a list of the various morphological features and
biochemical signatures used to identify thraustochytrid species.

2.3.1. Thraustochytrium
The genus Thraustochytrium currently includes 15 species, as listed

in Table 3, which differ from each other by the absence or presence of
one or several proliferation bodies and the mode of discharge of fully
motile or quiescent zoospores from the ‘parent’ cell (by either partial or
complete disintegration of the sporangial wall) (Dick, 2001). In non-
proliferous forms (characterized by the absence of a proliferation
body), the entire sporangium cleaves to form spores, as found in T.
roseum, T. arudimentale, T. pachydermum, T. striatum, T. aggregatum and
T. caudivorum. In the mono-proliferous forms (with a single prolifera-
tion body), a large basal protoplasmic unit is persistent and remains
uncleaved with a wall deposited around it. This residual body persists
after spore liberation, and then an internal proliferation occurs; the
basal unit enlarges and becomes the new secondary zoosporangium, as
occurs in T. aureum, T. motivum, T. gaertnerium, T kinnei, T antarcticum,
T. benthicola, and T. proliferum. The newly persistent body of the sec-
ondary sporangium appears to be delimited during or prior to zoospore
cleavage in the primary body. In multi-proliferous forms (two or more
proliferation bodies), such as T. kerguelense and T. rossii, proliferation
bodies remain and each of them give rise to a secondary sporangium. It
has been observed under certain growth conditions that some species of
Thraustochytrium can release amoeboid cells that give rise, after set-
tlement, to a sporangium before the cleavage of zoospores occurs, as
observed in T. striatum in the presence of bacteria (Raghukumar, 1992a)
and T. gaertnerium (Bongiorni et al., 2005a). The genus Thraustochy-
trium may encompass sub-genera, because it does not form a mono-
phylogenetic group based on 18S rDNA, and does not show a common
PUFA or carotenoid profiles among species. Therefore, it is expected
that new genera will be proposed in the future.

2.3.2. Japonochytrium
Japonochytrium is monotypic and is very similar to a non-proliferous

form of Thraustochytrium (Kobayashi and Ookubo, 1953). It differs from
other genera by having a subsporangial dilatation of the EN at the base
of the thallus, termed the apophysis. Japonochytrium marinum liberates
its zoospores through an apical pore in the sporangial wall (Moss,
1986). This strain may have been lost; the only isolate currently
available is Japonochytrium sp. ATCC® 28207, but this is now believed
to belong to Ulkenia (Yokoyama et al., 2007).
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2.3.3. Schizochytrium
The only species recognized, Schizochytrium aggregatum, divides by

successive bi-partitioning to form tetrads of zoosporangia (Goldstein
and Belsky, 1964). Eventually, the vegetative cells undergo a pro-
gressive cleavage to form zoospores (Moss, 1986). S. aggregatum, can
produce up to 64 zoospores, reniform to ovoid in shape, while the
zoosporangium can reach up to 140 μm (Dick, 2001). Yokoyama and
Honda (2007) described Schizochytrium as showing large pale-yellow
colonies, due to the production of β-carotene. The globose thallus
possesses a thin wall, and the EN is well-developed. Schizochytrium is
characterized by the production of ARA, which accounts for up to ap-
proximately 20% of the PUFA profile.

2.3.4. Oblongichytrium
Some Oblongichytrium strains were originally classified within the

genus Schizochytrium and have a similar form and shape (Yokoyama
and Honda, 2007). Similarly, they undergo continuous binary division,
have a well-developed EN, and colonies are large and pale yellow, but

the lipid profile is characterized by a high DPA ω3:DPAω6 ratio and
little production of ARA, while the carotenoid profile shows the pro-
duction of β-carotene and canthaxanthin. The zoospores are narrow,
elliptical to oblong in shape and are only released when the sporangia
are transferred from agar to a broth medium. T. multirudimentale, S.
minutum and S. octosporum are now classified under the respective
names O. multirudimentale, O. minutum and O. octosporum (Yokoyama
and Honda, 2007). However, O. porteri, a new species isolated from
Pisaster ochraceus (sea star), was recently described to multiply through
budding while lacking free-swimming zoospores (FioRito et al., 2016).
It has recently been proposed that Oblongichytrium be considered as a
new family, the Oblongychytriidae, which is distinguished from the
Thraustochytriidae, sensu stricto, on the basis of the 18S rRNA gene
sequence which clearly differentiates them (Anderson and Cavalier-
Smith, 2012).

2.3.5. Aurantiochytrium
Aurantiochytrium is a sister genus of Oblongichytrium and

Schizochytrium, and all were originally considered to form one genus
(Yokoyama and Honda, 2007). Cells undergo continuous binary parti-
tion and are characterized by a thin-walled globose thallus. The zoos-
pores released are similar in shape to those of Schizochytrium, and ve-
getative cells are generally dispersed as single cells. The EN is not very
well developed and colonies on agar are small and pigmented orange
due to the high production of astaxanthin, phoenicoxanthin, canthax-
anthin and β-carotene. The fatty acid profile shows a presence, albeit
low, of ARA, and a high level of DHA when expressed as % of PUFA. S.
limacinum and S. mangrovei have both now been renamed as A. lima-
cinum and A. mangrovei respectively. In these strains, under certain
conditions, the discharge of an amoeboid cell has been observed prior
to the cleavage of zoospores (Honda et al., 1998; Raghukumar, 1988a).

2.3.6. Ulkenia
Ulkenia strains are primarily characterized by an amoeboid stage,

which appears after several classic binary divisions (Gaertner, 1977).
The naked protoplast is either a uninucleated limax cell (U. amoeboidea)
or multinucleated (U. visurgensis and U. profunda) (Moss, 1986, 1980;
Raghukumar, 1982). The amoeboid cell settles and eventually rounds
up to undergo division to form either a zoosporangium (U. amoeboidea)
or an aplanosporangium (U. visurgensis) (Moss, 1980; Yokoyama et al.,
2007). It may also divide directly to form zoospores and discharge its
content in an amoeboid state (U. profunda) (Dick, 2001). Zoospores or
aplanospores develop into trophic cells that divide through binary di-
vision before entering into a new naked protoplast stage at maturity. It
is not clear whether the naked protoplast is dispersed at the time of
protoplasmic release as for U. virsurgensis and U. profunda (Dick, 2001),
or persists as observed in U. amoeboidea SEK214 and Ulkenia sp. ATC-
C28207 (Yokoyama et al., 2007). The aplanospores observed by Moss
(1980) could have been non-flagellated zoospores at the time of release
that develop flagella at a later stage, as described by Yokoyama et al.
(2007). Ulkenia is also characterized by an under-developed EN, and
isolates grow as small colonies on agar. The thallus varies in size and
shape (subglobose, globose or pear shape). The carotenoid profile in-
cludes the production of astaxanthin, phoenicoxanthin, echinenone and
β-carotene, while the PUFA profile shows a high level of DHA
(Yokoyama et al., 2007).

2.3.7. Sicyoidochytrium
The genus Sicyoidochytrium shows similar features to Ulkenia with

small colonies and undeveloped unbranched EN and a comparable life
cycle. The cell wall does not persist after the release of the uni-nu-
cleated naked protoplast, which shows active motility (Dick, 2001;
Moss, 1986). After undergoing a few divisions, the protoplast begins to
form zoospores and develop into a zoosporangium. The distinct char-
acteristic of the genus is underlined during the final division stage of
zoospores, and shortly after their release, where some cells are still

Table 3
Thraustochytriidae, Oblongichytriidae and Althorniidae genera and species names.

Genus species(Basionym) Isolated by Amended

Thraustochytrium aureum Goldstein (1963)a

Thraustochytrium motivum Goldstein (1963)a

Thraustochytrium rossii Bahnweg and
Sparrow (1974)

Thraustochytrium kerguelense Bahnweg and
Sparrow (1974)

Thraustochytrium antarcticum Bahnweg and
Sparrow (1974)

Thraustochytrium kinnei Gaertner (1967)a

Thraustochytrium benthicola Raghu Kumar (1980)
Thraustochytrium proliferum Sparrow (1936)a

Thraustochytrium pachydermum Scholz (1958)a

Thraustochytrium arudimentale Artemchuk (1972)
Thraustochytrium striatum Schneider (1967)a

Thraustochytrium roseum Goldstein (1963)a

Thraustochytrium aggregatum Ulken (1965)a

Thraustochytrium gaertnerium Bongiorni et al.,
2005a, 2005b

Thraustochytrium caudivorum Schärer et al. (2007)
Monorhizochytrium globosum

(Thraustochytrium globosum)
Kobayashi and
Ookubo (1953)

Doi and Honda
(2017)

Japonochytrium marinum Kobayashi and
Ookubo (1953)

Schizochytrium aggregatum Goldstein and Belsky,
1964

Oblongichytrium octosporum
(Schizochytrium octosporum)

Raghukumar (1988a,
1988b)a

Yokoyama and
Honda (2007)

Oblongichytrium minutum
(Schizochytrium minutum)

Gaertner (1972)a Yokoyama and
Honda (2007)

Oblongichytrium multirudimentale
(Thraustochytrium
multirudimentale)

Goldstein (1963)a Yokoyama and
Honda (2007)

Oblongichytrium porteri sp. nov. FioRito et al. (2016)
Aurantiochytrium limacinum

(Schizochytrium limacinum)
Honda et al. (1998) Yokoyama and

Honda (2007)
Aurantiochytrium mangrovei

(Schizochytrium mangrovei)
Raghukumar (1988a) (Yokoyama and

Honda, 2007)
Ulkenia profunda Gaertner (1977)
Ulkenia visurgensis Ulken (1965)a Gaertner (1977)
Ulkenia amoeboidea Bahnweg and

Sparrow (1974)
Gaertner (1977)

Sicyoidochytrium minutum
(Ulkenia minuta)

Raghukumar (1977)a Yokoyama et al.
(2007)

Botryochytrium radiatum
(Ulkenia radiata)

Gaertner (1977) Yokoyama et al.
(2007)

Parietichytrium sarkarianum
(Ulkenia sarkariana)

Gaertner (1977) Yokoyama et al.
(2007)

Althornia crouchii Jones and Alderman
(1971)

a Information retrieved from the World Register of Marine Species (2016).
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attached to each other showing a dumbbell-like organization. They
complete their division by pinching and pulling the cytoplasm, even-
tually becoming zoospores with heterokont flagella that can swim away
(Yokoyama et al., 2007). The carotenoid profile shows the production
of canthaxanthin, echinenone and β-carotene, while high levels of DHA
are produced with almost no production of ARA. Ulkenia minuta has
been renamed Sicyoidochytrium minutum (Yokoyama et al., 2007).

2.3.8. Botryochytrium
Botryochytrium radiatum, formely known as Ulkenia radiata, shows

comparatively larger colonies and a more developed EN compared to
strains in the sister genus Ulkenia (Yokoyama et al., 2007). The life
cycle is very similar to Ulkenia strains; but after the multinucleate
protoplast is released (Moss, 1986), the cell wall disappears and the
protoplast develops into a botryose (grape-shaped) zoosporangium by
cleavage of early stage zoospores from a centripetal division. Even-
tually, the newly formed zoosporangium takes a star-like shape before
zoospore formation (Dick, 2001; Yokoyama et al., 2007). Some of the
released spores are not fully divided showing a dumbbell-like shape,
but eventually they divide by means of pinching and pulling as de-
scribed above. The fatty acid profile shows a high relative level of
DPAω6, while the carotenoid profile shows the production of can-
thaxanthin, echinenone and β-carotene.

2.3.9. Parietichytrium
Parietichytrium sarkarianum, which was formerly known as Ulkenia

sarkariana (Yokoyama et al., 2007), shows a similar life cycle to Bo-
tryochytrium radiatum, with a well-developed EN and a star-shaped
multinucleate protoplast (Moss, 1986) forming before release of zoos-
pores. Unlike B. radiatum, the cell wall persists after release of the
protoplast, while the zoospores are fully divided at the time of dis-
charge (Dick, 2001; Yokoyama et al., 2007). The fatty acid profile
shows relatively high levels of DTA when compared to other genera
(c.a. 10% of PUFA) while the carotenoid profile shows the production
of β-carotene.

2.3.10. Monorhizochytrium
Monorhizochytrium is the latest genus described (Doi and Honda,

2017). Formerly known as Thraustochytrium globosum, M. globosum
therefore has a similar life cycle to the non-proliferous forms of the
species within the genus Thraustochytrium, that is the direct maturation
of young vegetative cells into a zoosporangium without a residual basal
body. However, the published study only presented a phylogenetic
analysis and life cycle, and did not describe the PUFA and carotenoid
profiles, or nor give additional information on the ultrastructure, which
therefore allowed for only a partial characterization of this new genus.

2.3.11. Althornia
Althornia crouchii (Jones and Alderman, 1971) is monotypic and is

distinguished from other thraustochytrids by the absence of an EN and
its associated SAG. This results in the cells existing in a free-floating,
non-attached, form (Alderman et al., 1974). The cell wall is composed
of scales and the mode of zoosporulation is somewhat similar to that of
the genus Thraustochytrium (Moss, 1986). The genus was proposed
based solely on morphological factors, but the type strain was lost be-
fore the 18S rDNA could be sequenced. Since the thraustochytrids have
now been reclassified, the status of Althornia as a genus of the
Thraustochytriidae sensu stricto must be considered doubtful.

2.3.12. Other genera within the order Thraustochytrida
Diplophrys strains have a scaly cell wall and an EN-like structure

emerging from two extremities of the cell, which are referred to as fi-
lopodia (Dykstra and Porter, 1984). Recently, the genus was amended
and D. marina has now been renamed as Amphifila marina (due to its
occurrence in marine environments) (Anderson and Cavalier-Smith,
2012), while D. stercorea was moved to a separate genus,

Sorodiplophrys, and renamed S. stercorea (due to its terrestrial habitat
and sorocarpic aggregative behaviour) (Tice et al., 2016). Currently,
the genus Diplophrys encompasses D. archeri (Costello et al., 2001) and
D. parva, (Anderson and Cavalier-Smith, 2012) and the new species,
Diploprhys mutabilis (Takahashi et al., 2014); all isolated from fresh
water. However, due to lack of a defined SAG, the absence of zoospores
and 18S rDNA molecular divergence, the genus Diplophrys is believed
to belong to a separate family lineage sensu stricto from the Thraus-
tochytriidae. Similarly, Amphitrema wrightianum, Archerella flavum,
Amphilila marina, Fibrophrys columna, Sorodiplophrys stercorea and
Stellarchytrium dubum all share common features with the thraus-
tochytrids and are considered as closely related, but are classified under
separate superfamilies (Anderson and Cavalier-Smith, 2012;FioRito
et al., 2016;Gomaa et al., 2013;Takahashi et al., 2016;Tice et al., 2016).
Little information is available on the genus Elina (Artemchuk, 1972),
the type of member of which was historically classified as a thraus-
tochytrid. Elina strains have a globose thallus and produce an EN, but
its zoospores are reported to have only a single anterior flagellum,
which has resulted in the genus also being associated with the Hy-
phochytridiomycetes (Fuller, 2001).

For the purpose of avoiding confusion, in the following sections
below the newly accepted terminology for some of species formerly
belonging to the genera Thraustochytrium, Schizochytrium and Ulkenia is
used.

3. Ecology and environment

3.1. Ecology of thraustochytrids

Thraustochytrids have been isolated from marine habitats ranging
from tropical waters close to coastal stations of the Indian and Pacific
Oceans, and Northern Arabian sea, (Bongiorni et al., 2005a; Lee Chang
et al., 2012; Ramaiah et al., 2005), through to temperate and cold
waters of Australia, Argentina, the Mediterranean Sea and North Sea
(Bongiorni and Dini, 2002; Lee Chang et al., 2012; Raghukumar and
Schaumann, 1993; Rosa et al., 2011), to subantarctic or Antarctic wa-
ters (Bahnweg and Sparrow, 1974) and subarctic waters (Naganuma
et al., 2006). The ocean water column is, in general, also rich in
thraustochytrids, as they can be isolated in the photic zone of shallow
coastal water (e.g. 35 m depth), in the euphotic zone (down to 200 m
depth) or deeper in the aphotic zone (down to 2000 m depth) of open
ocean waters (Bongiorni et al., 2005b; Li et al., 2013; Raghukumar
et al., 2001). Cell counts of thraustochytrids according to the water
column are shown in Table 4.

Thraustochytrids have an absolute requirement for sodium which
cannot be replaced by potassium, and their preferred salinity range is
from 20‰ to 34‰ – average seawater salinity is 30–35‰
(Raghukumar, 2002). Interestingly, these organisms have also been
reported in hypersaline (Amon, 1978) and hyposaline environments
(Jones and Harrison, 1976).

Due to their predominantly saprobic function, including

Table 4
Maximal cell count of thraustochytrids at different depth and regions of the world
(cell L−1).

Region 0–30 m 100 m > 750 m References

Arabian sea 1.3 × 106 1.8 × 105 3.6 × 104 Raghukumar et al.
(2001)

Pachino Bay,
Sicily

1.3 × 104 – – Bongiorni et al. (2005b)

Ligurian sea 6.1 × 104 – – Bongiorni and Dini
(2002)

Seto Inland Sea 1.0 × 105 1.0 × 102 – Kimura et al. (1999)
Hawaiian waters 2.0 × 105 6.0 × 105 – Li et al. (2013)
Norwegian sea 2.3 × 105 – – Naganuma et al. (2006)
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mineralisation, scavenging, bacterivory and decomposition of highly
recalcitrant organic matter (Raghukumar, 1992b; Raghukumar et al.,
1994; Sharma et al., 1994), thraustochytrids are more commonly found
in greater abundance in environments containing animal material
detritus and/or decaying vegetable matter, such as surficial sediment
layers, mangroves, salt marshes and river effluents. Any organic matter
in a state of decomposition (including faeces) is a potential source of
nutrients that can support the growth of thraustochytrids (Raghukumar,
2002). Hence, it is not surprising that thraustochytrids are likely to be
found in polluted coastal waters or associated with marine snow par-
ticles (Lyons et al., 2005) that are rich in organic compounds, which has
led to an interest in using these organisms for potential biotreatment of
hydrocarbon contaminated seawater (Raikar et al., 2001) – a process
patent from Raghukumar et al. (2008) to remove tar balls using
thraustochytrids is one example of this.

Thraustochytrids are rarely found on living marine plants, such as
macro- and micro-algae, and when they are present it is only in low
numbers (Raghukumar, 2002). This is believed to be due to the secre-
tion of antimicrobial compounds by the plants that inhibit colonization
of thraustochytrids and other microorganisms. For instance, Jensen
et al. (1998) observed that the sea grass Thalassia testudinum inhibited
the growth of Schizochytrium aggregatum by secretion of a flavone gly-
coside of the luteolin family.

There is no clear evidence of thraustochytrids causing any type of
diseases on plants, but parasitic associations with invertebrates have
been reported in many studies. Polglase (1980) was one of the first to
report deleterious thraustochytrid-animal associations in the octopus
Eledone cirrhosa, which suffered fatal ulcerative lesions that appeared to
be passed from animal to animal, although it was not possible to con-
firm thraustochytrids as either the aetiological agent or as secondary
opportunists. Similar observations were reported by Jones and O'Dor
(1983) on squid gills, and similar infections with associated thraus-
tochytrids have been reported in farmed rainbow trout, oysters,
sponges, tunicates, cnidarians, nudibranchs and free living flat worms
(McLean and Porter, 1987; Polglase, 1981; Polglase et al., 1986; Schärer
et al., 2007). The most studied thraustochytrid parasitic association is
the Quahog Parasite Unknown (QPX) disease in the hard clam, Merce-
naria mercenaria (Smolowitz et al., 1998; Whyte et al., 1994). Despite
QPX having been characterized as belonging to the Thraustochytriidae
and being closely related to Thraustochytrium pachydermum, no studies
to-date have suggested a genus or species affiliation for this organism,
thus it is still referred to as thraustochytrid QPX (Mass et al., 1999;
Ragan et al., 2000; Stokes et al., 2002). Dahl and Allam (2007) estab-
lished an experimental method of infecting by injecting QPX cells to M.
mercenaria, but failed to mimic natural infection through the water in
contact with the clams. This study could be considered as the first to
demonstrate that a thraustochytrid is a pathogen using Koch's postu-
lates. More recently, Burge et al. (2012) reported a new parasitic as-
sociation between member of the Labyrinthulea and the sea fan, Gor-
gonia ventalina. Nevertheless, due to the presence of aplanochytrids and
thraustochytrids cells in both unhealthy and healthy sea fans, and the
inability to show reinfection after an inoculation, the authors could
only posit an imbalanced or parasitic association between these or-
ganisms.

Taken collectively, these studies showed that associations between
thraustochytrids and invertebrates define the thraustochytrids in
question as either a direct causative agent of disease (a pathogen) or as
parasitic opportunists, which may kill their hosts. Although it is still not
yet clear what triggers thraustochytrid pathogenesis, it seems that en-
vironmental factors coupled with a compromised defence system in the
host organisms could be contributing factors to infections involving
thraustochytrids. It may be that similar associations are more common
than have been detected, which may be an explanation for the re-
petitive infection of marine invertebrate cell lines, particularly from
molluscs (Rinkevich, 1999). In other contexts, thraustochytrids have
been shown to have beneficial symbiotic or mutualistic associations

with invertebrates, particularly with corals, by possibly providing es-
sential nutrient(s) (e.g. PUFA, carotenoids), allowing the host organism
to survive stressful events (Arotsker et al., 2011). For further informa-
tion on the parasitic and symbiotic associations of thraustochytrids with
marine animals and plants, the reader is directed to a review on the
topic by Raghukumar (2002).

It is also interesting to note that, the closely related labyrinthulids
have been observed regularly on living macroalgae and, despite causing
low level disease, they are believed to have a beneficial mutualistic
relationship with algae and seagrasses, such as Zostera marina, under
non-stress conditions (Brakel et al., 2014; Raghukumar, 2002). How-
ever, under some stress conditions, Labyrinthula zosterae was proven (by
meeting Koch's postulates) to be the causative agents of disease out-
breaks, the most prominent of which was “wasting disease”, which
caused the dieback of 90% of the Z. marina beds on both sides of the
Atlantic Ocean in the 1930s (Muehlstein et al., 1991, 1988; Renn,
1935). In 2003, Labyrinthula terrestris, a novel labyrinthulid species, was
also reported on land causing “rapid blight”, a disease of turfgrass, al-
though similar events reported as early as 1995 could be attributed to
this organism (Bigelow et al., 2005; Olsen et al., 2003). At present,
there is no evidence of a Labyrinthula species causing disease in other
protists or in animals, although there is one report of a labyrinthulid as
an endosymbiont of amoebae associated with fish gills (Dyková et al.,
2008).

3.2. Isolation, preservation and detection of thraustochytrids

The development of methods for detection, isolation, cultivation
and preservation of thraustochytrids has received increasing attention,
although some long-standing established techniques remain in current
use for these organisms. For instance, the isolation and/or detection of
thraustochytrid-like microorganisms in an environmental sample is
often performed by microscopy using sterile pine pollen grains as ‘bait’.
Indeed, pollen grains are an excellent enrichment component, as they
possess a highly nutritive interior, within one of the most complex and
recalcitrant outer walls in higher plants. This component of pollen is
called the exine and is composed of a highly resistant biopolymer called
sporopollenin (Domínguez et al., 1999). Sporopollenin is resistant to
many biological, chemical and physical processes, making the study of
its structural arrangement and chemical nature extremely difficult.
Hence, only a few microorganisms, such as the thraustochytrids, are
capable of colonising and penetrating the exterior surface matrix of the
sporopollenin to reach the nutritive interior, making pollen an ex-
ceptionally selective agent for the isolation of these organisms. This
technique was first established by Zopf in 1887 for the isolation of
chytrids and other water fungi (Sparrow, 1960), and ultimately lead to
the isolation of thraustochytrids. Colonized pollen grains are then
transferred onto agar plates or into fresh broth medium, which is the
first step of the isolation procedure (Goldstein and Belsky, 1964).
Sporopollenin digestion by thraustochytrids was later confirmed by
Perkins (1973a) who observed Thraustochytrium movitum and Schi-
zochytrium aggregatum penetrating and digesting the sporopollenin layer
of pollen grains to extract nutrients via the EN. Among pollen grains,
pine pollen grain, such as from Pinus radiata, is traditionally the fa-
voured ‘bait’ used for the isolation of thraustochytrids (Gupta et al.,
2013b), but some authors report using sweet gum pollen of the genus
Liquidambor (Rosa et al., 2011). Others have also used brine shrimp
larvae (Arternia sp.) (Raghukumar, 1988b; Rosa et al., 2011), in parti-
cular for isolation of thraustochytrids from animal tissues.

Direct plating of fresh environmental samples on agar medium
containing antibiotics and/or antifungal agents is another technique
used for the isolation of thraustochytrids (Gupta et al., 2013b).
Thraustochytrid-like colonies are then subcultured until axenic cultures
are obtained. Rosa et al. (2011) tested six different media for isolation
of thraustochytrid strains and determined the growth value (GV) based
on a 5-point qualitative scale (0 to 4), where 0 indicated no cell growth
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and 4 indicated confluent cultures. Out of 28 evaluated thraustochytrid
strains, 25 grew in all media tested, which included Mar Chiquita (MC),
Mar Chiquita and Brain Heart Broth (MCBHB), Honda medium (H),
modified Vishniac's medium (KMV), Serum Seawater Agar (SSA), and
Glucose-Yeast-Peptone (GYP). All strains grew on SSA medium with a
GV of 2, whereas on MC and MCBHB media 75% of the isolates grew
with an average GV of 2.65. In GYP, H and KMV media, 43%, 82% and
96% of the isolates grew, with a GV of 1.86, 2.25 and 2.43 respectively.

To avoid bacterial and fungal contamination during the isolation
procedure, antibiotics and antimycotics are generally used to suppress
bacterial and fungal proliferation, many without causing any ob-
servable negative effects on most thraustochytrids. Wilkens and Maas
(2012) studied antibiotic combinations during a first trial using three,
or more, of eight antibiotics (streptomycin, penicillin, ampicillin, ri-
fampicin, sodium nalidixic acid, tetracycline, gentamicin and nystatin)
in three different media types (seawater complete (SWC), KMV and By
+2 agar). A second trial investigated different concentrations of the
best antibiotic treatment identified to supress contaminants while en-
abling thraustochytrid growth. It was concluded that the best antibiotic
treatment was a mixture of rifampicin (300 mg L−1), streptomycin/
penicillin (25 mg L−1) and nystatin (10 mg L−1) every 24 h for a
minimum of 2 days. Similarly, another cocktail of antibiotics consisting
of fluconazole (100 μg mL−1), rifampicin (25 mg L−1), ampicillin
(20 mg L−1), tetracycline (2 mg L−1), penicillin (300 mg L−1) and
streptomycin (500 mg L−1) resulted in the purification of 20 (63%) of
the 32 isolates (Pandey and Bhathena, 2014). Sakaguchi et al. (2012)
investigated the effect of 10 antibiotics and antifungal agents alone on
T. aureum ATCC 34304, Parietichytrium sp. TA04Bb, Schizochytrium sp.
SEK 579 and A. limacinum mh0186 when grown in Potato–Dextrose
(PD) liquid medium. They found that G418 (2 mg mL−1) and hygro-
mycin B (2 mg mL−1) inhibited the growth of all strains, whereas tet-
racycline (100 μg mL−1), puromycin (100 μg mL−1), chloramphenicol
(30 μg mL−1), streptomycin (500 μg mL−1), kanamycin (50 μg mL−1)
and penicillin (500 μg mL−1) exerted no effects. Furthermore, blas-
ticidin (100 μg mL−1) inhibited the growth of all the strains, except
Schizochytrium sp., and zeomycin (1 mg mL−1) inhibited A. limacinum
only. Based on these results, the authors selected antibiotic resistant
marker genes for transformation techniques with thraustochytrids,
while providing at the same time a list of antibiotics that could be used
during isolation procedures.

Limited information is available in mainstream literature on pre-
servation of thraustochytrids. Cox et al. (2009) investigated the viabi-
lity of 3 strains of Thraustochytrium sp. using 5 different cryoprotectant
formulations. Samples were frozen at 1 °C min−1 to −80 °C overnight,
and then transferred into liquid nitrogen and stored for 1 month prior to
assessing their viability after rapid thawing (1 min at 50 °C in a water
bath). Results showed that all strains were recovered successfully in a
mixture of 10% (v/v) Me2SO, 30% (v/v) horse serum, 50% (v/v) By-
medium and 10% (v/v) inoculum. The use of glycerol, well known for
its cryoprotectant properties, at 9% (v/v) and 18% (v/v) in By-medium
and 10% (v/v) inoculum did not allow for similar recovery rates after
the same storage conditions, although 15% (v/v) glycerol was pre-
viously used for the preservation of Aurantiochytrium sp. T66 (Jakobsen
et al., 2008). It is clear, however, from the technical information
available from collections, such as the American Type Culture Collec-
tion, that a range of methods of cryostorage are in use both in academia
and industry.

Direct detection of thraustochytrids is essential to study the ecology
of these organisms in their natural habitat, and also to identify them in
environmental samples. For instance, a fast and reliable method for
early detection of QPX thraustochytrids in aquaculture farms could help
to reduce the number of disease outbreaks by the implementation of

prompt preventive measures. To date, few techniques have been
adapted and applied for the direct detection of thraustochytrids.

The early detection techniques for thraustochytrids were based on
immunofluorescence methodology and were applied to Ulkenia vi-
surgensis and Aplanochytrium haliotidis (Bower et al., 1989;
Raghukumar, 1988b). However, immunoassays often require chemical
treatments to fix the samples and to permeabilize the cell membrane,
which is both laborious and introduces artifacts. In addition, each an-
tibody must be raised against a particular strain. As a result,
Raghukumar and Schaumann (1993) developed an epifluorescence
microscopy technique using acriflavine stain for the direct detection of
thraustochytrid cells in natural water samples without prior cultivation
or antibodies being required. Acriflavine hydrochloride stained all
mature cell nuclei blue-green, while the sulphated polysaccharide cell
wall was observed as red-orange under violet-blue excitation light;
zoospores or young vegetative cells, lacking a sulphated polysaccharide
cell wall, were only observed in blue-green. This technique was not
specific since other protists present in the water sample also stained.
Therefore, the authors recommended also distinguishing thraustochy-
trid cells by their morphology and lack of autofluorescence. As such,
this technique may under-estimate the number of thraustochytrid cells
as some strains adopt various shapes (including naked amoeboid pro-
toplast), or have a thin cell wall at the early life cycle stage (zoospores
or very young vegetative cells), which would make them difficult to
detect by staining.

To overcome these limitations, Takao et al. (2007) suggested a new
epifluorescence microscopy technique based on a fluorescence in situ
hybridization (FISH) using an 18S rDNA targeted probe for the specific
detection of thraustochytrids, which would stain all cells, including
zoospores and amoeboid cells. The probe ThrFL1 (Table 1), labelled
with fluorescein isothiocyanate (FITC), showed a strong reactivity with
the TPG group (Honda et al., 1999), but not with diatoms, raphido-
phytes and dinoflagellates. However, this study did not evaluate the
probe against any members belonging to the LPG group or QPX or-
ganisms. Currently, this technique is possibly the most accurate method
for the detection and enumeration of thraustochytrids, but sensitivity
could be increased by using brighter chromophores or coupling with a
signal amplification procedure, such as CARD-FISH (Amann and Fuchs,
2008). In addition, this technique could be adapted with flow cyto-
metry for direct counting of thraustochytrid populations, coupling it
therefore with quantitative data. However, as the taxonomy and phy-
logeny of thraustochytrids remains unclear, a strong reactivity only
with the TPG group can lead to overlooking the potential to identify
other thraustochytrid strains, such as Oblongichytrium multirudimentale
or the QPX organisms. A similar technique using in situ hydridization
(ISH) was performed to detect either QPX organisms specifically, or the
class Labyrinthulea in general in animal infected tissue using a QPX
small-subunit ribosomal DNA (SSU rDNA) probe cocktail (QPX641 and
QPX1318 probes) and the SSU rDNA probe LABY1336, respectively
(Stokes et al., 2002). Other authors designed new methods based on
real time quantitative PCR (Lyons et al., 2006) or denaturing gradient
gel electrophoresis assays to detect the hard clam QPX pathogen (Gast
et al., 2006). However, both techniques are laboratory based with
limitations for rapid detection in the field.

Further work needs to be carried out in order to design better and
more specific thraustochytrid detection assays based on new molecular
probes or immunoassay approaches, such as a flow lateral test assay,
similar to a pregnancy test, for the direct detection of QPX pathogens.
The scope exists for consideration of use of a rapid fatty acid protocol
for detection of thraustochytrids.

4. Growth requirements and strategy for biomass production

Optimization of fermentation parameters to increase both biomass
and high-value co-products, in particular DHA, has been a major topic
of investigation for the biotechnological exploitation of the

2 By-medium composition (percent w/v): (0.7%) glucose, (0.05%) yeast extract,
(0.05%) peptone, (0.05%) gelatin hydrolysate, (70%) artificial seawater.
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thraustochytrids (Fan and Chen, 2007; Raghukumar, 2017). A recent
publication reviewed in depth the influence of different parameters for
DHA, carotenoid and squalene production with respect to thraus-
tochytrid metabolism (Aasen et al., 2016). Hence, in this section we
focus on the influence of temperature, dissolved oxygen, carbon and
nitrogen sources and concentrations, as well as other additives, on
biomass production, strain performance and production of certain
value-added biomolecules synthesized by the thraustochytrids.

4.1. Temperature

Taoka et al. (2009a, 2009b) investigated the influence of tempera-
ture on the growth and fatty acid profile of Aurantiochytrium sp.
mh0186. The authors found that temperatures between 15 °C and 30 °C
did not cause significant changes in DHA concentration (determined as
mg L−1), nor on the final biomass (g L−1). Nonetheless, temperature
was found to alter the fatty acid profile at both ends of the range of the
temperature studied, with relative levels of DHA (as % of total fatty
acids, TFA) higher at 10 °C than at 35 °C, while little impact was ob-
served between 15 °C and 30 °C. No growth of Aurantiochytrium sp. was
recorded at 5 °C and 40 °C. Similar results were found with Aur-
antiochytrium limacinum strain mh0186 (Taoka et al., 2011a) and strain
OUC88 (Zhu et al., 2008), with an optimal temperature for final DHA
and biomass concentrations ranging from 16 °C to 23 °C. This was si-
milarly reported with other genera, such as Schizochytrium sp. KF-1,
Aurantiochytrium mangrovei KF-2, KF-7, KF-12, Thraustochytrium
striatum KF-9 and Ulkenia sp. KF-13, with an optimal final biomass
achieved between 15 °C and 30 °C (Fan et al., 2002). Similarly, Jain
et al. (2004) and Taoka et al. (2011a) investigated the effect of cold
shock stress on thraustochytrids by incubating strains in a 10 °C in-
cubator for 48 h and 72 h, respectively, following growth. The results
were shown to be strain dependent, with some strains showing an in-
creased in DHA relative level, while Aurantiochytrium limacinum
mh0186 showed only an increase in total lipid, but not in the relative
level of DHA.

4.2. Dissolved oxygen

Thraustochytrids were originally believed to be obligate aerobes
(Moss, 1986), meaning that oxygen is essential for their growth.
However, it is now known that some have the potential to survive under
microaerobic to anaerobic conditions, as these organisms have been
detected in the oxygen minimum zone of the Arabian sea water column

and sediment (Cathrine and Raghukumar, 2009; Raghukumar et al.,
2001), but their ability to respire and grow under these conditions re-
mains unsubstantiated. Excess oxygen can lead to the oxidation of un-
saturated fatty acids due to the formation of reactive oxygen species.
Indeed, when grown under high constant concentration of dissolved
oxygen (20% of saturation), with an excess of carbon source and with
nitrogen starvation, Aurantiochytrium sp. T66 showed high biomass
yield (100 g L−1 DCW) (Jakobsen et al., 2008), but a low relative level
of DHA (29% of TFA). However, under oxygen limitation, high levels of
DHA were recorded (51% of TFA) together with a lower final cell
concentration (26 g L−1 DCW). Hence, to obtain high biomass yield
and high lipid content, Huang et al. (2012) applied intermittent oxygen
feeding during the fed-batch fermentation of Aurantiochytrium lima-
cinum SR21, while maintaining on average 50% saturation of dissolved
oxygen (C:N ratio equal to 1.25 with feeding concentrations of
100 g L−1 glycerol, 40 g L−1 yeast extract, 40 g L−1 peptone at a
feeding rate of 0.25 mL min−1 in 2 L fermentation broth). The study
showed that an intermittent oxygen feeding strategy to maintain a 50%
dissolved oxygen level, was responsible for a dissolved oxygen fluc-
tuation in the medium, enabling a high biomass to be achieved
(62 g L−1), while maintaining a high relative level of DHA (up to 73%
of TFA) and DHA yield (20 g L−1). Using Schizochytrium sp. S31, other
authors showed similar results in a comparable fed-batch process when
maintaining a constant high oxygen transfer coefficient (KLa = 1802)
through a rapid continuous supply of oxygen – biomass levels reached
96 g L−1 of DCW, with a DHA relative level of 42% of TFA and a DHA
yield of 29 g L−1 (Chang et al., 2013). Therefore, although it is not yet
clear whether a constant or intermittent level of oxygen is favourable
for high DHA productivity yield, it has been shown across studies that
oxygen is a vital and important parameter for the growth of thraus-
tochytrids.

4.3. Carbon source and concentration

Although the PUFA profile can remain similar across genera and
media composition, the lipid content of thraustochytrids can vary
greatly depending on the strain, the medium composition and the
growth conditions (Table 5), with TFA yield ranging from 8% up to
81.7% of DCW (Raghukumar, 2008). For instance, the same strain of
Schizochytrium sp. SR21 showed variation in lipid content from 21 to
48% (Lewis et al., 1999) under different conditions as used by different
researchers, while Aurantiochytrium sp. TC 20 also showed a variation
in lipid content from 33 to 52% under different fed-batch regimes with

Table 5
Biomass, lipid content and DHA yields for thraustochytrid strains grown on different carbon sources.

Strain Carbon source DHA %
TFA

TFA %
DCW

Biomass
g L−1

DHA
g L−1

Fermentation volume References

Schizochytrium mangrovei KF6 Bread crust (10 g L−1) 11% 11% 6.5 0.08 1 L Fan et al. (2000)
Schizochytrium mangrovei KF6 Okara powder 4% 19% 7.5 0.05 1 L Fan et al. (2000)
Schizochytrium mangrovei KF6 Brewing grain waste from mash 6% 10% 10.0 0.06 1 L Fan et al. (2000)
Schizochytrium mangrovei SM3 Mixed food waste hydrolysate 24% 17% 20.0 0.80 2 L Pleissner et al. (2013)
Aurantiochytrium sp. KRS101 Spent yeast (200 g L−1) 35% 4% 26.0 0.40 0.5 L Ryu et al. (2013)
Thraustochytriidae sp. M12-×1 Potato residual liquid (RP1-YE-MSG) 53% 14% 1.0 0.07 0.1 L Quilodrán et al. (2009)
Thraustochytriidae sp. M12-×1 “Cheeseclothed” residual beer liquid (RB-YE-

MSG)
45% 16% 2.3 0.17 0.1 L Quilodrán et al. (2009)

Aurantiochytrium sp. KH105 Brown seaweed (60 h) 45% 4% 3.0 0.05 6 L Arafiles et al. (2014)
Aurantiochytrium limacinum SR21 Crude glycerol 34% 51% 18.0 3.07 50 mL Chi et al. (2007b)
Aurantiochytrium limacinum SR21 Crude glycerol (continuous) 29% 50% 11.8 1.74 4.5 L Ethier et al. (2011)
Aurantiochytrium limacinum SR21 50% Sweet sorghum 34% 73% 9.4 2.35 100 mL Liang et al. (2010)
Aurantiochytrium mangrovei SK02 Coconut water 42% 50% 27.5 5.70 100 mL Unagul et al. (2007)
Aurantiochytrium limacinum SR21 Hydrolysed potato broth 32% 51% 16.3 2.69 50 mL Chi et al. (2007a)
Aurantiochytrium sp. TC20 Pure glycerol (fed batch) 48% 33% 55.9 8.93 2 L Lee Chang et al.

(2013a)
Aurantiochytrium sp. TC20 Pure glucose

(fed batch)
43% 34% 56.6 8.23 2 L Lee Chang et al.

(2013a)
Schizochytrium sp. DT3 Hemp hydrolysate 38% 17% 1.8 0.11 200 mL Gupta et al. (2015)
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varying medium compositions and carbon sources (Lee Chang et al.,
2013a). Nonetheless, to qualify as oleaginous, a microorganism must
accumulate at least 20–25% of its weight as TFA (w/w% DCW)
(Ratledge, 1991). In thraustochytrids, the lipid content is on average
around 29% of DCW under non-optimised conditions (Raghukumar,
2008), but under optimised conditions, lipid content will on average
reach 50% of DCW or higher (Table 6). Therefore, carbon source op-
timisation is often seen as a crucial step in developing a fermentation
process for the production of DHA using thraustochytrids.

Many diverse carbon sources have been used to grow thraustochy-
trids as shown in Table 5. The most common have been glucose and
glycerol, but other studies have used by-products from various in-
dustries, in particular the food and drink industry. However, exploiting
by-products as ingredients in culture media for thraustochytrids in the
production of DHA is generally yet to be optimised. Indeed, DHA pro-
ductivity yields in these conditions are usually lower than when glucose
or glycerol are used solely in culture media. In addition, using non-
conventional feedstock such as by-products from another industry (in
particular when these are not food-grade) can cause difficulties when
seeking authorization for commercialization. This is because any food
additive or ingredient, such as DHA, must be given a “generally re-
cognized as safe” status which confirms the product is safe for human
consumption, and gaining this could approval require further analysis,
and/or other information (EFSA, 2012; FDA, 2004a; Ratledge, 2012).

The concentration of the carbon source is also an important factor,
influencing significantly the growth of and DHA yields of some
thraustochytrids. For instance, Yokochi et al. (1998) showed that the
high tolerance of Aurantiochytrium limacinum SR21 to high concentra-
tions of glucose and glycerol allowed this strain to produce a maximal
biomass (ca. 35 g L−1) and DHA yield (ca. 4 g L−1), which was reached
at a glucose concentration of 90 g L−1 or a glycerol concentration of
120 g L−1. Similarly, Thraustochytrium sp. ONC-T18, when grown on a
glucose concentration of 100 g L−1, showed the highest DHA con-
centration at 4 g L−1 (Burja et al., 2006) and reached a biomass of
18 g−1 L, while Aurantiochytrium BL10 performed very well in
140 g−1 L of glucose, reaching 60 g−1 L of biomass, and 16.8 g L−1 of
DHA (Yang et al., 2010). However, despite tolerance to high glucose
concentration, Aurantiochytrium mangrovei FB3 achieved maximal spe-
cific growth rates at lower glucose concentration (30 g L−1) (Fan et al.,
2010). Other authors found comparable results using a high glycerol
concentration as the sole source of carbon instead of glucose. For ex-
ample, Aurantiochytrium limacinum SR21 showed maximal biomass
production (11 g L−1) at 50 g L−1 of glycerol, but substrate inhibition
was observed at higher concentrations (Huang et al., 2012). Gupta et al.
(2013a), while investigating the influence of high glucose and glycerol
concentrations with Thraustochytrium sp. AMCQS-5, showed that little
effect on biomass production was observed across a range of glucose
concentrations (from 5 g L−1 to 100 g L−1), with a maximum biomass
only reaching 1.44 g L−1 DCW, suggesting that glucose might not be

metabolized by this strain. Conversely, an increasing concentration of
glycerol greatly improved biomass production (8.32 g L−1 DCW at
40 g L−1 of glycerol), but growth inhibition was recorded at higher
glycerol concentrations. Overall, many thraustochytrids can tolerate
high glucose and glycerol concentrations, and either one or both sole
carbon sources are often suitable for their growth, although optimal
concentration is a strain dependent factor. As a result, and to minimize
substrate inhibition, one strategy is to determine the highest carbon
source concentration that gives the maximal specific growth rate, then
to implement a fed-batch or continuous fermentation strategy with a
feeding rate that would maintain the optimal carbon concentration as
the sole carbon source that is consumed (Chang et al., 2013; Ethier
et al., 2011; Huang et al., 2012; Lee Chang et al., 2013a).

4.4. Nitrogen source and C:N ratio

Nitrogen is also an important parameter for thraustochytrid growth.
Several authors have used peptone and yeast extract (Huang et al.,
2012), or corn steep liquor (CSL) (Yokochi et al., 1998), as nitrogen
sources to increase both biomass production and TFA. Yokochi et al.
(1998) investigated different nitrogen sources to maximize biomass and
DHA yield in Aurantiochytrium limacinum SR21. The authors found that
the use of CSL resulted in a final biomass concentration (ca. 15 g L−1)
comparable to that achieved with yeast extract used as a source of ni-
trogen, but with a DHA yield that was two-fold higher (1.5 g L−1).
Polypeptone and tryptone on the other hand supported production of
very low biomass and DHA yields. Conversely, in an aim to increase
squalene production and cell growth by Aurantiochytrium sp. BR-MP4-
A1, Chen et al. (2010) showed that monosodium glutamate (MSG),
yeast extract, peptone and tryptone were the best nitrogen sources for
biomass production; they all yielded the maximal biomass concentra-
tion (ca. 8 g L−1), while CSL resulted in little growth (below 4 g L−1).
The authors also showed that tryptone and yeast extract increased the
squalene yield by a minimum of 6 to 7-fold when compared to defined
nitrogen sources such as ammonium, MSG and urea. They therefore
recommended using complex nitrogen sources, other than CSL, rather
than their inorganic counterparts, except for MSG, for squalene pro-
duction and cell growth.

A high carbon to nitrogen (C:N) ratio has been shown to improve
lipid synthesis and DHA accumulation in flask fermentation with the
thraustochytrid strain G13 (Bowles et al., 1999). These results were
confirmed by Jakobsen et al. (2008) who provided evidence that TFA
content increases in Aurantiochytrium sp. T66 when subjected to ni-
trogen starvation – i.e. a decrease in nitrogen content of the growth
medium leads to lipid accumulation. Hence, a multi-phase fermentation
strategy has been studied to optimize C:N ratio for biomass production
in the first phases, and for DHA production and accumulation in later
phases. T Y. Huang et al. (2012) investigated a three phase fed-batch
fermentation with three different C:N ratios of 0.5, 1.25 and 1.875, in

Table 6
Performance of the higher yielding thraustochytrid strains for DHA productivity.

Strains Strategy Biomass
g L−1

TFA %
DCW

DHA References

% g L−1 mg L−1 h−1

Aurantiochytrium sp. T66 Fed excess C, limiting N and O2 limitation (fixed at 20%
saturation and decreased to 1% at 49 h fermentation), 1.8 L
bioreactor

100 58 30 15.6 93 Jakobsen et al.
(2008)

Aurantiochytrium limacinum
SR21

Fed-batch, excess glycerol (100 g L−1), peptone (40 g L−1), yeast
extract (40 g L−1), C:N ratio: 1.25

61.8 56 65 20.3 123 Huang et al. (2012)

Schizochytrium sp. CCTCC
M209059

Intermittent glucose feeding kept above 15 g L−1, 0.4–0.6 vvm,
1000 L bioreactor

71 35 49 15.8 119 Ren et al. (2010)

Schizochytrium sp. HX-308 35 L, Intermittent glucose feeding kept above 15 g L−1, two stage
oxygen supply strategy

92.7 50 42 17.7 111 Qu et al. (2011)

Aurantiochytrium sp. TC22 Fed-batch, excess glycerol (40 g L−1) + 26 h addition of addition
264 g gly + nutrient (yeast extract) 1.6 L bioreactor

70.8 52 39 14.3 207 Lee Chang et al.
(2014)
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lag, log and stationary phases respectively with Aurantiochytrium lima-
cinum SR21. Results showed increasing DHA levels through the phases
from 50% to 67% of TFA. After optimizing the system, the cultures
reached a biomass of 62 g L−1, while DHA yield reached 20 g L−1.
Similarly, a two-stage fermentation with an initial low C:N ratio (10:1),
followed by a high C:N ratio (55:1) second stage was recommended by
Rosa et al. (2010). Other authors have recommended altering the C:N
ratio by decreasing the feeding rate of the sole carbon source at the end
of fermentation (in the case of a fed-batch or continuous fermentation),
resulting in higher final DHA concentration (Aasen et al., 2016).

4.5. Medium supplements

In their review, Fan and Chen (2007) reported the importance of
phosphorus and sodium for thraustochytrid growth, as well as trace and
micronutrients such as vitamins. For instance, optimal concentration of
KH2PO4 was reported to be between 0.1 and 0.2 g L−1 for the genus
Thraustochytrium while the genera Schizochytrium and Ulkenia required
up to 3 g L−1. Similarly, salts, and in particularly sodium salts such as
sodium chloride and sulphate has been shown to be vital for thraus-
tochytrids and many authors use artificial sea salts or half-strength
seawater in their culture medium (Raghukumar, 2017). In addition,
vitamins such as cobalamin, thiamine, biotin, nicotinic acid, riboflavin
and pantothenic acid were also shown to be important as growth factors
(Fan and Chen, 2007).

Other authors have been interested in supplementing the fermen-
tation medium in order to target specific objectives. For example,
polysorbate 80 was found to enhance both growth and total lipid ac-
cumulation in Thraustochytrium aureum ATCC 34304, but showed no
effect on the relative level of DHA (Taoka et al., 2011b). Jasmonate and
terbinafine were used to increase squalene content by either activating
squalene synthase in Schizochytrium mangrovei (Yue and Jiang, 2009) or
inhibiting squalene monooxygenase in Aurantiochytrium mangrovei FB3
(Fan et al., 2010), respectively, while the production of alkaline lipase
was induced by the addition of olive oil (Kanchana et al., 2011). An-
other strategy investigated was to supplement the culture medium of a
secondary fermentation with spent biomass or an enzymatic hydro-
lysate of the broth medium of the first fermentation (treated with an
alcalase enzyme) in order to improve nutrient and resource efficiency
through nutrient recycling (Lowrey et al., 2016a, 2016b). The results
showed that supplementing secondary fermentation with an enzyme
treated spent hydrolysate and fresh medium resulted in higher final
biomass concentration (+55%) and final lipid concentration (+48%)
when compared to the control (addition of fresh medium only). Similar
investigation on nutrient recycling has been performed by supple-
menting culture medium with a 200 °C hydrothermal treated defatted
thraustochytrid water soluble filtrate (WS) (Aida et al., 2017). The re-
sults showed that similar final biomass concentrations were achieved in
the supplemented medium (20 g L−1, 0.5 g L−1 yeast extract,
376 mg L−1 WS total nitrogen) when compared with the control
(20 g L−1 glucose, 1 g L−1 tryptone, 0.5 g L−1 yeast extract), in-
dicating that the WS filtrate could be effectively used as a recycled
source of nutrients.

4.6. Light requirement

Thraustochytrids are often regarded as advantageous when com-
pared to PUFA-producing phototrophic microorganisms such as mi-
croalgae, due to the absence of the requirement for a light source. This
made thraustochytrids attractive for cultivation, because photo-
bioreactors are generally considerably more expensive to run than their
stainless-steel counterparts, and light-dependent cultivation strategies
are sometimes more complex to implement. Nonetheless, although light
is not essential for thraustochytrid growth, an early study showed that
thraustochytrids may have photoreceptors that could stimulate growth
under light excitation (Goldstein, 1963). This was confirmed in a study

by Yamaoka et al. (2004) that showed the effect of near-infrared LED,
blue, red and fluorescence (1,5 kLux) lights on Thraustochytrium sp.
CHN-1 growth and carotenoid production. The authors showed that
under 1,5kLux fluorescent light, maximal final biomass (c.a 2.5 g L−1)
was achieved under blue LED luminescence and also producing the
highest carotenoid content (c.a 1 mg g−1 of DCW). In comparison,
under dark conditions, the final biomass and total carotenoid content
measured was 0.5 g L−1 and 0.2 μg g−1, respectively This novel photo-
cultivation strategy for thraustochytrids was later patented (Yamaoka,
2008). Another study showed that the final carotenoid concentration of
mutant Aurantiochytrium limacinum BR.2.1.2 was more than double at 5
kLux compared to that in the absence of light (Chatdumrong et al.,
2007). In addition, the French company Fermentalg recently patented a
mixotrophic cultivation strategy for the production of astaxanthin and
DHA using Schizochytrium sp. under discontinuous illumination (flash-
mixotrophic) (Romari et al., 2015). Briefly, the microorganism was
grown under classic heterotrophic conditions with the exception that
the internal wall of the bioreactor was coated with light-emitting diodes
providing intermittent flashes. Results showed an 18% increase in final
biomass concentration, stable DHA relative content and hyper-pro-
duction of astaxanthin from 0 mg g−1 (heterotrophic) to 2 mg g−1.

5. Metabolism

With recent advances in molecular biology, extensive work has been
conducted to improve understanding of different metabolic pathways
and how they interconnect in thraustochytrids to produce a specific
compound. With this new knowledge, researchers can optimize culture
conditions more easily to enhance or inhibit the activity of key en-
zymes. This section gives a brief overview of the synthesis of PUFA,
squalene, EPS and extracellular enzymes by thraustochytrids. An in-
depth understanding of PUFA synthesis and formation of other products
in thraustochytrids is provided in the recent reviews of Xie and Wang
(2015) and Aasen et al. (2016).

5.1. Polyunsaturated fatty acid synthesis

Thraustochytrids are known to produce PUFA using two distinct
pathways: the fatty acid synthase (FAS) aerobic pathway (also called
the standard elongase-desaturase pathway), and the polyketide syn-
thase-like (PKS) anaerobic pathway (also called the PUFA synthase
pathway) (Qiu, 2003). Qiu (2003) suggested a potential FAS route in
Thraustochytrium involving several elongase and desaturase enzymes in
sequential order leading to biosynthesis of DHA. The “two pathway”
hypothesis was developed and supported by the discovery of several
elongase and desaturase enzymes in a number of strains of the genus
Thraustochytrium, and these include: Δ4 desaturase (Kang et al., 2008;
Nagano et al., 2011b; Qiu et al., 2001), Δ5 desaturase (Kang et al.,
2008; Qiu et al., 2001; Sakaguchi et al., 2012), Δ5 elongase (Nagano
et al., 2011b), Δ6 elongase (Wu et al., 2005), tauΔ12 desaturase, the
functions of which were similar to a standard Δ12 desaturase (Matsuda
et al., 2012) and ELO-like enzymes which act as elongases, but at
multiple carbon positions – Δ9, Δ6, Δ5 (Kang et al., 2010; Ohara et al.,
2013). As a result, this route is strongly suspected to be used by
Thraustochytrium species, but was reported to be incomplete or missing
in Schizochytrium or Aurantiochytrium strains (Lippmeier et al., 2009;
Nagano et al., 2011b).

Hence, it was shown that a second route, the PKS route, stood
alongside the FAS route and might actually be the normal method of
synthesis in some thraustochytrid strains (Metz et al., 2001). This route,
to date only studied in thraustochytrids in Schizochytrium, is based on
identification of open reading frames coding for proteins with homo-
logous functions to FAS enzymes (elongation and desaturation of FA
chains), but through different chemical reactions (Hauvermale et al.,
2006; Lippmeier et al., 2009; Metz et al., 2009, 2001).
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5.2. Squalene synthesis

The pathway for squalene synthesis in thraustochytrids has not yet
been elucidated completely, although some studies have drawn to-
gether aspects of the pathway (Aasen et al., 2016). Yue and Jiang
(2009) reported an increase in squalene content after addition of jas-
monate, believed to be an activator of the squalene synthase in Aur-
antiochytrium mangrovei, but the mechanism for this is still poorly un-
derstood. This hypothesis was later confirmed by Hong et al. (2013)
who characterized a squalene synthase in Aurantiochytrium sp. KRS101
and showed its activity by the conversion of farnesyl diphosphate to
squalene in the presence of NADPH and Mg2+. Squalene synthesis in
eukaryotes varies greatly between organisms, supporting the hypothesis
that thraustochytrids may have their own squalene synthesis pathway
(Spanova and Daum, 2011). Similarly, Fan et al. (2010) showed an
increase of squalene by Aurantiochytrium mangrovei FB3 when terbina-
fine hydrochloride was added to the culture medium. Squalene is a
precursor metabolite of numerous sterols, and terbinafine is known to
inhibit sterol synthesis enzymes, such as squalene monooxygenase,
which can lead to accumulation of squalene in the cell in the presence
of terbinafine. Further work is required to better understand squalene
metabolism in order to achieve increased yields in thraustochytrids.

5.3. Exopolysaccharide production

Thraustochytrids are also known to produce an exudate, commonly
called exopolysaccharide (EPS) which could have commercial applica-
tions. Jain et al. (2005) showed that Schizochytrium sp. SC-1 and Schi-
zochytrium sp. CW1 produce, respectively, 0.9 g L−1 and 1.1 g L−1 of
EPS in M4 medium (containing 2% glucose) after 7-day incubation.
After growing Schizochytrium sp. CW1 on 14C-glucose, the authors
showed that 7% of the labelled carbon was incorporated into EPS, 33%
liberated as CO2, and 60% used for other metabolic processes. The EPS
exhibited a sugar content of 39% (compared to 53% for SC-1), of which
79% was glucose (compared to 75%) and 19% galactose (compared to
23%). Similar work was carried out on Aurantiochytrium sp. TC018,
Schizochytrium sp. TC002, Ulkenia sp. TC010, and Thraustochytrium sp.
TC004 (Lee Chang et al., 2014), but lower yields (around one-third)
were achieved with maximal EPS concentrations of 0.25 g L−1,
0.3 g L−1, 0.01 g L−1 and 0.26 g L−1 of EPS, respectively; similar re-
sults were obtained in the study of Liu et al. (2014).

5.4. Extracellular enzymes

The biotechnological potential of enzymes has been mostly in-
vestigated in bacteria, in particular in extremophiles, but has been
largely overlooked in heterotrophic protists such as thraustochytrids
(Kiy, 1998). The suspected scavenging ecological role of thraustochy-
trids triggered the hypothesis that interesting extracellular enzymes
may be produced by these organisms (Bremer and Talbot, 1995;
Raghukumar, 2008; Raghukumar et al., 1994; Sharma et al., 1994).
Nagano et al. (2011a) detected cellulolytic activity in the genera Bo-
tryochytrium, Oblongichytrium, Parietichytrium, Schizochytrium, Sicyoi-
dochytrium, Thraustochytrium, Aplanochytrium and Ulkenia, but not in
Aurantiochytrium. These results were in contradiction with the previous
study of Taoka et al. (2009b) who did not observe any cellulolytic ac-
tivity in Thraustochytrium, Schizochytrium and Aurantiochytrium, some-
times using strains from the same culture collection. Other hydrolase
activities have been detected in thraustochytrids, including agarase,
amylase, proteinase, gelatinase, urease, lipase, α-glucosidase, phos-
phatase and xylanase, while chitinase, carrageenase, alginate lyase and
pectinase are found occasionally (Devasia and Muraleedharan, 2012;
Kanchana et al., 2011; Raghukumar et al., 1994; Sharma et al., 1994;
Taoka et al., 2009b). Kanchana et al. (2011) discovered a lipase with
optimum activity at alkaline pH showing biotechnological potential as
an additive in detergent, while Brevnova et al. (2013) recently patented

cellobiohydrolase type I from Schizochytrium aggregatum.

6. Current exploitation and further potential for thraustochytrid
products

Omega-3 rich oils from thraustochytrids are now in production in a
number of countries, and new thraustochytrid isolates are regularly
being explored as possible improved or alternative sources of PUFA.
DHA is an omega 3 long-chain (LC, ≥C20) PUFA that plays a key role in
cell signalling, cell interactions and membrane fluidity (Colomer et al.,
2007). The consumption of DHA has been proven to have beneficial
effects on human health at embryonic and post-natal life stage in the
development of the neuronal, retinal and immune systems (Singh,
2005; Swanson et al., 2012), as well as in adulthood, in the prevention
of cardiovascular disease, maintenance of the brain and learning
functions, and in inflammation response systems (Horrocks and Yeo,
1999; Ruxton et al., 2004). The heterotrophic growth of thraustochy-
trids allows high biomass yield in a short space of time, and therefore
high DHA productivity when compared to other oleaginous photo-
autotrophic microorganisms; such organisms have an obligate re-
quirement for light, which directly affects their growth rate and the
metabolic strategy adopted (Armenta and Valentine, 2013; Meng et al.,
2009). To date, several thraustochytrid strains have shown great po-
tential for industrial application (Table 6), with Aurantiochytrium sp.
TC022 being one of the highest performing strains reported.

Several companies are now producing or using DHA-rich oil from
thraustochytrids, particularly Royal DSM, which acquired both Martek
Bioscience Corporation in 2010 and Ocean Nutrition Canada in 2012.
DSM has become the leader in the production of omega-3 rich oil from
thraustochytrids for human consumption and animal feeds, while
Alltech is targeting animal feeds particularly with their product All-G-
Rich™. As an example of a case study, DHASCO® is a bio-ingredient
containing a minimum of 40% DHA sold by DSM as a nutritional oil for
the fortification of infant formula products, omega-3 supplements, and
products for pregnancy and nursing (DSM, 2015). This product was
originally produced from Crypthecodinium cohnii, but is currently being
replaced by DHA-rich oil from Schizochytrium sp. DSM incorporated
DHASCO® in their trademark life'sDHA™ which is sold as a bio-in-
gredient in many food products (dairy, bakery, processed meat, bev-
erage, etc.) in liquid or powder form, or as a soft gel capsule dietary
supplement (Life'sDHA, 2012) or as a dietary supplement in DHAgold™
for animal feeds (DSM, 2012). Other products, such as Algamac™
(Schizochytrium sp.) as an aquaculture feed, Lonza's DHAid™ Algal Oil
(Ulkenia sp.) as a bio-ingredient, Source-Omega's PureOne™ (Schi-
zochytrium sp.) as a vegetarian nutraceutical, or Biotherm's Blue therapy
(Ulkenia sp.) as a cosmetic, are also commercially available (Aquafauna
Bio-Marine, 2000; Biotherm, 2013; Lonza, 2012; Source Omega, 2012).

The biotechnological potential of thraustochytrids as producers of
LC-PUFA, carotenoids and other bioactive compounds, such as squalene
and EPS, has been reviewed several times (Aasen et al., 2016; Gupta
et al., 2012; Lewis et al., 1999; Raghukumar, 2008; Singh et al., 2014).
Hence, this review will now focus on the current applications of
thraustochytrids rather than their potential. An emphasis will be first
given to risk assessment of thraustochytrid-derived oil and its uses as a
food supplement in the food and aquaculture industries, and more re-
cent advances in the development of thraustochytrid-derived oil and
secondary compounds (squalene, EPS, carotenoids) for application in
the biofuel, pharmaceutical, cosmetic and nutraceutical industries.

6.1. Thraustochytrid derived DHA rich oil as a bio-ingredient in food
products: safety evaluation and formulation of novel food products

An increasing number of functional food and cosmetic products
using thraustochytrid oil have been developed in recent years following
Schizochytrium sp. and Ulkenia sp. “algal oils” being given ‘generally
recognized as safe’ status for human consumption by the American
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Food and Drugs Administration (FDA, 2004b, 2003), and by the Eur-
opean Commission (European Commission, 2009a, 2009b, 2003).

Numerous studies have evaluated the safety profile of thraus-
tochytrid-derived oil in rats, mice, rabbits, swine and piglets (Abril
et al., 2003; Blum et al., 2007a, 2007b; Fedorova-Dahms et al., 2014,
2011a, 2011b; Hammond et al., 2001a, 2001b, 2001c, 2001d; Kroes
et al., 2003). None of the studies found any adverse effects of oil de-
rived from Schizochytrium sp. or Ulkenia sp. in complementary diet
treatments when compared to control diet-fed animals. Nor were any
related effects found in terms of growth development (clinical ob-
servations, body weight, food consumption, mortality), pathology
parameters (hematology, urinalysis, histopathology), genotoxicity,
mutagenicity, or developmental and reproductive toxicity. Only during
clinical inspection were increases in relative and absolute weight of the
liver observed as treatment related effects, but this was considered as a
physiological response to high intake levels of lipids and not as suffi-
ciently adverse to warrant concern (Blum et al., 2007a, 2007b;
Fedorova-Dahms et al., 2011a, 2011b).

In humans, Sanders et al. (2006) evaluated the effect of Schizochy-
trium sp. derived oil on cardiovascular risk factors in healthy subjects
(39 men and 40 women). After a daily intake of 4 g of Schizochytrium sp.
derived oil (1.5 g of DHA) or 4 g of refined olive oil (0 g of DHA as
placebo), no adverse effects or pathological changes were reported. It
was, however, observed that the DHA treatment significantly raised
LDL-cholesterol and HDL-cholesterol levels. A high LDL-cholesterol
level is often associated with a greater risk of cardiovascular diseases
(CVD), whereas a high HDL level is regarded as a marker for low CVD
risk. In this study, no change in the LDL:HDL ratio (1.82) was observed
between the baseline and the end of the study, which is suggestive that
the change in absolute LDL and HDL levels overall had a net neutral
effect on CVD risk. Thus, the authors concluded that the intake of
Schizochytrium sp. oil as a dietary supplement did not increase the risk
of CVD in healthy men and women.

Harris and Von Schacky (2004) suggested taking the Omega-3 Index
into consideration as a new risk factor for CVD. Indeed, they observed
that a relative level of DHA + EPA above 8% in erythrocytes (red blood
cells) is associated with greater cardiovascular protection. Data pre-
sented in the study carried out by Sanders et al. (2006), involving in-
take of a DHA supplement (1.5 g), can be used to calculate that the
Omega-3 Index was equal to 8.4% compared to 6.6% for the control
cohort, showing that beneficial effects can be associated with the con-
sumption of thraustochytrid-derived oil. In addition, Ryan et al. (2010)
reviewed, in depth, the safety evaluation of single cell oils, including
thraustochytrid derived oils, together with the associated regulatory
requirements in the USA, Canada, Australia, New Zealand and the
European Union. Their study concluded that no adverse event asso-
ciated with single cell oils (SCO) has been ever reported; neither have
SCO been associated with allergic reactions, while satisfying safety
requirements from all studied countries. The US Food and Drug Ad-
ministration acknowledged a safe intake up to 3 g day−1 of DHA and
EPA. Hence, SCO, which include thraustochytrid oil, are seen as the
most promising fish oil alternatives for human consumption as a nu-
traceutical, or in animal feed where DHA enrichment can replace the
use of fishmeal.

6.2. Developing new DHA enriched food products through ingredient
substitution and omega-3 enriched animal feeds

With successful risk assessments and accreditation given to thraus-
tochytrid based oils, development of food products such as enriched
omega-3 infant formula (DSM, 2015), eggs, milk and meat products
(Ansorena and Astiasarán, 2013; Woods and Fearon, 2009) was made
possible. For instance, Valencia et al. (2007) formulated a new type of
dry, chorizo-type sausage by substituting pork fatback with 25% and
15% of Schizochytrium sp. oil. The authors concluded that a 15% sub-
stitution was sensorially acceptable, as no difference was noted by the

panelists during a triangle sensory evaluation test. It also provided a
healthier dry sausage with an ω6:ω3 ratio of 2.62 compared to 9.41 for
the control (no substitution of fat). In addition, storage for 30 days
under vacuum with the use of an antioxidant guaranteed oxidative
stability.

Other authors directly fed lambs (Elmore et al., 2005; Meale et al.,
2014), pigs (Marriott et al., 2002; Sardi et al., 2006), chickens (Rymer
et al., 2010; Yan and Kim, 2013) or rabbits (Mordenti et al., 2010) a
diet supplemented with Schizochytrium sp. derived DHA, and in all cases
these studies showed an increase of DHA deposition into muscle lipids
and adipose tissue without impairing growth and development. Simi-
larly, Park et al. (2015), investigated the effect of a diet supplemented
with dried Schizochytrium sp. (basal diet +0.5% or +1%) on laying
hens' egg production, egg quality (yolk colour, eggshell thickness, egg
weight) and the fatty acid profile of egg yolks. After 6 weeks on a 1%
dietary supplement, not only were higher DHA levels observed in the
fatty acid composition of the egg yolk, but also a better productivity
and overall quality of the egg were achieved (thicker eggshell, stronger
yolk colour). This study was in agreement with that of Chin et al.
(2006) who reported an increase in the DHA level in egg yolk after
feeding laying hens with a diet containing Schizochytrium limacinum SR-
21 at +1% and +3% level over a period of 3 weeks.

6.3. Aquaculture feeds

DHA is an essential component for optimal growth and fish devel-
opment. Hence, farmed fish diets require substantial amounts of DHA
(Sargent, 1993; Sargent et al., 1999). Until recently, the DHA supply
came from fish oil obtained from wild harvested fish, but this practice
has come under scrutiny and been found environmentally unfriendly
and unsustainable due to issues such as overfishing (Naylor et al.,
2009). Thus, several fish feeding strategies are currently under in-
vestigation using thraustochytrids to replace fish oil. One strategy
consists of enriching larval brine shrimps or rotifers with live thraus-
tochytrid cells prior to feeding them to fish (Barclay and Zeller, 1996;
Estudillo-del Castillo et al., 2009; Harel et al., 2002; Pacheco-Vega
et al., 2015). The second strategy consists of directly feeding thraus-
tochytrids (spray dried or freeze dried mix pellet) to fish (gilt-head
bream larvae) (Ganuza et al., 2008) or molluscs (geoduck clam, aba-
lone) (Arney et al., 2015; de la Peña et al., 2016). A third feeding ap-
proach involves the formulation of a fishmeal which includes thraus-
tochytrid-derived oil or meal as an ingredient in the recipe. This
strategy has been extensively studied with farmed fish in particular,
such as salmon parr, catfish, Atlantic salmon post-smolt, juveniles of
giant grouper and longfin yellowtail (Carter et al., 2003; Faukner et al.,
2013; Garcia-Ortega et al., 2016; Kissinger et al., 2016; Kousoulaki
et al., 2016; Miller et al., 2007; Sprague et al., 2015). These studies
investigated growth and development as well as relative DHA levels and
the ω3:ω6 ratio in fish or shellfish. As an example with cultured
salmon, several studies found an increase of DHA level in fish fillet
(parr and post-smolt) when using a diet supplemented with thraus-
tochytrid oil (Kousoulaki et al., 2016; Miller et al., 2007) at 13% and
5% inclusion, respectively. In comparison, Sprague et al. (2015) re-
corded a lower relative DHA level (at 11% inclusion), and no significant
difference was recorded in the study of Carter et al. (2003) at 10%
inclusion when compared to control salmon post-smolt fed on fish oil at
equivalent inclusion levels. All studies found normal growth and de-
velopment of animals fed using the thraustochytrid oil when compared
to diets based on fish oil, thus clearly confirming thraustochytrid oil as
an adequate alternative to fish oil.

6.4. Biofuel production: from biodiesel to jet fuel

The first generation of biodiesel was produced from vegetable oils,
such as rapeseed, soy, sunflower and palm oils (Ramos et al., 2009), but
quickly showed several major limitations. In particular, the land
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required for crops and their water and fertilizer requirements were seen
as environmentally unfriendly practices. As a result, SCO produced by
oleaginous microorganisms were investigated to address these issues
(Meng et al., 2009). Among them, “microalgae”, and in particular
heterotrophic microalgae, were regarded as good candidates to over-
come the “food versus fuel” issues associated with using oils derived
from food crops for biodiesel production. The benefits included their
high lipid content accumulation, efficient production of biomass and
simpler production processes (Mata et al., 2010; Meng et al., 2009;
Miao and Wu, 2006). Hence, thraustochytrids were investigated as a
promising subject for biodiesel production (Byreddy et al., 2015; Lee
Chang et al., 2013b), with Schizochytrium sp. S056 (Chen et al., 2015)
and Aurantiochytrium limacinum SR21 (ATCC MYA-1381) (Johnson and
Wen, 2009) almost meeting ASTM standard requirements for intrinsic
biodiesel properties. While assessing the life cycle of biodiesel pro-
duction via hydro-processing from a thraustochytrid strain requiring
2.42 units of carbon per unit of biomass, Lee Chang et al. (2015) con-
cluded that the energy return on energy invested value was lower than
for fossil diesel when glycerol was used a sole carbon source. In com-
parison energy return was higher with molasses as the main carbon
source, as the latter contributed to a lower initial energy input. Thus,
the authors advocated the need to develop further the use of low-cost
carbon sources derived from agro-industrial wastes and to optimize
further culture conditions to increase final biomass yields for the pro-
duction of thraustochytrid-derived biodiesel.

Recently, a joint project involving Tohoku University, University of
Tsukuba and the City of Sendai called “Next-generation energies for
Tohoku recovery” has been seeking to produce hydrocarbon-rich liquid
from domestic waste water (Tohji, 2012). The on-going project in-
vestigates the treatment of sludge water with Aurantiochytrium 18 W-
13a for the production of the highly unsaturated hydrocarbon squalene,
which is then transformed into its saturated counterpart squalane and
can be further converted into smaller alkane hydrocarbons, using ru-
thenium/cerium oxide as catalysts. These products are then convertible
to gasoline or jet fuel (Oya et al., 2015; Phys.org, 2015).

6.5. Pharmaceutical and nutraceutical bioactive compounds from
thraustochytrids

Squalene production by thraustochytrids for pharmaceutical and
nutraceutical purposes is another promising biotechnological applica-
tion (Lewis et al., 2001). Squalene is a polyunsaturated triterpenoid
hydrocarbon which plays a key role in plants and animals as a precursor
of many steroids, including cholesterol, and also bile acids, hormones,
and vitamin D (Spanova and Daum, 2011). As a result, squalene is
rarely accumulated in large quantities, but instead is converted into
other bio-active molecules. Nonetheless, squalene is a powerful natural
antioxidant that can provide protection against free radical and reactive
oxygen species, and anti-tumorigenic, antimicrobial and cardio-pro-
tective activities have been reported, as well as increases in nonspecific
immune functions (Spanova and Daum, 2011). Currently, the major
source of squalene is the liver of deep sea sharks, which can contain
between 50 and 80% of pure squalene (Bakes and Nichols, 1995).
However, with shark populations generally decreasing, a sustainable
alternative source of squalene is desirable and is being sought. Several
studies have investigated the potential of thraustochytrids for squalene
production, but yields initially ranged between 0.55 and 5.81 mg L−1

and were generally too low to provide a sustainable alternative (Chen
et al., 2010; Jiang et al., 2004; Lewis et al., 2001; Li et al., 2009). More
recently Aurantiochytrium sp.18 W-13a was found to accumulate a high
level of squalene (ca. 20% of DCW) with a maximal final concentration
between 0.9 g L−1 and 1.29 g L−1 depending on the culture conditions
(Kaya et al., 2011; Nakazawa et al., 2012). Recently, another thraus-
tochytrid strain, Yonez5–1, was reported to reach an even higher final
concentration (1.17 g L−1) when compared to Aurantiochytrium
sp.18W-13a (0.86 g L−1) grown under the same conditions (Nakazawa

et al., 2014). Some thraustochytrid strains do therefore have con-
siderable potential as a sustainable and alternative source of squalene.

A substantial number of thraustochytrids also produce carotenoids,
which can be used as food colourants or nutritional supplements be-
cause of their antioxidant, anti-free radical and apoptosis-inducing ac-
tivities. The carotenoid pigments that thraustochytrids have been
documented to produce include: astaxanthin, phoenicoxanthin, can-
thaxanthin, echienone and β-carotene (Aki et al., 2003; Yokoyama
et al., 2007; Yokoyama and Honda, 2007). Total carotenoid content in
thraustochytrids varies greatly between strains, from as low as
5.7 μg g−1 DCW for Aurantiochytrium sp. TC030 (Lee Chang et al.,
2012) to 450 μg g−1 DCW after 8 days of incubation for Thraustochy-
trium sp. CHN-1 (Carmona et al., 2003). Other authors found that the
use of glycerol rather than glucose, as a sole carbon source resulted in
greater carotenoid content for Thraustochytrium sp. AMCQS5-3, Schi-
zochytrium sp. S31 and Thraustochytrium sp. S7 (Gupta et al., 2013a;
Singh et al., 2015a). However, Singh et al. (2015b) showed greater
yields of astaxanthin with Schizochytrium sp. S31 when glucose was
used as a sole carbon source compared to glycerol. The authors also
showed that the addition of propyl gallate or butylated hydroxytoluene
increased astaxanthin levels under the glycerol regime. Petroleum
ether/acetone/water (15:75:10) was shown to be the best solvent for
extraction (Armenta et al., 2006), while ultrasonication was the best
cell disruption method (Singh et al., 2015a) for obtaining maximal
carotenoid yield.

Finally, thraustochytrids are being investigated for the production
of pharmaceuticals through the diverse range of bioactive products they
synthesize or as an innovative bio-engineering tool in the production of
other compounds. For instance, Bayne et al. (2013) showed the po-
tential of Schizochytrium sp. to be used as a tool for the production of
recombinant antigens in a readily usable form for vaccination against
influenza. Raghukumar et al. (2014) patented the production of anti-
viral EPS from thraustochytrids and aplanochytrids, which exhibited a
broad-spectrum of antiviral activities. Others have studied the neuro-
protective actions in vivo of an Aurantiochytrium mangrovei supple-
mented diet in Drosophila melanogaster, showing an up-regulation of
mRNA of stress-defence genes involved in an anti-ageing effect
(Huangfu et al., 2013). Similarly, the French company Roquette in-
vestigated the skin inflammation response and wound healing re-
sponses after oral administration and topical application of Schizochy-
trium sp. at different dosage concentration in mice for dermatological
application (Hidalgo-Lucas et al., 2015). The study found that oral and
cutaneous administration of the highest dosages (500 mg kg−1 or 10%)
significantly improved skin reparation effects after an induced chronic
skin inflammation; while the fastest and greatest effect during the
wound healing after skin incision, was observed at lower dosage by the
topical route (2.5%).

6.6. Genetic engineering approaches

A new approach for cost-effective production of omega-3 rich oils
has been to transfer a set of genes involved in omega-3 and omega-6
synthesis into plants in order to produce high levels of PUFA in oilseed
(Abbadi et al., 2004;Qi et al., 2004). Thus, the unique ability of
thraustochytrids to produce high amounts of DHA and other LC-PUFA
has resulted in several companies showing interest in metabolic en-
gineering using thraustochytrid enzymes involved in PUFA synthesis.
The first example of transfer of thraustochytrid genes into plants for the
production of PUFA was patented by Kinney et al. (2004) from the US
company Dupont using a Δ4 desaturase from Schizochytrium ag-
gregatum or an elongase from Thraustochytrium aureum, among other
genes. The authors showed maximum level of 19.6% of EPA and 3.3%
of DHA in genetically modified Glycine max embryos and seeds. Simi-
larly, Wu et al., 2005, from the Canadian company, Bioriginal Food and
Science Corporation (now a division of the US Omega Protein Com-
pany), engineered a 9-gene construct, of which 4 genes came from
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Thraustochytrium sp. 26185, and showed a maximum level (wt%) of
ARA, EPA and DHA (7.3%, 15% and 1.5%, respectively) in seeds of the
transgenic Brassica juncea breeding line 1424. The Rothamsted In-
stitute in the UK carried out extensive work on EPA and DHA bio-
synthesis in Arabidopsis thaliana and Camelina sativa using Δ4 and/or
Δ5 desaturases from Thraustochytrium sp., in combination with genes
from other microorganisms (Ruiz-Lopez et al., 2014, 2013). These
studies led to a field trial using Camelina sativa for EPA and DHA ac-
cumulation, in which the engineered plants showed as much total seed
oil content as the wild type strain (ca. 30%), whilst also producing
significant levels of omega-3 LC-PUFA (14.5%) in contrast to the wild
type seeds that produced none at all. Specifically, levels of EPA and
DHA ranged from 2.8% to 7.1% and 2.0% to 6.5%, respectively (Usher
et al., 2015). This area of research is therefore promising, but all field
crops have the disadvantage of using considerable land space, whereas
direct culture of thraustochytrids and species of micro-algae can be
done in a much smaller area. Another consideration is that the resulting
seeds are genetically modified and as a result their use is presently
restricted or banned in some countries.

Finally, other authors have developed transgene expression systems
for transformation in Schizochytrium sp. through particle bombardment
(Lippmeier et al., 2009; Metz et al., 2009), electroporation (Cheng
et al., 2011), or using an Agrobacterium tumefaciens mediated transfor-
mation system (Cheng et al., 2012). Other researchers showed that
direct mutagenesis using N-methyl-N′-nitrosoguanidine coupled with
ultraviolet light (Chatdumrong et al., 2007; Lian et al., 2010), evolu-
tionary engineering (Qi et al., 2017) or using low-energy ion im-
plantation technology could improve the rate of generating hyper DHA-
producing strains (Fu et al., 2016). For instance, Fu et al. (2016) suc-
cessfully generated several mutants and, using the lipid stain Sudan
Black B identified, a mutant strain in which DHA content 60% higher
than the wild type strain, Schizochytrium sp. ATCC20888.

These new tools open possibilities for generating novel recombinant
thraustochytrids with specifically designed pathways in order to tailor
only for EPA and/or DHA production.

7. Conclusion

The complex taxonomy and widespread distribution of thraus-
tochytrids in the marine water column and sediment, as well as their
association with decaying plant and animal materials, diseased animals,
and healthy corals, leads us to predict that an even greater biodiversity
of thraustochytrids exists than is currently recognized. Hence, the taxon
Labyrinthulea is likely to face more challenges in the near future as
newly discovered organisms are classified. This is particularly because
some doubtful affiliations and groupings remain and some historical
type strains are believed to be lost (Japonochytrium, Althornia, etc.). An
additional taxonomic criterion could be therefore considered based on
protein sequences and/or conformation, in particular those involved in
PUFA synthesis, creating a new proteomic signature. This could pri-
marily focus on the main enzymes involved in the synthesis of PUFA
because they appear to play key role in thraustochytrids, while being
widely variable with two possible major pathways involved. The known
biotechnological applications of DHA-rich oils and other compounds
derived from thraustochytrids as bio-ingredients or nutraceuticals is
only the tip of the iceberg for the future application of thraustochytrid
biomass in animal feeds, particularly in the aquaculture industry, to
alleviate environmental pressures from overfishing activities, and also
to enhance the development of new food products. Further biotechno-
logical applications and current projects also point to future prospects
for exploitation of thraustochytrids in other domains, in particular in
the biofuel and pharmaceutical industries. Further research is needed to
investigate the potential of thraustochytrids for the bioremediation of
wastewater, or of petrochemical pollutants, such as in the event of an
oil spill, due to their suspected ability to degrade hydrocarbons and
potential to produce powerful enzymes and surfactants. To evolve these

applications, more complete knowledge is needed to understand better
the metabolic capabilities of thraustochytrids, as well as managing
cultivation parameters and adopting optimal fermentation strategies for
their biotechnological exploitation.

Funding

This work was supported by a James-Watt Scholarship to LFM PhD
project [Heriot-Watt University, 2013] and by a donation of David J.
Alderman to Heriot-Watt University. JP was awarded a Pathfinder
Follow-On Award [NE/M005771/1] from the Natural Environment
Research Council, which provided valuable information on the markets
for thraustochytrid products and the patents involving thraustochytrids.

Acknowledgements

The authors would like to thank David J. Alderman for providing
invaluable advice and insight on thraustochytrids. We are also grateful
to the helpful comments of the anonymous journal reviewers.

References

Aasen, I.M., Ertesvåg, H., Heggeset, T.M.B., Liu, B., Brautaset, T., Vadstein, O., Ellingsen,
T.E., 2016. Thraustochytrids as production organisms for docosahexaenoic acid
(DHA), squalene, and carotenoids. Appl. Microbiol. Biotechnol. http://dx.doi.org/10.
1007/s00253-016-7498-4.

Abbadi, A., Domergue, F., Jorg, B., Napier, J.A., Welti, R., Zahringer, U., Cirpus, P., Heinz,
E., 2004. Biosynthesis of very-long-chain polyunsaturated fatty acids in transgenic
oilseeds: constraints on their accumulation. Plant Cell 16, 2734–2748. http://dx.doi.
org/10.1105/tpc.104.026070.1.

Abril, R., Garrett, J., Zeller, S.G., Sander, W.J., Mast, R.W., 2003. Safety assessment of
DHA-rich microalgae from Schizochytrium sp. part V: target animal safety/toxicity
study in growing swine. Regul. Toxicol. Pharmacol. 37, 73–82. http://dx.doi.org/10.
1016/S0273-2300(02)00030-2.

Aida, T.M., Maruta, R., Tanabe, Y., Oshima, M., Nonaka, T., Kujiraoka, H., Kumagai, Y.,
Ota, M., Suzuki, I., Watanabe, M.M., Inomata, H., Smith, R.L., 2017. Nutrient recycle
from defatted microalgae (Aurantiochytrium) with hydrothermal treatment for mi-
croalgae cultivation. Bioresour. Technol. 228, 186–192. http://dx.doi.org/10.1016/j.
biortech.2017.03.071.

Aki, T., Hachida, K., Yoshinaga, M., Katai, Y., Yamasaki, T., Kawamoto, S., Kakizono, T.,
Maoka, T., Shigeta, S., Suzuki, O., Ono, K., 2003. Thraustochytrid as a potential
source of carotenoids. J. Am. Oil Chem. Soc. 80, 789–794. http://dx.doi.org/10.
1007/s11746-003-0773-2.

Alderman, D.J., Harrison, J.L., Bremer, G.B., Jones, E.B.G., 1974. Taxonomic revisions in
the marine biflagellate fungi: the ultrastructural evidence. Mar. Biol. 25, 345–357.
http://dx.doi.org/10.1007/BF00404978.

Amann, R., Fuchs, B.M., 2008. Single-cell identification in microbial communities by
improved fluorescence in situ hybridization techniques. Nat. Rev. Microbiol. 6,
339–348. http://dx.doi.org/10.1038/nrmicro1888.

Amon, J., 1978. Thraustochytrids and labyrinthulids of terrestrial, aquatic and hypersa-
line environments of the great salt Lake, USA. Mycologia 70, 1299–1301. http://dx.
doi.org/10.2307/3759339.

Anderson, O.R., Cavalier-Smith, T., 2012. Ultrastructure of Diplophrys parva, a new small
freshwater species, and a revised analysis of Labyrinthulea (Heterokonta). Acta
Protozool. 51, 291–304. http://dx.doi.org/10.4467/16890027AP.12.023.0783.

Aneja, K.R., Mehrotra, R.S., 2001. Phylum labyrinthulomycota (Net Slime Molds). In:
Fungal Diversity and Biotechnology. New Age International, pp. 537–541.

Ansorena, D., Astiasarán, I., 2013. Development of nutraceuticals containing marine algae
oils. In: Functional Ingredients from Algae for Foods and Nutraceuticals, pp.
634–657. http://dx.doi.org/10.1533/9780857098689.4.634.

Arafiles, K.H.V., Iwasaka, H., Eramoto, Y., Okamura, Y., Tajima, T., Matsumura, Y.,
Nakashimada, Y., Aki, T., 2014. Value-added lipid production from brown seaweed
biomass by two-stage fermentation using acetic acid bacterium and thraustochytrid.
Appl. Microbiol. Biotechnol. 98, 9207–9216. http://dx.doi.org/10.1007/s00253-
014-5980-4.

Armenta, R.E., Valentine, M.C., 2013. Single-cell Oils as a Source of Omega-3 Fatty Acids:
An Overview of Recent Advances. JAOCS, J. Am. Oil Chem. Sochttp://dx.doi.org/10.
1007/s11746-012-2154-3.

Armenta, R.E., Burja, A., Radianingtyas, H., Barrow, C.J., 2006. Critical assessment of
various techniques for the extraction of carotenoids and co-enzyme Q10 from the
thraustochytrid strain ONC-T18. J. Agric. Food Chem. 54, 9752–9758. http://dx.doi.
org/10.1021/jf061260o.

Arney, B., Liu, W., Forster, I.P., McKinley, R.S., Pearce, C.M., 2015. Feasibility of dietary
substitution of live microalgae with spray-dried Schizochytrium sp. or Spirulina in the
hatchery culture of juveniles of the Pacific geoduck clam (Panopea generosa).
Aquaculture 444, 117–133. http://dx.doi.org/10.1016/j.aquaculture.2015.02.014.

Arotsker, L., Kramarsky-Winter, E., Kushmaro, A., 2011. Coral-Associated Heterotrophic
Protists. In: Rosenberg, E., Gophna, U. (Eds.), Beneficial Microorganisms in
Multicellular Life Forms. Springer-Verlag Berlin Heidelberg, New York, pp. 151–163.

L. Fossier Marchan et al. Biotechnology Advances xxx (xxxx) xxx–xxx

15

http://dx.doi.org/10.1007/s00253-016-7498-4
http://dx.doi.org/10.1007/s00253-016-7498-4
http://dx.doi.org/10.1105/tpc.104.026070.1
http://dx.doi.org/10.1105/tpc.104.026070.1
http://dx.doi.org/10.1016/S0273-2300(02)00030-2
http://dx.doi.org/10.1016/S0273-2300(02)00030-2
http://dx.doi.org/10.1016/j.biortech.2017.03.071
http://dx.doi.org/10.1016/j.biortech.2017.03.071
http://dx.doi.org/10.1007/s11746-003-0773-2
http://dx.doi.org/10.1007/s11746-003-0773-2
http://dx.doi.org/10.1007/BF00404978
http://dx.doi.org/10.1038/nrmicro1888
http://dx.doi.org/10.2307/3759339
http://dx.doi.org/10.2307/3759339
http://dx.doi.org/10.4467/16890027AP.12.023.0783
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0050
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0050
http://dx.doi.org/10.1533/9780857098689.4.634
http://dx.doi.org/10.1007/s00253-014-5980-4
http://dx.doi.org/10.1007/s00253-014-5980-4
http://dx.doi.org/10.1007/s11746-012-2154-3
http://dx.doi.org/10.1007/s11746-012-2154-3
http://dx.doi.org/10.1021/jf061260o
http://dx.doi.org/10.1021/jf061260o
http://dx.doi.org/10.1016/j.aquaculture.2015.02.014


http://dx.doi.org/10.1007/978-3-642-21680-0.
Artemchuk, N., 1972. The fungi of White Sea. III. New Phycomycetes discovered in the

Great Salma Strait of the Kanadalakshial Bay. 13. Veröff. Inst. Meeresf. Bremerhaven,
pp. 231–237.

Azevedo, C., Corral, L., 1997. Some ultrastructural observations of a thraustochytrid
(Protoctista, Labyrinthulomycota) from the clam Ruditapes decussatus (Mollusca,
Bivalvia). Dis. Aquat. Org. 31, 73–78. http://dx.doi.org/10.3354/dao031073.

Bahnweg, G., Jackle, I., 1986. A new approach to taxonomy of the Thraustochytriales and
Labyrinthulales. In: Moss, S.T. (Ed.), The Biology of Marine Fungi. Cambridge
University Press Archive, Cambridge, pp. 131.

Bahnweg, G., Sparrow, F.K., 1974. Four new species of Thraustochytrium from Antarctic
regions, with notes on the distribution of zoosporic fungi in the Antarctic marine
ecosystems. Am. J. Bot. 754–766.

Bakes, M.J., Nichols, P.D., 1995. Lipid, fatty acid and squalene composition of liver oil
from six species of deep-sea sharks collected in southern australian waters. Comp.
Biochem. Physiol. B Biochem. 110, 267–275. http://dx.doi.org/10.1016/0305-
0491(94)00083-7.

Barclay, W., Zeller, S., 1996. Nutritional enhancement of n-3 and n-6 fatty acids in rotifers
and Artemia nauplii by feeding spray-dried Schizochytrium sp. J. World Aquacult. Soc.
27, 314–322. http://dx.doi.org/10.1111/j.1749-7345.1996.tb00614.x.

Barclay, W.R., Meager, K.M., Abril, J.R., 1994. Heterotrophic production of long chain
omega-3 fatty acids utilizing algae and algae-like microorganisms. J. Appl. Phycol. 6,
123–129. http://dx.doi.org/10.1007/BF02186066.

Bayne, A.C.V., Boltz, D., Owen, C., Betz, Y., Maia, G., Azadi, P., Archer-Hartmann, S.,
Zirkle, R., Lippmeier, J.C., 2013. Vaccination against influenza with recombinant
hemagglutinin expressed by Schizochytrium sp. confers protective immunity. PLoS
One 8. http://dx.doi.org/10.1371/journal.pone.0061790.

Beakes, G.W., Honda, D., Thines, M., 2014. Systematics of the stramenopila:
Labyrinthulomycota, Hyphochytriomycota and Oomycota. In: McLaughlin, D.J.,
Spatafora, J.W. (Eds.), The Mycota: A Comprehensive Treatise on Fungi as
Experimental Systems for Basic and Applied Research. VII Systematics and Evolution.
Part A. Springer, pp. 39–97. http://dx.doi.org/10.1007/978-3-642-55318-9_3.

Bigelow, D.M., Olsen, M.W., Gilbertson, R.L., 2005. Labyrinthula terrestris sp. nov., a new
pathogen of turf grass. Mycologia 97, 185–190. http://dx.doi.org/10.3852/
mycologia.97.1.185.

Bio-Marine, Aquafauna, 2000. Algamac 2000/3050 - live algae replacement and sub-
stitute [WWW Document]. http://www.aquafauna.com/AlgaMac-2000-1%5BBR
%5D.pdf(accessed 12.22.16).

Biotherm, 2013. Biotherm - Inside Ulkenia: Blue therapy serum-in-oil [WWW Document].
https://youtu.be/CdAKzt_GL4Q (accessed 3.22.16).

Blum, R., Kiy, T., Tanaka, S., Wong, A.W., Roberts, A., 2007a. Genotoxicity and sub-
chronic toxicity studies of DHA-rich oil in rats. Regul. Toxicol. Pharmacol. 49,
271–284. http://dx.doi.org/10.1016/j.yrtph.2007.08.005.

Blum, R., Kiy, T., Waalkens-Berendsen, I., Wong, A.W., Roberts, A., 2007b. One-genera-
tion reproductive toxicity study of DHA-rich oil in rats. Regul. Toxicol. Pharmacol.
49, 260–270. http://dx.doi.org/10.1016/j.yrtph.2007.08.004.

Bongiorni, L., Dini, F., 2002. Distribution and abundance of thraustochytrids in different
Mediterranean coastal habitats. Aquat. Microb. Ecol. 30, 49–56. http://dx.doi.org/
10.3354/ame030049.

Bongiorni, L., Jain, R., Raghukumar, S., Aggarwal, R.K., 2005a. Thraustochytrium gaert-
nerium sp. nov.: A new thraustochytrid stramenopilan protist from mangroves of Goa,
India. Protist 156, 303–315. http://dx.doi.org/10.1016/j.protis.2005.05.001.

Bongiorni, L., Pusceddu, A., Danovaro, R., 2005b. Enzymatic activities of epiphytic and
benthic thraustochytrids involved in organic matter degradation. Aquat. Microb.
Ecol. 41, 299–305.

Bower, S.M., Whitaker, D.J., Elston, R.A., 1989. Detection of the abalone parasite
Labyrinthuloides haliotidis by a direct fluorescent antibody technique. J. Invertebr.
Pathol. 53, 281–283. http://dx.doi.org/10.1016/0022-2011(89)90021-9.

Bowles, R.D., Hunt, A.E., Bremer, G.B., Duchars, M.G., Eaton, R.A., 1999. Long-chain n-3
polyunsaturated fatty acid production by members of the marine protistan group the
thraustochytrids: screening of isolates and optimization of docosahexaenoic acid
production. J. Biotechnol. 70, 193–202. http://dx.doi.org/10.1016/S0168-1656(99)
00072-3.

Brakel, J., Werner, F.J., Tams, V., Reusch, T.B.H., Bockelmann, A.C., 2014. Current
European Labyrinthula zosterae are not virulent and modulate seagrass (Zostera
marina) defense gene expression. PLoS One 9. http://dx.doi.org/10.1371/journal.
pone.0092448.

Breitling, R., Klingner, S., Callewaert, N., Pietrucha, R., Geyer, A., Ehrlich, G., Hartung,
R., Müller, A., Contreras, R., Beverley, S.M., Alexandrov, K., 2002. Non-pathogenic
trypanosomatid protozoa as a platform for protein research and production. Protein
Expr. Purif. 25, 209–218. http://dx.doi.org/10.1016/S1046-5928(02)00001-3.

Bremer, G.B., Talbot, G., 1995. Cellulolytic enzyme activity in the marine protist
Schizochytrium aggregatum. Bot. Mar. 38, 37–42. http://dx.doi.org/10.1515/botm.
1995.38.1-6.37.

Brevnova, E.E., Flatt, J., Gandhi, C., Rajgarhia, V., McBride, J., Warner, A., 2013.
Isolation and Characterization of Schizochytrium aggregatum Cellobiohydrolase I
(Cbh 1).

Burge, C., Douglas, N., Conti-Jerpe, I., Weil, E., Roberts, S., Friedman, C., Harvell, C.,
2012. Friend or foe: the association of Labyrinthulomycetes with the Caribbean sea
fan Gorgonia ventalina. Dis. Aquat. Org. 101, 1–12. http://dx.doi.org/10.3354/
dao02487.

Burja, A.M., Radianingtyas, H., Windust, A., Barrow, C.J., 2006. Isolation and char-
acterization of polyunsaturated fatty acid producing Thraustochytrium species:
screening of strains and optimization of omega-3 production. Appl. Microbiol.
Biotechnol. 72, 1161–1169. http://dx.doi.org/10.1007/s00253-006-0419-1.

Byreddy, A.R., Gupta, A., Barrow, C.J., Puri, M., 2015. Comparison of cell disruption

methods for improving lipid extraction from thraustochytrid strains. Mar. Drugs 13,
5111–5127. http://dx.doi.org/10.3390/md13085111.

Carmona, M.L., Naganuma, T., Yamaoka, Y., 2003. Identification by HPLC-MS of car-
otenoids of the Thraustochytrium CHN-1 strain isolated from the Seto Inland Sea.
Biosci. Biotechnol. Biochem. http://dx.doi.org/10.1271/bbb.67.884.

Carter, C.G., Bransden, M.P., Lewis, T.E., Nichols, P.D., 2003. Potential of
Thraustochytrids to partially replace fish oil in Atlantic salmon feeds. Mar.
Biotechnol. 5, 480–492. http://dx.doi.org/10.1007/s10126-002-0096-8.

Catalani, E., Proietti Serafini, F., Zecchini, S., Picchietti, S., Fausto, A.M., Marcantoni, E.,
Buonanno, F., Ortenzi, C., Perrotta, C., Cervia, D., 2016. Natural products from
aquatic eukaryotic microorganisms for cancer therapy: perspectives on anti-tumour
properties of ciliate bioactive molecules. Pharmacol. Res. 113, 409–420. http://dx.
doi.org/10.1016/j.phrs.2016.09.018.

Cathrine, S.J., Raghukumar, C., 2009. Anaerobic denitrification in fungi from the coastal
marine sediments off Goa, India. Mycol. Res. 113, 100–109. http://dx.doi.org/10.
1016/j.mycres.2008.08.009.

Cavalier-Smith, T., 1986. The Kingdom Chromista, origin and systematics. In: Round,
F.E., Chapman, D.J. (Eds.), Progress in Phycological Research. Biopress Ltd., Bristol,
pp. 309–347.

Cavalier-Smith, T., 1989. The Kingdom Chromista. In: Green, J.C., Leadbeater, B.S.C.,
Diver, W.L. (Eds.), The Chromophyte Algae: Problems and Perspectives. Clarendon
Press, Oxford, pp. 381–407.

Cavalier-Smith, T., Allsopp, M.T.E.P., Chao, E.E., 1994. Thraustochytrids are chromists,
not fungi: 18s rRNA signatures of Heterokonta. Philos. Trans. R. Soc. Lond. Ser. B
Biol. Sci. 346, 387–397.

Chang, G., Gao, N., Tian, G., Wu, Q., Chang, M., Wang, X., 2013. Improvement of doc-
osahexaenoic acid production on glycerol by Schizochytrium sp. S31 with constantly
high oxygen transfer coefficient. Bioresour. Technol. 142, 400–406. http://dx.doi.
org/10.1016/j.biortech.2013.04.107.

Chatdumrong, W., Yongmanitchai, W., Limtong, S., Worawattanamateekul, W., 2007.
Optimization of docosahexaenoic acid (DHA) production and improvement of as-
taxanthin content in a mutant Schizochytrium limacinum isolated from mangrove
forest in Thailand. Kasetsart J. Nat. Sci. 41, 324–334.

Chen, G., Fan, K.W., Lu, F.P., Li, Q., Aki, T., Chen, F., Jiang, Y., 2010. Optimization of
nitrogen source for enhanced production of squalene from thraustochytrid
Aurantiochytrium sp. New Biotechnol. 27, 382–389. http://dx.doi.org/10.1016/j.nbt.
2010.04.005.

Chen, W., Ma, L., Zhou, P. peng, Zhu, Y. min, Wang, X. peng, Luo, X. an, Bao, Z. dong, Yu,
L. jiang, 2015. A novel feedstock for biodiesel production: the application of palmitic
acid from Schizochytrium. Energy 86, 128–138. http://dx.doi.org/10.1016/j.energy.
2015.03.110.

Cheng, R. Bin, Lin, X.Z., Wang, Z.K., Yang, S.J., Rong, H., Ma, Y., 2011. Establishment of a
transgene expression system for the marine microalga Schizochytrium by 18S rDNA-
targeted homologous recombination. World J. Microbiol. Biotechnol. 27, 737–741.
http://dx.doi.org/10.1007/s11274-010-0510-8.

Cheng, R., Ma, R., Li, K., Rong, H., Lin, X., Wang, Z., Yang, S., Ma, Y., 2012.
Agrobacterium tumefaciens mediated transformation of marine microalgae
Schizochytrium. Microbiol. Res. 167, 179–186. http://dx.doi.org/10.1016/j.micres.
2011.05.003.

Chi, Z., Hu, B., Liu, Y., Frear, C., Wen, Z., Chen, S., 2007a. Production of omega-3
polyunsaturated fatty acids from cull potato using an algae culture process. Appl.
Biochem. Biotechnol. 137–140, 805–815. http://dx.doi.org/10.1007/s12010-007-
9099-2.

Chi, Z., Pyle, D., Wen, Z., Frear, C., Chen, S., 2007b. A laboratory study of producing
docosahexaenoic acid from biodiesel-waste glycerol by microalgal fermentation.
Process Biochem. 42, 1537–1545. http://dx.doi.org/10.1016/j.procbio.2007.08.008.

Chin, H.J., Shen, T.F., Su, H.P., Ding, S.T., 2006. Schizochytrium limacinum SR-21 as a
source of docosahexaenoic acid: optimal growth and use as a dietary supplement for
laying hens. Aust. J. Agric. Res. 57, 13–20. http://dx.doi.org/10.1071/AR05099.

Colomer, R., Moreno-Nogueira, J.M., García-Luna, P.P., García-Peris, P., García-de-
Lorenzo, A., Zarazaga, A., Quecedo, L., del Llano, J., Usán, L., Casimiro, C., 2007. N-3
fatty acids, cancer and cachexia: a systematic review of the literature. Br. J. Nutr. 97,
823–831. http://dx.doi.org/10.1017/S000711450765795X.

Costello, M., Emblow, C.S., White, R., 2001. European Register of Marine Species a Check-
list of the Marine Species in Europe and Bibliography of Guides to Their
Identification. Patrimoines naturels. Muséum national d'histoire naturellehttp://dx.
doi.org/10.1080/00785236.2002.10409489.

Cowan, G.J.M., Bockau, U., Eleni-Muus, J., Aldag, I., Samuel, K., Creasey, A.M.,
Hartmann, M.W.W., Cavanagh, D.R., 2014. A novel malaria vaccine candidate an-
tigen expressed in Tetrahymena thermophila. PLoS One 9. http://dx.doi.org/10.1371/
journal.pone.0087198.

Cox, S.L., Hulston, D., Maas, E.W., 2009. Cryopreservation of marine thraustochytrids
(Labyrinthulomycetes). Cryobiology 59, 363–365. http://dx.doi.org/10.1016/j.
cryobiol.2009.09.001.

Dahl, S.F., Allam, B., 2007. Laboratory transmission studies of Qpx disease in the northern
quahog (=hard clam): development of an infection procedure. J. Shellfish Res. 26,
383–389. http://dx.doi.org/10.2983/0730-8000(2007)26[383:LTSOQD]2.0.CO;2.

de Champdoré, M., Staiano, M., Rossi, M., D'Auria, S., 2007. Proteins from extremophiles
as stable tools for advanced biotechnological applications of high social interest. J. R.
Soc. Interface 4, 183–191. http://dx.doi.org/10.1098/rsif.2006.0174.

de la Peña, M.R., Teruel, M.B., Oclarit, J.M., Amar, M.J.A., Ledesma, E.G.T., 2016. Use of
thraustochytrid Schizochytrium sp. as source of lipid and fatty acid in a formulated
diet for abalone Haliotis asinina (Linnaeus) juveniles. Aquac. Int. http://dx.doi.org/
10.1007/s10499-016-9974-3.

Devasia, V.L.A., Muraleedharan, U.D., 2012. Polysaccharide-degrading enzymes from the
marine protists, thraustochytrids. Biotechnol. Bioinf. Bioeng 2, 617–627. http://dx.

L. Fossier Marchan et al. Biotechnology Advances xxx (xxxx) xxx–xxx

16

http://dx.doi.org/10.1007/978-3-642-21680-0
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0085
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0085
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0085
http://dx.doi.org/10.3354/dao031073
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0095
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0095
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0095
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0100
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0100
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0100
http://dx.doi.org/10.1016/0305-0491(94)00083-7
http://dx.doi.org/10.1016/0305-0491(94)00083-7
http://dx.doi.org/10.1111/j.1749-7345.1996.tb00614.x
http://dx.doi.org/10.1007/BF02186066
http://dx.doi.org/10.1371/journal.pone.0061790
http://dx.doi.org/10.1007/978-3-642-55318-9_3
http://dx.doi.org/10.3852/mycologia.97.1.185
http://dx.doi.org/10.3852/mycologia.97.1.185
http://www.aquafauna.com/AlgaMac-2000-1%5BBR%5D.pdf
http://www.aquafauna.com/AlgaMac-2000-1%5BBR%5D.pdf
http://12.22.0.16/
https://youtu.be/CdAKzt_GL4Q
http://dx.doi.org/10.1016/j.yrtph.2007.08.005
http://dx.doi.org/10.1016/j.yrtph.2007.08.004
http://dx.doi.org/10.3354/ame030049
http://dx.doi.org/10.3354/ame030049
http://dx.doi.org/10.1016/j.protis.2005.05.001
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0165
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0165
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0165
http://dx.doi.org/10.1016/0022-2011(89)90021-9
http://dx.doi.org/10.1016/S0168-1656(99)00072-3
http://dx.doi.org/10.1016/S0168-1656(99)00072-3
http://dx.doi.org/10.1371/journal.pone.0092448
http://dx.doi.org/10.1371/journal.pone.0092448
http://dx.doi.org/10.1016/S1046-5928(02)00001-3
http://dx.doi.org/10.1515/botm.1995.38.1-6.37
http://dx.doi.org/10.1515/botm.1995.38.1-6.37
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0195
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0195
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0195
http://dx.doi.org/10.3354/dao02487
http://dx.doi.org/10.3354/dao02487
http://dx.doi.org/10.1007/s00253-006-0419-1
http://dx.doi.org/10.3390/md13085111
http://dx.doi.org/10.1271/bbb.67.884
http://dx.doi.org/10.1007/s10126-002-0096-8
http://dx.doi.org/10.1016/j.phrs.2016.09.018
http://dx.doi.org/10.1016/j.phrs.2016.09.018
http://dx.doi.org/10.1016/j.mycres.2008.08.009
http://dx.doi.org/10.1016/j.mycres.2008.08.009
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0235
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0235
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0235
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0240
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0240
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0240
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0245
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0245
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0245
http://dx.doi.org/10.1016/j.biortech.2013.04.107
http://dx.doi.org/10.1016/j.biortech.2013.04.107
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0255
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0255
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0255
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0255
http://dx.doi.org/10.1016/j.nbt.2010.04.005
http://dx.doi.org/10.1016/j.nbt.2010.04.005
http://dx.doi.org/10.1016/j.energy.2015.03.110
http://dx.doi.org/10.1016/j.energy.2015.03.110
http://dx.doi.org/10.1007/s11274-010-0510-8
http://dx.doi.org/10.1016/j.micres.2011.05.003
http://dx.doi.org/10.1016/j.micres.2011.05.003
http://dx.doi.org/10.1007/s12010-007-9099-2
http://dx.doi.org/10.1007/s12010-007-9099-2
http://dx.doi.org/10.1016/j.procbio.2007.08.008
http://dx.doi.org/10.1071/AR05099
http://dx.doi.org/10.1017/S000711450765795X
http://dx.doi.org/10.1080/00785236.2002.10409489
http://dx.doi.org/10.1080/00785236.2002.10409489
http://dx.doi.org/10.1371/journal.pone.0087198
http://dx.doi.org/10.1371/journal.pone.0087198
http://dx.doi.org/10.1016/j.cryobiol.2009.09.001
http://dx.doi.org/10.1016/j.cryobiol.2009.09.001
http://dx.doi.org/10.2983/0730-8000(2007)26[383:LTSOQD]2.0.CO;2
http://dx.doi.org/10.1098/rsif.2006.0174
http://dx.doi.org/10.1007/s10499-016-9974-3
http://dx.doi.org/10.1007/s10499-016-9974-3
http://dx.doi.org/10.1038/srep08611


doi.org/10.1038/srep08611.
Dick, M.W., 2001. Straminipilous Fungi: Systematics of the Peronosporomycetes

Including Accounts of the Marine Straminipilous Protists, the Plasmodiophorids and
Similar Organisms. Springer Science & Business Mediahttp://dx.doi.org/10.1007/
978-94-015-9733-3.

Doi, K., Honda, D., 2017. Proposal of Monorhizochytrium globosum gen. nov., comb. nov.
(Stramenopiles, Labyrinthulomycetes) for former T hraustochytrium globosum based
on morphological features and phylogenetic relationships. Phycol. Res. http://dx.doi.
org/10.1111/pre.12175.

Domínguez, E., Mercado, J.A., Quesada, M.A., Heredia, A., 1999. Pollen sporopollenin:
degradation and structural elucidation. Sex. Plant Reprod. 12, 171–178.

DSM, 2012. DHAgold [WWW Document]. http://www.dhagold.com/About-DHA.aspx
(accessed 12.22.16).

DSM, 2015. DHA in Infant Milk [WWW Document]. http://www.dsm.com/corporate/
science/competences/nutritional-sciences/dha-in-infant-milk.html (accessed
3.17.16).

Dyková, I., Fiala, I., Dvořáková, H., Pecková, H., 2008. Living together: the marine
amoeba Thecamoeba hilla Schaeffer, 1926 and its endosymbiont Labyrinthula sp. Eur.
J. Protistol. 44, 308–316. http://dx.doi.org/10.1016/j.ejop.2008.04.001.

Dykstra, M., Porter, D., 1984. Diplophrys marina, a new scale-forming marine protist with
labyrinthulid affinities. Mycologia 1, 626–632.

EFSA, 2012. Commision regulation (EU) no 231/2012 - specification for food additives.
Off. J. Eur. Union 83.

Ellenbogen, B.B., Aaronson, S., Goldstein, S., Belsky, M., 1969. Polyunsaturated fatty
acids of aquatic fungi: possible phylogenetic significance. Comp. Biochem. Physiol.
29, 805–811. http://dx.doi.org/10.1016/0010-406X(69)91631-4.

Elmore, J.S., Cooper, S.L., Enser, M., Mottram, D.S., Sinclair, L.A., Wilkinson, R.G., Wood,
J.D., 2005. Dietary manipulation of fatty acid composition in lamb meat and its effect
on the volatile aroma compounds of grilled lamb. Meat Sci. 69, 233–242. http://dx.
doi.org/10.1016/j.meatsci.2004.07.002.

Estudillo-del Castillo, C., Gapasin, R.S., Leaño, E.M., 2009. Enrichment potential of
HUFA-rich thraustochytrid Schizochytrium mangrovei for the rotifer Brachionus plica-
tilis. Aquaculture 293, 57–61. http://dx.doi.org/10.1016/j.aquaculture.2009.04.008.

Ethier, S., Woisard, K., Vaughan, D., Wen, Z., 2011. Continuous culture of the microalgae
Schizochytrium limacinum on biodiesel-derived crude glycerol for producing doc-
osahexaenoic acid. Bioresour. Technol. 102, 88–93. http://dx.doi.org/10.1016/j.
biortech.2010.05.021.

European Commission, 2003. Commision decision 2003/427/EC authorising the placing
on the market of oil rich in DHA (docosahexaenoic acid) from the micro- algae
Schizochytrium sp. as a novel food ingredient under Regulation (EC) no 258/97 of the
European Parliament and of the Council. Off. J. Eur. Union L144, 13–14.

European Commission, 2009a. Commission decision 2009/777/EC concerning the ex-
tension of uses of algal oil from the micro-algae Ulkenia sp. as a novel food ingredient
under regulation (EC) no 258/97 of the European Parliament and of the Council. Off.
J. Eur. Union L278, 54–55.

European Commission, 2009b. Commission decision 2009/778/EC concerning the ex-
tension of uses of algal oil from the micro-algae Schizochytrium sp. as a novel food
ingredient under regulation (EC) no 258/97 of the European Parliament and of the
Council. Off. J. Eur. Union L 278, 56–57.

Fan, K.W., Chen, F., 2007. Production of high-value products by marine microalgae
Thraustochytrids. In: Bioprocessing for Value-Added Products from Renewable
Resources. Elsevier, pp. 293–323. http://dx.doi.org/10.1016/B978-044452114-9/
50012-8.

Fan, K., Chen, F., Jones, E., Vrijmoed, L., 2000. Utilization of food processing waste by
Thraustochytrids. In: Aquat. Mycol. Across. 5. pp. 185–194.

Fan, K.W., Vrijmoed, L.L.P., Jones, E.B.G., 2002. Physiological studies of subtropical
mangrove thraustochytrids. Bot. Mar. 45, 50–57. http://dx.doi.org/10.1515/BOT.
2002.006.

Fan, K.W., Aki, T., Chen, F., Jiang, Y., 2010. Enhanced production of squalene in the
thraustochytrid Aurantiochytrium mangrovei by medium optimization and treatment
with terbinafine. World J. Microbiol. Biotechnol. 26, 1303–1309. http://dx.doi.org/
10.1007/s11274-009-0301-2.

Faukner, J., Rawles, S.D., Proctor, A., Sink, T.D., Chen, R., Philips, H., Lochmann, R.T.,
2013. The effects of diets containing standard soybean oil, soybean oil enhanced with
conjugated linoleic acids, menhaden fish oil, or an algal docosahexaenoic acid sup-
plement on juvenile channel catfish performance, hematology, body composition,
sensory evalua. N. Am. J. Aquac. 75, 252–265. http://dx.doi.org/10.1080/
15222055.2012.713896.

FDA, 2003. GRAS Notification for DHA algal oil derived from Schizochytrium sp.GRAS
Notification for DHA algal oil derived from Schizochytrium sp.

FDA, 2004a. Federal Food, Drug, and Cosmetic Act, Title 21 - Food and Drugs. (US
Congress).

FDA, 2004b. GRAS Notice 000319: Micro-algal oil Ulkenia sp. In: SAM2179.
Fedorova-Dahms, I., Marone, P.A., Bauter, M., Ryan, A.S., 2011a. Safety evaluation of

DHA-rich Algal Oil from Schizochytrium sp. Food Chem. Toxicol. 49, 3310–3318.
http://dx.doi.org/10.1016/j.fct.2011.08.024.

Fedorova-Dahms, I., Marone, P.A., Bauter, M., Ryan, A.S., 2011b. Safety evaluation of
Algal Oil from Schizochytrium sp. Food Chem. Toxicol. 49, 70–77. http://dx.doi.org/
10.1016/j.fct.2011.08.024.

Fedorova-Dahms, I., Thorsrud, B.A., Bailey, E., Salem, N., 2014. A 3-week dietary bioe-
quivalence study in preweaning farm piglets of two sources of docosahexaenoic acid
produced from two different organisms. Food Chem. Toxicol. 65, 43–51. http://dx.
doi.org/10.1016/j.fct.2013.12.008.

Findlay, R.H., Fell, J.W., Coleman, N.K., Vestal, J.R., 1986. Biochemical indicators of the
role of Fungi and Thraustochytrids in mangrove detrital systems. In: Moss, S.T. (Ed.),
The Biology of Marine Fungi. Cambridge University Press Archive, Cambridge, pp.

91–104.
FioRito, R., Leander, C., Leander, B., 2016. Characterization of three novel species of

Labyrinthulomycota isolated from ochre sea stars (Pisaster ochraceus). Mar. Biol.
163, 170. http://dx.doi.org/10.1007/s00227-016-2944-5.

Fossier Marchan, L., Chang, K.J.L., Nichols, P.D., Polglase, J.L., Mitchell, W.J., Gutierrez,
T., 2017. Screening of new British thraustochytrids isolates for docosahexaenoic acid
(DHA) production. J. Appl. Phycol. http://dx.doi.org/10.1007/s10811-017-1149-8.
(In press).

Fu, J., Chen, T., Lu, H., Lin, Y., Xie, X., Tian, H., Zheng, C., He, D., 2016. Enhancement of
docosahexaenoic acid production by low-energy ion implantation coupled with
screening method based on Sudan black B staining in Schizochytrium sp. Bioresour.
Technol. 221, 405–411. http://dx.doi.org/10.1016/j.biortech.2016.09.058.

Fuller, M.S., 2001. Hyphochytriomycota. In: McLaughlin, D.J., McLaughlin, E.G., Lemke,
P.A. (Eds.), The Mycota: Systematics and Evolution Part 1. Springer-Verlag Berlin
Heidlerbergh, New York, NY, pp. 73–80. http://dx.doi.org/10.1007/978-3-662-
10376-0.

Gaertner, A., 1967. Okologische Untersuchungen an einem marin en Pilz aus der
Umgebung von Helgoland. Helgoländer Wiss. Meeresuntersuch. 15, 181.

Gaertner, A., 1972. Characters used in the classification of thraustochytriaceous fungi.
Veröff. Inst. Meeresf. Bremerhaven 13, 183–194.

Gaertner, A., 1977. Revision of the Thraustochytriaceae (lower marine fungi). I. Ulkenia
nov. gen., with description of three new species. In: Veröffentlichungen des Institutes
für Meeresforsch. Bremerhaven. 16. pp. 139–157.

Ganuza, E., Benítez-Santana, T., Atalah, E., Vega-Orellana, O., Ganga, R., Izquierdo, M.S.,
2008. Crypthecodinium cohnii and Schizochytrium sp. as potential substitutes to fish-
eries-derived oils from seabream (Sparus aurata) microdiets. Aquaculture 277,
109–116. http://dx.doi.org/10.1016/j.aquaculture.2008.02.005.

Garcia-Ortega, A., Kissinger, K.R., Trushenski, J.T., 2016. Evaluation of fish meal and fish
oil replacement by soybean protein and algal meal from Schizochytrium limacinum in
diets for giant grouper Epinephelus lanceolatus. Aquaculture 452, 1–8. http://dx.doi.
org/10.1016/j.aquaculture.2015.10.020.

Gast, R.J., Cushman, E., Moran, D.M., Uhlinger, K.R., Leavitt, D., Smolowitz, R., 2006.
DGGE-based detection method for Quahog Parasite Unknown (QPX). Dis. Aquat. Org.
70, 115–122. http://dx.doi.org/10.3354/dao070115.

Goldstein, S., 1963. Studies of a new species of Thraustochytrium that displays light sti-
mulated growth. Mycologia 55, 799–811. http://dx.doi.org/10.2307/3756484.

Goldstein, S., Belsky, M., 1964. Axenic culture studies of a new marine phycomycete
possessing an unusual type of asexual reproduction. Am. J. Bot. 51, 72–78. http://dx.
doi.org/10.1007/BF00367650.

Gomaa, F., Mitchell, E.A.D., Lara, E., 2013. Amphitremida (Poche, 1913) is a new major,
ubiquitous Labyrinthulomycete clade. PLoS One 8. http://dx.doi.org/10.1371/
journal.pone.0053046.

Gupta, A., Barrow, C.J., Puri, M., 2012. Omega-3 biotechnology: Thraustochytrids as a
novel source of omega-3 oils. Biotechnol. Adv. doi. http://dx.doi.org/10.1016/j.
biotechadv.2012.02.014.

Gupta, A., Singh, D., Barrow, C.J., Puri, M., 2013a. Exploring potential use of Australian
thraustochytrids for the bioconversion of glycerol to omega-3 and carotenoids pro-
duction. Biochem. Eng. J. 78, 11–17. http://dx.doi.org/10.1016/j.bej.2013.04.028.

Gupta, A., Wilkens, S., Adcock, J.L., Puri, M., Barrow, C.J., 2013b. Pollen baiting facil-
itates the isolation of marine thraustochytrids with potential in omega-3 and bio-
diesel production. J. Ind. Microbiol. Biotechnol. 40, 1231–1240. http://dx.doi.org/
10.1007/s10295-013-1324-0.

Gupta, A., Abraham, R.E., Barrow, C.J., Puri, M., 2015. Omega-3 fatty acid production
from enzyme saccharified hemp hydrolysate using a novel marine thraustochytrid
strain. Bioresour. Technol. 184, 373–378. http://dx.doi.org/10.1016/j.biortech.
2014.11.031.

Hadziavdic, K., Lekang, K., Lanzen, A., Jonassen, I., Thompson, E.M., Troedsson, C., 2014.
Characterization of the 18s rRNA gene for designing universal eukaryote specific
primers. PLoS One 9. http://dx.doi.org/10.1371/journal.pone.0087624.

Hammond, B.G., Mayhew, D.A., Robinson, K., Mast, R.W., Sander, W.J., 2001a. Safety
assessment of DHA-rich microalgae from Schizochytrium sp. I. Subchronic rat feeding
study. Regul. Toxicol. Pharmacol. 33, 356–362. http://dx.doi.org/10.1006/rtph.
2001.1477.

Hammond, B.G., Mayhew, D.A., Robinson, K., Mast, R.W., Sander, W.J., 2001b. Safety
assessment of DHA-rich microalgae from Schizochytrium sp. II. Developmental toxi-
city evaluation in rats and rabbits. Regul. Toxicol. Pharmacol. 33, 356–362. http://
dx.doi.org/10.1006/rtph.2001.1477.

Hammond, B.G., Mayhew, D.A., Robinson, K., Mast, R.W., Sander, W.J., 2001c. Safety
assessment of DHA-rich microalgae from Schizochytrium sp. III. Single-generation rat
reproduction study. Regul. Toxicol. Pharmacol. 33, 356–362. http://dx.doi.org/10.
1006/rtph.2001.1477.

Hammond, B.G., Mayhew, D.A., Robinson, K., Mast, R.W., Sander, W.J., 2001d. Safety
assessment of DHA-rich microalgae from Schizochytrium sp. IV. Mutagenicity studies.
Regul. Toxicol. Pharmacol. 33, 356–362. http://dx.doi.org/10.1006/rtph.2001.
1477.

Harel, M., Koven, W., Lein, I., Bar, Y., Behrens, P., Stubblefield, J., Zohar, Y., Place, A.R.,
2002. Advanced DHA, EPA and ArA enrichment materials for marine aquaculture
using single cell heterotrophs. Aquaculture 213, 347–362. http://dx.doi.org/10.
1016/S0044-8486(02)00047-9.

Harris, W.S., Von Schacky, C., 2004. The omega-3 index: a new risk factor for death from
coronary heart disease? Prev. Med. (Baltim). 39, 212–220. http://dx.doi.org/10.
1016/j.ypmed.2004.02.030.

Hauvermale, A., Kuner, J., Rosenzweig, B., Guerra, D., Diltz, S., Metz, J.G., 2006. Fatty
acid production in Schizochytrium sp.: involvement of a polyunsaturated fatty acid
synthase and a type I fatty acid synthase. Lipids 41, 739–747. http://dx.doi.org/10.
1007/s11745-006-5025-6.

L. Fossier Marchan et al. Biotechnology Advances xxx (xxxx) xxx–xxx

17

http://dx.doi.org/10.1038/srep08611
http://dx.doi.org/10.1007/978-94-015-9733-3
http://dx.doi.org/10.1007/978-94-015-9733-3
http://dx.doi.org/10.1111/pre.12175
http://dx.doi.org/10.1111/pre.12175
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0345
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0345
http://www.dhagold.com/About-DHA.aspx
http://www.dsm.com/corporate/science/competences/nutritional-sciences/dha-in-infant-milk.html
http://www.dsm.com/corporate/science/competences/nutritional-sciences/dha-in-infant-milk.html
http://dx.doi.org/10.1016/j.ejop.2008.04.001
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0365
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0365
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0370
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0370
http://dx.doi.org/10.1016/0010-406X(69)91631-4
http://dx.doi.org/10.1016/j.meatsci.2004.07.002
http://dx.doi.org/10.1016/j.meatsci.2004.07.002
http://dx.doi.org/10.1016/j.aquaculture.2009.04.008
http://dx.doi.org/10.1016/j.biortech.2010.05.021
http://dx.doi.org/10.1016/j.biortech.2010.05.021
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0395
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0395
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0395
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0395
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0400
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0400
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0400
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0400
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0405
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0405
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0405
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0405
http://dx.doi.org/10.1016/B978-044452114-9/50012-8
http://dx.doi.org/10.1016/B978-044452114-9/50012-8
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0415
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0415
http://dx.doi.org/10.1515/BOT.2002.006
http://dx.doi.org/10.1515/BOT.2002.006
http://dx.doi.org/10.1007/s11274-009-0301-2
http://dx.doi.org/10.1007/s11274-009-0301-2
http://dx.doi.org/10.1080/15222055.2012.713896
http://dx.doi.org/10.1080/15222055.2012.713896
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0435
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0435
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0440
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0440
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0445
http://dx.doi.org/10.1016/j.fct.2011.08.024
http://dx.doi.org/10.1016/j.fct.2011.08.024
http://dx.doi.org/10.1016/j.fct.2011.08.024
http://dx.doi.org/10.1016/j.fct.2013.12.008
http://dx.doi.org/10.1016/j.fct.2013.12.008
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0465
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0465
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0465
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0465
http://dx.doi.org/10.1007/s00227-016-2944-5
http://dx.doi.org/10.1007/s10811-017-1149-8
http://dx.doi.org/10.1007/s10811-017-1149-8
http://dx.doi.org/10.1016/j.biortech.2016.09.058
http://dx.doi.org/10.1007/978-3-662-10376-0
http://dx.doi.org/10.1007/978-3-662-10376-0
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf2400
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf2400
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf2415
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf2415
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0490
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0490
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0490
http://dx.doi.org/10.1016/j.aquaculture.2008.02.005
http://dx.doi.org/10.1016/j.aquaculture.2015.10.020
http://dx.doi.org/10.1016/j.aquaculture.2015.10.020
http://dx.doi.org/10.3354/dao070115
http://dx.doi.org/10.2307/3756484
http://dx.doi.org/10.1007/BF00367650
http://dx.doi.org/10.1007/BF00367650
http://dx.doi.org/10.1371/journal.pone.0053046
http://dx.doi.org/10.1371/journal.pone.0053046
http://dx.doi.org/10.1016/j.biotechadv.2012.02.014
http://dx.doi.org/10.1016/j.biotechadv.2012.02.014
http://dx.doi.org/10.1016/j.bej.2013.04.028
http://dx.doi.org/10.1007/s10295-013-1324-0
http://dx.doi.org/10.1007/s10295-013-1324-0
http://dx.doi.org/10.1016/j.biortech.2014.11.031
http://dx.doi.org/10.1016/j.biortech.2014.11.031
http://dx.doi.org/10.1371/journal.pone.0087624
http://dx.doi.org/10.1006/rtph.2001.1477
http://dx.doi.org/10.1006/rtph.2001.1477
http://dx.doi.org/10.1006/rtph.2001.1477
http://dx.doi.org/10.1006/rtph.2001.1477
http://dx.doi.org/10.1006/rtph.2001.1477
http://dx.doi.org/10.1006/rtph.2001.1477
http://dx.doi.org/10.1006/rtph.2001.1477
http://dx.doi.org/10.1006/rtph.2001.1477
http://dx.doi.org/10.1016/S0044-8486(02)00047-9
http://dx.doi.org/10.1016/S0044-8486(02)00047-9
http://dx.doi.org/10.1016/j.ypmed.2004.02.030
http://dx.doi.org/10.1016/j.ypmed.2004.02.030
http://dx.doi.org/10.1007/s11745-006-5025-6
http://dx.doi.org/10.1007/s11745-006-5025-6


Hidalgo-Lucas, S., Rozan, P., Guerin-Deremaux, L., Violle, N., Baert, B., Saniez-Degrave,
M.-H., Bisson, J.-F., 2015. Oral and topical administration of Roquette Schizochytrium
sp. alleviate skin inflammation and improve wound healing in mice. Antiinflamm.
Antiallergy. Agents Med. Chem. 13, 154–164.

Honda, D., Yokochi, T., Nakahara, T., Erata, M., Higashihara, T., 1998. Schizochytrium
limacinum sp. nov., a new thraustochytrid from a mangrove area in the west Pacific
Ocean. Mycol. Res. 102, 439–448. http://dx.doi.org/10.1017/S0953756297005170.

Honda, D., Yokochi, T., Nakahara, T., Raghukumar, S., Nakagiri, A., Schaumann, K.,
Higashihara, T., 1999. Molecular phylogeny of labyrinthulids and thraustochytrids
based on the sequencing of 18S ribosomal RNA gene. J. Eukaryot. Microbiol. 46,
637–647. http://dx.doi.org/10.1111/j.1550-7408.1999.tb05141.x.

Hong, W.K., Heo, S.Y., Park, H.M., Kim, C.H., Sohn, J.H., Kondo, A., Seo, J.W., 2013.
Characterization of a squalene synthase from the Thraustochytrid microalga
Aurantiochytrium sp. KRS101. J. Microbiol. Biotechnol. 23, 759–765. http://dx.doi.
org/10.4014/jmb.1212.12023.

Horrocks, L.A., Yeo, Y.K., 1999. Health benefits of docosahexaenoic acid (DHA).
Pharmacol. Res. 40, 211–225. http://dx.doi.org/10.1006/phrs.1999.0495.

Huang, J., Aki, T., Yokochi, T., Nakahara, T., Honda, D., Kawamoto, S., Shigeta, S., Ono,
K., Suzuki, O., 2003. Grouping newly isolated docosahexaenoic acid-producing
thraustochytrids based on their polyunsaturated fatty acid profiles and comparative
analysis of 18S rRNA genes. Mar. Biotechnol. 5, 450–457. http://dx.doi.org/10.
1007/s10126-002-0110-1.

Huang, T.Y., Lu, W.C., Chu, I.M., 2012. A fermentation strategy for producing doc-
osahexaenoic acid in Aurantiochytrium limacinum SR21 and increasing C22:6 pro-
portions in total fatty acid. Bioresour. Technol. 123, 8–14. http://dx.doi.org/10.
1016/j.biortech.2012.07.068.

Huangfu, J., Liu, J., Peng, C., Suen, Y.L., Wang, M., Jiang, Y., Chen, Z.Y., Chen, F., 2013.
DHA-rich marine microalga Schizochytrium mangrovei possesses anti-ageing effects on
Drosophila melanogaster. J. Funct. Foods 5, 888–896. http://dx.doi.org/10.1016/j.
jff.2013.01.038.

Jain, R., Raghukumar, S., Chandramohan, D., 2004. Enhanced production of poly-
unsaturated fatty acid docosahexaenoic acid by thraustochytrid protists. Mar.
Biotechnol. 6, S59–S65.

Jain, R., Raghukumar, S., Tharanathan, R., Bhosle, N.B., 2005. Extracellular poly-
saccharide production by thraustochytrid protists. Mar. Biotechnol. 7, 184–192.
http://dx.doi.org/10.1007/s10126-004-4025-x.

Jakobsen, A.N., Aasen, I.M., Josefsen, K.D., Strøm, A.R., 2008. Accumulation of doc-
osahexaenoic acid-rich lipid in thraustochytrid Aurantiochytrium sp. strain T66: ef-
fects of N and P starvation and O2 limitation. Appl. Microbiol. Biotechnol. 80,
297–306. http://dx.doi.org/10.1007/s00253-008-1537-8.

Jensen, P.R., Jenkins, K.M., Porter, D., Fenical, W., 1998. Evidence that a new antibiotic
flavone glycoside chemically defends the sea grass Thalassia testudinum against
Zoosporic fungi. Appl. Environ. Microbiol. 64, 1490–1496.

Jiang, Y., Fan, K.W., Wong, R.T.Y., Chen, F., 2004. Fatty acid composition and squalene
content of the marine microalga Schizochytrium mangrovei. J. Agric. Food Chem. 52,
1196–1200. http://dx.doi.org/10.1021/jf035004c.

Johnson, M.B., Wen, Z., 2009. Production of biodiesel fuel from the microalga
Schizochytrium limacinum by direct transesterification of algal biomass. Energy Fuel
23, 5179–5183. http://dx.doi.org/10.1021/ef900704h.

Jones, E., Alderman, D., 1971. Althornia crouchii gen. et sp. nov., a marine biflagellate
fungus. Nov. Hedwigia 21, 381–399.

Jones, E., Harrison, J., 1976. Physiology of marine Phycomycetes. In: Recents Advances
in Aquatic Mycology. John Wiley & Sons, New York, pp. 261–278.

Jones, G., O'Dor, R., 1983. Ultrastructural observations on a thraustochytrid fungus
parasitic in the gills of squid (Illex illecebrosus Lesueur). J. Parasitol. 903–911.

Kanchana, R., Muraleedharan, U.D., Raghukumar, S., 2011. Alkaline lipase activity from
the marine protists, thraustochytrids. World J. Microbiol. Biotechnol. 27, 2125–2131.
http://dx.doi.org/10.1007/s11274-011-0676-8.

Kang, D.H., Anbu, P., Kim, W.H., Hur, B.K., 2008. Coexpression of Elo-like enzyme and
Δ5, Δ4-desaturases derived from Thraustochytrium aureum ATCC 34304 and the
production of DHA and DPA in Pichia pastoris. Biotechnol. Bioprocess Eng. 13,
483–490. http://dx.doi.org/10.1007/s12257-008-0156-7.

Kang, D.H., Anbu, P., Jeong, Y.S., Chaulagain, B.P., Seo, J.W., Hur, B.-K.K., 2010.
Identification and characterization of a novel enzyme related to the synthesis of
PUFAs derived from Traustochytrium aureum ATCC 34304. Biotechnol. Bioprocess
Eng. 15, 261–272. http://dx.doi.org/10.1007/s12257-009-0223-8.

Kaya, K., Nakazawa, A., Matsuura, H., Honda, D., Inouye, I., Watanabe, M.M., 2011.
Thraustochytrid Aurantiochytrium sp. 18W-13a accummulates high amounts of
squalene. Biosci. Biotechnol. Biochem. 75, 2246–2248. http://dx.doi.org/10.1271/
bbb.110430.

Kimura, H., Fukuba, T., Naganuma, T., 1999. Biomass of thraustochytrid protoctists in
coastal water. Mar. Ecol. Prog. Ser. 189, 27–33. http://dx.doi.org/10.3354/
meps189027.

Kinney, A.J., Cahoon, E.B., Damude, H.G., Hitz, W.D., Kolar, C.W., Liu, Z.-B., 2004.
Production of Very Long Chain Polyunsaturated Fatty Acids in Oilseed Plants.
(WO2004071467 A2).

Kissinger, K.R., García-Ortega, A., Trushenski, J.T., 2016. Partial fish meal replacement
by soy protein concentrate, squid and algal meals in low fish-oil diets containing
Schizochytrium limacinum for longfin yellowtail Seriola rivoliana. Aquaculture 452,
37–44. http://dx.doi.org/10.1016/j.aquaculture.2015.10.022.

Kiy, T., 1998. Heterotrophic protists - a new challenge in biotechnology? Protist 149,
17–21. http://dx.doi.org/10.1016/S1434-4610(98)70005-7.

Kobayashi, Y., Ookubo, M., 1953. Studies on the marine Phycomycetes. In: Bull. Natl. Sci.
Museum Tokyo. 33. pp. 53–65.

Kousoulaki, K., Mørkøre, T., Nengas, I., Berge, R.K., Sweetman, J., 2016. Microalgae and
organic minerals enhance lipid retention efficiency and fillet quality in Atlantic

salmon (Salmo salar L.). Aquaculture 451, 47–57. http://dx.doi.org/10.1016/j.
aquaculture.2015.08.027.

Kroes, R., Schaefer, E.J., Squire, R.A., Williams, G.M., 2003. A review of the safety of
DHA45-oil. Food Chem. Toxicol. 41, 1433–1446. http://dx.doi.org/10.1016/S0278-
6915(03)00163-7.

Leander, C.A., Porter, D., Leander, B.S., 2004. Comparative morphology and molecular
phylogeny of aplanochytrids (Labyrinthulomycota). Eur. J. Protistol. 40, 317–328.
http://dx.doi.org/10.1016/j.ejop.2004.07.003.

Lee Chang, K.J., Dunstan, G.A., Abell, G.C.J., Clementson, L.A., Blackburn, S.I., Nichols,
P.D., Koutoulis, A., 2012. Biodiscovery of new Australian thraustochytrids for pro-
duction of biodiesel and long-chain omega-3 oils. Appl. Microbiol. Biotechnol. 93,
2215–2231. http://dx.doi.org/10.1007/s00253-011-3856-4.

Lee Chang, K.J., Dumsday, G., Nichols, P.D., Dunstan, G.A., Blackburn, S.I., Koutoulis, A.,
2013a. High cell density cultivation of a novel Aurantiochytrium sp. strain TC 20 in a
fed-batch system using glycerol to produce feedstock for biodiesel and omega-3 oils.
Appl. Microbiol. Biotechnol. 97, 6907–6918. http://dx.doi.org/10.1007/s00253-
013-4965-z.

Lee Chang, K.J., Nichols, P.D., Blackburn, S.I., 2013b. More than biofuels - potential uses
of microalgae as sources of high-value lipids. Lipid Technol. 25, 199–203. http://dx.
doi.org/10.1002/lite.201300295.

Lee Chang, K.J., Nichols, C.M., Blackburn, S.I., Dunstan, G.A., Koutoulis, A., Nichols, P.D.,
2014. Comparison of thraustochytrids Aurantiochytrium sp., Schizochytrium sp.,
Thraustochytrium sp., and Ulkenia sp. for production of biodiesel, long-chain omega-3
oils, and exopolysaccharide. Mar. Biotechnol. 16, 396–411. http://dx.doi.org/10.
1007/s10126-014-9560-5.

Lee Chang, K.J., Rye, L., Dunstan, G.A., Grant, T., Koutoulis, A., Nichols, P.D., Blackburn,
S.I., 2015. Life cycle assessment: heterotrophic cultivation of thraustochytrids for
biodiesel production. J. Appl. Phycol. 27, 639–647. http://dx.doi.org/10.1007/
s10811-014-0364-9.

Lewis, T.E., Nichols, P.D., McMeekin, T.A., 1999. The biotechnological potential of
thraustochytrids. Mar. Biotechnol. 1, 580–587. http://dx.doi.org/10.1007/
PL00011813.

Lewis, T.E., Nichols, P.D., McMeekin, T.A., 2001. Sterol and squalene content of a doc-
osahexaenoic-acid-producing thraustochytrid: influence of culture age, temperature,
and dissolved oxygen. Mar. Biotechnol. 3, 439–447. http://dx.doi.org/10.1007/
s10126-001-0016-3.

Li, Q., Chen, G.Q., Fan, K.W., Lu, F.U.P., Aki, T., Jiang, Y., 2009. Screening and char-
acterization of squalene-producing thraustochytrids from Hong Kong mangroves. J.
Agric. Food Chem. 57, 4267–4272. http://dx.doi.org/10.1021/jf9003972.

Li, Q., Wang, X., Liu, X., Jiao, N., Wang, G., 2013. Abundance and novel lineages of
thraustochytrids in hawaiian waters. Microb. Ecol. 66, 823–830. http://dx.doi.org/
10.1007/s00248-013-0275-3.

Lian, M., Huang, H., Ren, L., Ji, X., Zhu, J., Jin, L., 2010. Increase of docosahexaenoic acid
production by Schizochytrium sp. through mutagenesis and enzyme assay. Appl.
Biochem. Biotechnol. 162, 935–941. http://dx.doi.org/10.1007/s12010-009-8865-8.

Liang, Y., Sarkany, N., Cui, Y., Yesuf, J., Trushenski, J., Blackburn, J.W., 2010. Use of
sweet sorghum juice for lipid production by Schizochytrium limacinum SR21.
Bioresour. Technol. 101, 3623–3627. http://dx.doi.org/10.1016/j.biortech.2009.12.
087.

Life'sDHA, 2012. Find life'sDHA [WWW Document]. http://www.lifesdha.com/find-lifes-
dha/products.aspx.

Lippmeier, J.C., Crawford, K.S., Owen, C.B., Rivas, A.A., Metz, J.G., Apt, K.E., 2009.
Characterization of both polyunsaturated fatty acid biosynthetic pathways in
Schizochytrium sp. Lipids 44, 621–630. http://dx.doi.org/10.1007/s11745-009-
3311-9.

Liu, Y., Singh, P., Sun, Y., Luan, S., Wang, G., 2014. Culturable diversity and biochemical
features of thraustochytrids from coastal waters of Southern China. Appl. Microbiol.
Biotechnol. 98, 3241–3255. http://dx.doi.org/10.1007/s00253-013-5391-y.

Lonza, 2012. Lonza launches next generation vegetarian DHA. Nutr. Press Release 1–2.
Lowrey, J., Armenta, R.E., Brooks, M.S., 2016a. Recycling of lipid-extracted hydrolysate

as nitrogen supplementation for production of thraustochytrid biomass. J. Ind.
Microbiol. Biotechnol. 43, 1105–1115. http://dx.doi.org/10.1007/s10295-016-
1779-x.

Lowrey, J., Brooks, M.S., Armenta, R.E., 2016b. Nutrient recycling of lipid-extracted
waste in the production of an oleaginous thraustochytrid. Appl. Microbiol.
Biotechnol. 100, 4711–4721. http://dx.doi.org/10.1007/s00253-016-7463-2.

Lyons, M.M., Ward, J.E., Smolowitz, R., Uhlinger, K.R., Gast, R.J., Smolowitz, R., 2005.
Lethal marine snow: pathogen of bivalve mollusc concealed in marine aggregates.
Limnol. Oceanogr. 50, 1983–1988. http://dx.doi.org/10.4319/lo.2005.50.6.1983.

Lyons, M.M., Smolowitz, R., Dungan, C.F., Roberts, S.B., 2006. Development of a real time
quantitative PCR assay for the hard clam pathogen Quahog Parasite Unknown (QPX).
Dis. Aquat. Org. 72, 45–52. http://dx.doi.org/10.3354/dao072045.

Mackiewicz, P., Gagat, P., Bodyl, A., 2010. Genomics of Protists- very diversified but
poorly studied eukaryotes. Biotechnologia 4, 91–130.

Marriott, N., Garrett, J., Sims, M., Wang, H., Abril, J., 2002. Characteristics of pork with
docosahexaenoic acid supplemented in the diet. J. Muscle Foods 13, 253–263.

Mass, P.A., Kleinschuster, S.J., Dykstra, M.J., Smolowitz, R., Parent, J., 1999. Molecular
characterization of QPX (Quahog Parasite Unknown), a pathogen of Mercenaria
mercenaria. J. Shellfish Res. 18, 561–567.

Mata, T.M., Martins, A.A., Caetano, N.S., 2010. Microalgae for biodiesel production and
other applications: a review. Renew. Sust. Energ. Rev. 14, 217–232.

Matsuda, T., Sakaguchi, K., Hamaguchi, R., Kobayashi, T., Abe, E., Hama, Y., Hayashi, M.,
Honda, D., Okita, Y., Sugimoto, S., Okino, N., Ito, M., 2012. Analysis of 12-fatty acid
desaturase function revealed that two distinct pathways are active for the synthesis of
PUFAs in T. Aureum ATCC 34304. J. Lipid Res. 53, 1210–1222. http://dx.doi.org/10.
1194/jlr.M024935.

L. Fossier Marchan et al. Biotechnology Advances xxx (xxxx) xxx–xxx

18

http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0585
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0585
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0585
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0585
http://dx.doi.org/10.1017/S0953756297005170
http://dx.doi.org/10.1111/j.1550-7408.1999.tb05141.x
http://dx.doi.org/10.4014/jmb.1212.12023
http://dx.doi.org/10.4014/jmb.1212.12023
http://dx.doi.org/10.1006/phrs.1999.0495
http://dx.doi.org/10.1007/s10126-002-0110-1
http://dx.doi.org/10.1007/s10126-002-0110-1
http://dx.doi.org/10.1016/j.biortech.2012.07.068
http://dx.doi.org/10.1016/j.biortech.2012.07.068
http://dx.doi.org/10.1016/j.jff.2013.01.038
http://dx.doi.org/10.1016/j.jff.2013.01.038
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0625
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0625
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0625
http://dx.doi.org/10.1007/s10126-004-4025-x
http://dx.doi.org/10.1007/s00253-008-1537-8
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0640
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0640
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0640
http://dx.doi.org/10.1021/jf035004c
http://dx.doi.org/10.1021/ef900704h
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0655
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0655
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0660
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0660
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0665
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0665
http://dx.doi.org/10.1007/s11274-011-0676-8
http://dx.doi.org/10.1007/s12257-008-0156-7
http://dx.doi.org/10.1007/s12257-009-0223-8
http://dx.doi.org/10.1271/bbb.110430
http://dx.doi.org/10.1271/bbb.110430
http://dx.doi.org/10.3354/meps189027
http://dx.doi.org/10.3354/meps189027
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0695
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0695
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0695
http://dx.doi.org/10.1016/j.aquaculture.2015.10.022
http://dx.doi.org/10.1016/S1434-4610(98)70005-7
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0710
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0710
http://dx.doi.org/10.1016/j.aquaculture.2015.08.027
http://dx.doi.org/10.1016/j.aquaculture.2015.08.027
http://dx.doi.org/10.1016/S0278-6915(03)00163-7
http://dx.doi.org/10.1016/S0278-6915(03)00163-7
http://dx.doi.org/10.1016/j.ejop.2004.07.003
http://dx.doi.org/10.1007/s00253-011-3856-4
http://dx.doi.org/10.1007/s00253-013-4965-z
http://dx.doi.org/10.1007/s00253-013-4965-z
http://dx.doi.org/10.1002/lite.201300295
http://dx.doi.org/10.1002/lite.201300295
http://dx.doi.org/10.1007/s10126-014-9560-5
http://dx.doi.org/10.1007/s10126-014-9560-5
http://dx.doi.org/10.1007/s10811-014-0364-9
http://dx.doi.org/10.1007/s10811-014-0364-9
http://dx.doi.org/10.1007/PL00011813
http://dx.doi.org/10.1007/PL00011813
http://dx.doi.org/10.1007/s10126-001-0016-3
http://dx.doi.org/10.1007/s10126-001-0016-3
http://dx.doi.org/10.1021/jf9003972
http://dx.doi.org/10.1007/s00248-013-0275-3
http://dx.doi.org/10.1007/s00248-013-0275-3
http://dx.doi.org/10.1007/s12010-009-8865-8
http://dx.doi.org/10.1016/j.biortech.2009.12.087
http://dx.doi.org/10.1016/j.biortech.2009.12.087
http://www.lifesdha.com/find-lifes-dha/products.aspx
http://www.lifesdha.com/find-lifes-dha/products.aspx
http://dx.doi.org/10.1007/s11745-009-3311-9
http://dx.doi.org/10.1007/s11745-009-3311-9
http://dx.doi.org/10.1007/s00253-013-5391-y
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0800
http://dx.doi.org/10.1007/s10295-016-1779-x
http://dx.doi.org/10.1007/s10295-016-1779-x
http://dx.doi.org/10.1007/s00253-016-7463-2
http://dx.doi.org/10.4319/lo.2005.50.6.1983
http://dx.doi.org/10.3354/dao072045
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0825
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0825
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0830
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0830
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0835
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0835
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0835
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0840
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0840
http://dx.doi.org/10.1194/jlr.M024935
http://dx.doi.org/10.1194/jlr.M024935


McLean, N., Porter, D., 1987. Lesions produced by a thraustochytrid in Tritonia diomedea
(mollusca: Gastropoda: Nudibranchia). J. Invertebr. Pathol. 49, 223–225. http://dx.
doi.org/10.1016/0022-2011(87)90165-0.

Meale, S.J., Chaves, A.V., He, M.L., Mcallister, T.A., 2014. Dose response of supple-
menting marine algae (Schizochytrium spp.) on production performance, fatty acid
profiles, and wool parameters of growing lambs 1. J. Anim. Sci. 92, 2202–2213.
http://dx.doi.org/10.2527/jas2013-7024.

Meng, X., Yang, J., Xu, X., Zhang, L., Nie, Q., Xian, M., 2009. Biodiesel production from
oleaginous microorganisms. Renew. Energy. http://dx.doi.org/10.1016/j.renene.
2008.04.014.

Metz, J.G., Roessler, P., Facciotti, D., Levering, C., Dittrich, F., Lassner, M., Valentine, R.,
Lardizabal, K., Domergue, F., Yamada, A., Yazawa, K., Knauf, V., Browse, J., 2001.
Production of polyunsaturated fatty acids by polyketide synthases in both prokar-
yotes and eukaryotes. Science 293, 290–293 80-.

Metz, J.G., Kuner, J., Rosenzweig, B., Lippmeier, J.C., Roessler, P., Zirkle, R., 2009.
Biochemical characterization of polyunsaturated fatty acid synthesis in
Schizochytrium: release of the products as free fatty acids. Plant Physiol. Biochem. 47,
472–478. http://dx.doi.org/10.1016/j.plaphy.2009.02.002.

Miao, X., Wu, Q., 2006. Biodiesel production from heterotrophic microalgal oil.
Bioresour. Technol. 97, 841–846. http://dx.doi.org/10.1016/j.biortech.2005.04.008.

Miller, M.R., Nichols, P.D., Carter, C.G., 2007. Replacement of fish oil with thraus-
tochytrid Schizochytrium sp. L oil in Atlantic salmon parr (Salmo salar L) diets. Comp.
Biochem. Physiol. A Mol. Integr. Physiol. 148, 382–392. http://dx.doi.org/10.1016/j.
cbpa.2007.05.018.

Mo, C., Douek, J., Rinkevich, B., 2002. Development of a PCR strategy for thraustochytrid
identification based on 18S rDNA sequence. Mar. Biol. 140, 883–889. http://dx.doi.
org/10.1007/s00227-002-0778-9.

Mordenti, A.L., Sardi, L., Bonaldo, A., Pizzamiglio, V., Brogna, N., Cipollini, I., Tassinari,
M., Zaghini, G., 2010. Influence of marine algae (Schizochytrium spp.) dietary sup-
plementation on doe performance and progeny meat quality. Livest. Sci. 128,
179–184. http://dx.doi.org/10.1016/j.livsci.2009.12.003.

Moss, S.T., 1980. Ultrastructure of the endomembrane-sagenogenetosome-ectoplasmic
net complex in Ulkenia visurgensis (Thraustochytriales). Bot. Mar. 23, 73–94.

Moss, S.T., 1985. An ultrastructural study of taxonomically significant characters of the
Thraustochytriales and the Labyrinthulales. Bot. J. Linn. Soc. 91, 329–357. http://dx.
doi.org/10.1111/j.1095-8339.1985.tb01154.x.

Moss, S.T., 1986. Biology and phylogeny of the Labyrinthulales and Thraustochytriales.
In: Moss, S.T. (Ed.), The Biology of Marine Fungi. Cambridge University Press
Archive, Cambridge, pp. 105–130.

Muehlstein, L.K., Porter, D., Short, F.T., 1988. Labyrinthula sp., a marine slime mold
producing the symptoms of wasting disease in eelgrass, Zostera marina. Mar. Biol. 99,
465–472. http://dx.doi.org/10.1007/BF00392553.

Muehlstein, L., Porter, D., Short, F., 1991. Labyrinthula zosterae sp. nov., the causative
agent of wasting disease of eelgrass, Zostera marina. Mycologia 180–191.

Nagano, N., Matsui, S., Kuramura, T., Taoka, Y., Honda, D., Hayashi, M., 2011a. The
distribution of extracellular cellulase activity in marine eukaryotes, thraustochytrids.
Mar. Biotechnol. 13, 133–136. http://dx.doi.org/10.1007/s10126-010-9297-8.

Nagano, N., Sakaguchi, K., Taoka, Y., Okita, Y., Honda, D., Ito, M., Hayashi, M., 2011b.
Detection of genes involved in fatty acid elongation and desaturation in thraus-
tochytrid marine eukaryotes. J. Oleo Sci. 60, 475–481. http://dx.doi.org/10.5650/
jos.60.475.

Naganuma, T., Kimura, H., Karimoto, R., 2006. Abundance of planktonic thraustochytrids
and bacteria and the concentration of particulate ATP in the Greenland and
Norwegian seas. Polar Biosci. 20, 37–45.

Nakai, R., Naganuma, T., 2015. Diversity and ecology of thraustochytrid protists in the
marine environment. In: Susumu, O., Suzaki, T., Horiguchi, T., Suzuki, N., Not, F.
(Eds.), Marine Protists. Springer, Japan, pp. 465–500. http://dx.doi.org/10.1007/
978-4-431-55130-0.

Nakayama, T., Watanabe, S., Mitsui, K., Uchida, H., Inouye, I., 1996. The phylogenetic
relationship between the Chlamydomonadales and Chlorococcales inferred from 18S
rDNA sequence data. Phycol. Res. http://dx.doi.org/10.1111/j.1440-1835.1996.
tb00037.x.

Nakazawa, A., Matsuura, H., Kose, R., Kato, S., Honda, D., Inouye, I., Kaya, K., Watanabe,
M.M., 2012. Optimization of culture conditions of the thraustochytrid
Aurantiochytrium sp. strain 18W-13a for squalene production. Bioresour. Technol.
109, 287–291. http://dx.doi.org/10.1016/j.biortech.2011.09.127.

Nakazawa, A., Kokubun, Y., Matsuura, H., Yonezawa, N., Kose, R., Yoshida, M., Tanabe,
Y., Kusuda, E., Van Thang, D., Ueda, M., Honda, D., Mahakhant, A., Kaya, K.,
Watanabe, M.M., 2014. TLC screening of thraustochytrid strains for squalene pro-
duction. J. Appl. Phycol. 26, 29–41. http://dx.doi.org/10.1007/s10811-013-0080-x.

Naylor, R.L., Hardy, R.W., Bureau, D.P., Chiu, A., Elliott, M., Farrell, A.P., Forster, I.,
Gatlin, D.M., Goldburg, R.J., Hua, K., Nichols, P.D., 2009. Feeding aquaculture in an
era of finite resources. Proc. Natl. Acad. Sci. 106, 15103–15110. http://dx.doi.org/
10.1073/pnas.0910577106.

Ohara, J., Sakaguchi, K., Okita, Y., Okino, N., Ito, M., 2013. Two fatty acid Elongases
possessing C18-Δ6/C18-Δ9/C20-Δ5 or C16-Δ9 Elongase activity in Thraustochytrium
sp. ATCC 26185. Mar. Biotechnol. 15, 476–486. http://dx.doi.org/10.1007/s10126-
013-9496-1.

Olive, L.S., 1975. The Mycetozoans. Academic Press, New York.
Olsen, M.W., Bigelow, D.M., Gilbertson, R.L., Stowell, L.J., Gelernter, W.D., 2003. First

report of a Labyrinthula sp. causing rapid blight disease of rough bluegrass and per-
ennial ryegrass. Plant Dis. 87, 1267. http://dx.doi.org/10.1094/PDIS.2003.87.10.
1267B.

Oudot-Le Secq, M.P., Loiseaux-de Goër, S., Stam, W.T., Olsen, J.L., 2006. Complete mi-
tochondrial genomes of the three brown algae (Heterokonta: Phaeophyceae) Dictyota
dichotoma, Fucus vesiculosus and Desmarestia viridis. Curr. Genet. 49, 47–58. http://dx.

doi.org/10.1007/s00294-005-0031-4.
Oya, S., Kanno, D., Watanabe, H., Tamura, M., Nakagawa, Y., Tomishige, K., 2015.

Catalytic production of branched small alkanes from biohydrocarbons.
ChemSusChem 8, 2472–2475. http://dx.doi.org/10.1002/cssc.201500375.

Pacheco-Vega, J.M., Cadena-Roa, M.A., Ascencio, F., Rangel-Dávalos, C., Rojas-Contreras,
M., 2015. Assessment of endemic microalgae as potential food for Artemia francis-
cana culture. J. Aquat. Res 43, 23–32. http://dx.doi.org/10.3856/vol43-issue1-
fulltext-3.

Pandey, A., Bhathena, Z., 2014. Prevalence of PUFA rich thraustochytrids sps. Along the
coast of Mumbai for production of bio oil. J. Food Nutr. Res. 2, 993–999. http://dx.
doi.org/10.12691/jfnr-2-12-21.

Park, J.H., Upadhaya, S.D., Kim, I.H., 2015. Effect of dietary marine microalgae
(Schizochytrium) powder on egg production, blood lipid profiles, egg quality, and
fatty acid composition of egg yolk in layers. Asian-Australasian J. Anim. Sci. 28,
391–397. http://dx.doi.org/10.5713/ajas.14.0463.

Perkins, F.O., 1972. The ultrastructure of holdfasts,‘rhizoids’, and ‘slime tracks’ in
thraustochytriaceous fungi and Labyrinthula spp. Arch. Mikrobiol. 84, 95–118. http://
dx.doi.org/10.1007/BF00412431.

Perkins, F.O., 1973a. Observations of thraustochytriaceous (Phycomycetes) and labyr-
inthulid (Rhizopodea) ectoplasmic nets on natural and artificial substrates—an
electron microscope study. Can. J. Bot. 51, 484–491.

Perkins, F.O., 1973b. A new species of marine labyrinthulid Labyrinthuloides yorkensis gen.
Nov. spec. Nov.—cytology and fine structure. Arch. Mikrobiol. 90, 1–17.

Phys.org, 2015. A new method of converting algal oil to transportation fuels [WWW
Document]. http://phys.org/news/2015-06-method-algal-oil-fuels.html (accessed
3.31.16).

Pleissner, D., Lam, W.C., Sun, Z., Lin, C.S.K., 2013. Food waste as nutrient source in
heterotrophic microalgae cultivation. Bioresour. Technol. 137, 139–146. http://dx.
doi.org/10.1016/j.biortech.2013.03.088.

Polglase, J.L., 1980. A preliminary-report on the thraustochytrid(s) and labyrinthulid(s)
associated with a pathological condition in the lesser octopus Eledone cirrhosa. Bot.
Mar. 23, 699–706.

Polglase, J.L., 1981. Thraustochytrids as potential pathogens of marine animals. Bull. Br.
Mycol. Soc. 16, 5.

Polglase, J.L., Alderman, D.J., Richards, R.H., 1986. Aspects of the progress of mycotic
infections in marine animals. In: Moss, S.T. (Ed.), The Biology of Marine Fungi.
Cambridge University Press Archive, Cambridge, pp. 155–164.

Porter, D., 1969. Ultrastructure of Labyrinthula. Protoplasma 67, 1–19.
Porter, D., 1990. Phylum Labyrinthulomycota. In: Margulis, L., Corliss, J.O., Melkonian,

M., Chapman, D. (Eds.), Handbook of Protoctista. Jones and Bartlett. Publishers,
Boston, pp. 388–398.

Qi, B.X., Fraser, T., Mugford, S., Dobson, G., Sayanova, O., Butler, J., Napier, J.A., Stobart,
A.K., Lazarus, C.M., 2004. Production of very long chain polyunsaturated omega-3
and omega-6 fatty acids in plants. Nat. Biotechnol. 22, 739–745. http://dx.doi.org/
10.1038/Nbt972.

Qi, F., Zhang, M., Chen, Y., Jiang, X., Lin, J., Cao, X., Huang, J., 2017. A lignocellulosic
hydrolysate-tolerant Aurantiochytrium sp. mutant strain for docosahexaenoic acid
production. Bioresour. Technol. 227, 221–226. http://dx.doi.org/10.1016/j.biortech.
2016.12.011.

Qiu, X., 2003. Biosynthesis of docosahexaenoic acid (DHA, 22:6-4, 7,10,13,16,19): Two
distinct pathways. In: Prostaglandins Leukot. Essent. Fat. Acids, http://dx.doi.org/10.
1016/S0952-3278(02)00268-5.

Qiu, X., Hong, H., MacKenzie, S.L., 2001. Identification of a Δ4 fatty acid desaturase from
Thraustochytrium sp. involved in the biosynthesis of docosahexanoic acid by hetero-
logous expression in Saccharomyces cerevisiae and Brassica juncea. J. Biol. Chem. 276,
31561–31566. http://dx.doi.org/10.1074/jbc.M102971200.

Qu, L., Ji, X.J., Ren, L.J., Nie, Z.K., Feng, Y., Wu, W.J., Ouyang, P.K., Huang, H., 2011.
Enhancement of docosahexaenoic acid production by Schizochytrium sp. using a two-
stage oxygen supply control strategy based on oxygen transfer coefficient. Lett. Appl.
Microbiol. 52, 22–27. http://dx.doi.org/10.1111/j.1472-765X.2010.02960.x.

Quilodrán, B., Hinzpeter, I., Quiroz, A., Shene, C., 2009. Evaluation of liquid residues
from beer and potato processing for the production of docosahexaenoic acid (C22:6n-
3, DHA) by native thraustochytrid strains. World J. Microbiol. Biotechnol. 25,
2121–2128. http://dx.doi.org/10.1007/s11274-009-0115-2.

Ragan, M.A., MacCallum, G.S., Murphy, C.A., Cannone, J.J., Gutell, R.R., McGladdery,
S.E., 2000. Protistan parasite QPX of hard-shell clam Mercenaria mercenaria is a
member of Labyrinthulomycota. Dis. Aquat. Org. 42, 185–190. http://dx.doi.org/10.
3354/dao042185.

Raghukumar, S., 1977. A new species of the genus Ulkenia Gaertner (lower marine fungi)
from the North Sea. Veröff. Inst. Meeresf. Bremerhaven 16, 159–165.

Raghukumar, S., 1980. Thraustochytrium Benthicola sp.nov.: a new marine fungus from
the north sea. Trans. Br. Mycol. Soc. 74, 607–614. http://dx.doi.org/10.1016/S0007-
1536(80)80063-5.

Raghukumar, S., 1982. Fine structure of the thraustochytrid Ulkenia amoeboidea. II. The
amoeboid stage and formation of zoospores. Can. J. Bot. 60, 1103–1114. http://dx.
doi.org/10.1139/b82-140.

Raghukumar, S., 1988a. Schizochytrium mangrovei sp. nov., a thraustochytrid from
mangroves in India. Trans. Br. Mycol. Soc. 90, 627–631. http://dx.doi.org/10.1016/
S0007-1536(88)80068-8.

Raghukumar, S., 1988b. Detection of the thraustochytrid protist Ulkenia visurgensis in a
hydroid, using immunofluorescence. Mar. Biol. 97, 253–258. http://dx.doi.org/10.
1007/BF00391310.

Raghukumar, S., 1992a. Bacterivory: a novel dual role for thraustochytrids in the sea.
Mar. Biol. 113, 165–169. http://dx.doi.org/10.1007/BF00367650.

Raghukumar, S., 1992b. Goldstein and Belsky, 1964. Mar. Biol. 113, 165–169. http://dx.
doi.org/10.1007/BF00367650.

L. Fossier Marchan et al. Biotechnology Advances xxx (xxxx) xxx–xxx

19

http://dx.doi.org/10.1016/0022-2011(87)90165-0
http://dx.doi.org/10.1016/0022-2011(87)90165-0
http://dx.doi.org/10.2527/jas2013-7024
http://dx.doi.org/10.1016/j.renene.2008.04.014
http://dx.doi.org/10.1016/j.renene.2008.04.014
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0865
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0865
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0865
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0865
http://dx.doi.org/10.1016/j.plaphy.2009.02.002
http://dx.doi.org/10.1016/j.biortech.2005.04.008
http://dx.doi.org/10.1016/j.cbpa.2007.05.018
http://dx.doi.org/10.1016/j.cbpa.2007.05.018
http://dx.doi.org/10.1007/s00227-002-0778-9
http://dx.doi.org/10.1007/s00227-002-0778-9
http://dx.doi.org/10.1016/j.livsci.2009.12.003
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0895
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0895
http://dx.doi.org/10.1111/j.1095-8339.1985.tb01154.x
http://dx.doi.org/10.1111/j.1095-8339.1985.tb01154.x
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0905
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0905
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0905
http://dx.doi.org/10.1007/BF00392553
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0915
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0915
http://dx.doi.org/10.1007/s10126-010-9297-8
http://dx.doi.org/10.5650/jos.60.475
http://dx.doi.org/10.5650/jos.60.475
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0930
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0930
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0930
http://dx.doi.org/10.1007/978-4-431-55130-0
http://dx.doi.org/10.1007/978-4-431-55130-0
http://dx.doi.org/10.1111/j.1440-1835.1996.tb00037.x
http://dx.doi.org/10.1111/j.1440-1835.1996.tb00037.x
http://dx.doi.org/10.1016/j.biortech.2011.09.127
http://dx.doi.org/10.1007/s10811-013-0080-x
http://dx.doi.org/10.1073/pnas.0910577106
http://dx.doi.org/10.1073/pnas.0910577106
http://dx.doi.org/10.1007/s10126-013-9496-1
http://dx.doi.org/10.1007/s10126-013-9496-1
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf0965
http://dx.doi.org/10.1094/PDIS.2003.87.10.1267B
http://dx.doi.org/10.1094/PDIS.2003.87.10.1267B
http://dx.doi.org/10.1007/s00294-005-0031-4
http://dx.doi.org/10.1007/s00294-005-0031-4
http://dx.doi.org/10.1002/cssc.201500375
http://dx.doi.org/10.3856/vol43-issue1-fulltext-3
http://dx.doi.org/10.3856/vol43-issue1-fulltext-3
http://dx.doi.org/10.12691/jfnr-2-12-21
http://dx.doi.org/10.12691/jfnr-2-12-21
http://dx.doi.org/10.5713/ajas.14.0463
http://dx.doi.org/10.1007/BF00412431
http://dx.doi.org/10.1007/BF00412431
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1005
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1005
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1005
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1010
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1010
http://phys.org/news/2015-06-method-algal-oil-fuels.html
http://dx.doi.org/10.1016/j.biortech.2013.03.088
http://dx.doi.org/10.1016/j.biortech.2013.03.088
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1025
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1025
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1025
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1030
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1030
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1035
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1035
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1035
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1040
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1045
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1045
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1045
http://dx.doi.org/10.1038/Nbt972
http://dx.doi.org/10.1038/Nbt972
http://dx.doi.org/10.1016/j.biortech.2016.12.011
http://dx.doi.org/10.1016/j.biortech.2016.12.011
http://dx.doi.org/10.1016/S0952-3278(02)00268-5
http://dx.doi.org/10.1016/S0952-3278(02)00268-5
http://dx.doi.org/10.1074/jbc.M102971200
http://dx.doi.org/10.1111/j.1472-765X.2010.02960.x
http://dx.doi.org/10.1007/s11274-009-0115-2
http://dx.doi.org/10.3354/dao042185
http://dx.doi.org/10.3354/dao042185
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf2425
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf2425
http://dx.doi.org/10.1016/S0007-1536(80)80063-5
http://dx.doi.org/10.1016/S0007-1536(80)80063-5
http://dx.doi.org/10.1139/b82-140
http://dx.doi.org/10.1139/b82-140
http://dx.doi.org/10.1016/S0007-1536(88)80068-8
http://dx.doi.org/10.1016/S0007-1536(88)80068-8
http://dx.doi.org/10.1007/BF00391310
http://dx.doi.org/10.1007/BF00391310
http://dx.doi.org/10.1007/BF00367650
http://dx.doi.org/10.1007/BF00367650
http://dx.doi.org/10.1007/BF00367650


Raghukumar, S., 1996. Morphology, taxonomy, and ecology of thraustochytrids &
labyrinthulids, the marine counterparts of zoosporic fungi. In: Dayal, R. (Ed.),
Advances in Zoosporic Fungi. M D Publication, New Delhi, pp. 35–60.

Raghukumar, S., 2002. Ecology of the marine protists, the labyrinthulomycetes (thraus-
tochytrids and labyrinthulids). Eur. J. Protistol. 38, 127–145. http://dx.doi.org/10.
1078/0932-4739-00832.

Raghukumar, S., 2008. Thraustochytrid marine protists: production of PUFAs and other
emerging technologies. Mar. Biotechnol. http://dx.doi.org/10.1007/s10126-008-
9135-4.

Raghukumar, S., 2017. Physiology, Biochemistry and Biotechnology. In: Fungi in Coastal
and Oceanic Marine Ecosystems. Springer International Publishing, pp. 265–306.
http://dx.doi.org/10.1007/978-3-319-54304-8.

Raghukumar, S., Schaumann, K., 1993. An epifluorescence microscopy method for direct
detection and enumeration of the fungilike marine protists, the thraustochytrids.
Limnol. Oceanogr. 38, 182–187. http://dx.doi.org/10.4319/lo.1993.38.1.0182.

Raghukumar, S., Sharma, S., Raghukumar, C., Sathe-Pathak, V., Chandramohan, D.,
1994. Thraustochytrid and fungal component II. Laboratory studies on decomposi-
tion of marine detritus of the brown alga. J. Exp. Mar. Bio. Ecol. 981, 113–131.
http://dx.doi.org/10.1016/0022-0981(94)90160-0.

Raghukumar, S., Ramaiah, N., Raghukumar, C., 2001. Dynamics of thraustochytrid pro-
tists in the water column of the Arabian sea. Aquat. Microb. Ecol. 24, 175–186.
http://dx.doi.org/10.3354/ame024175.

Raghukumar, S., Chandramohan, D., David, J.J., Vani, V., 2008. A Process for Removal of
Tar Ball Pollutants Using a Marine Thraustochytrid Fungi. C09K. pp. 3/32.

Raghukumar, S., Madhavan, H.N., Malathi, J., 2014. Extracellular Polysaccharides From
Labyrinthulomycetes With Broad-spectrum Antiviral Activities. (WO/2014/045191).

Raikar, M.T., Raghukumar, S., Vani, V., David, J.J., Chandramohan, D., 2001.
Thraustochytrid protists degrade hydrocarbons. Indian J. Mar. Sci. 30, 139–145.

Ramaiah, N., Raghukumar, S., Mangesh, G., Madhupratap, M., 2005. Seasonal variations
in carbon biomass of bacteria, thraustochytrids and microzooplankton in the
Northern Arabian Sea. In: Deep-Sea Research Part II: Topical Studies in
Oceanography, pp. 1910–1921. http://dx.doi.org/10.1016/j.dsr2.2005.05.004.

Ramos, M.J., Fernandez, C.M., Casas, A., Rodriguez, L., Pirez, A., 2009. Influence of fatty
acid composition of raw materials on biodiesel properties. Bioresour. Technol. 100,
261–268. http://dx.doi.org/10.1016/j.biortech.2008.06.039.

Ratledge, C., 1991. Microorganisms for lipids. Acta Biotechnol. 11, 429–438. http://dx.
doi.org/10.1002/abio.370110506.

Ratledge, C., 2012. Omega-3 biotechnology: errors and omissions. Biotechnol. Adv. doi.
http://dx.doi.org/10.1016/j.biotechadv.2012.04.002.

Ren, L.J., Ji, X.J., Huang, H., Qu, L., Feng, Y., Tong, Q.Q., Ouyang, P.K., 2010.
Development of a stepwise aeration control strategy for efficient docosahexaenoic
acid production by Schizochytrium sp. Appl. Microbiol. Biotechnol. 87, 1649–1656.
http://dx.doi.org/10.1007/s00253-010-2639-7.

Renn, C.E., 1935. The wasting disease of Zostera marina. I. A Phytological investigation of
the diseased plant. Biol. Bull. 70, 148–158.

Rinkevich, B., 1999. Cell cultures from marine invertebrates: obstacles, new approaches
and recent improvements. J. Biotechnol. 70, 133–153. http://dx.doi.org/10.1016/
S0168-1656(99)00067-X.

Romari, K., Monnier, A.L., Rols, C., Merlet, C., Pagliardini, J., Calleja, P., Gudin, C., 2015.
Production of Astaxanthin and Docosahexaenoic Acid in Mixotrophic Mode Using
Schizochytrium. (US 2015/0037838 A1).

Rosa, S.M., Soria, M.A., Vélez, C.G., Galvagno, M.A., 2010. Improvement of a two-stage
fermentation process for docosahexaenoic acid production by Aurantiochytrium li-
macinum SR21 applying statistical experimental designs and data analysis. Bioresour.
Technol. 101, 2367–2374. http://dx.doi.org/10.1016/j.biortech.2009.11.056.

Rosa, S.M., Galvagno, M.A., Vélez, C.G., 2011. Adjusting culture conditions to isolate
thraustochytrids from temperate and cold environments in southern Argentina.
Mycoscience 52, 242–252. http://dx.doi.org/10.1007/s10267-010-0091-2.

Ruiz-Lopez, N., Haslam, R.P., Usher, S.L., Napier, J.A., Sayanova, O., 2013.
Reconstitution of EPA and DHA biosynthesis in Arabidopsis: iterative metabolic en-
gineering for the synthesis of n-3 LC-PUFAs in transgenic plants. Metab. Eng. 17,
30–41. http://dx.doi.org/10.1016/j.ymben.2013.03.001.

Ruiz-Lopez, N., Haslam, R.P., Napier, J.A., Sayanova, O., 2014. Successful high-level
accumulation of fish oil omega-3 long-chain polyunsaturated fatty acids in a trans-
genic oilseed crop. Plant J. 77, 198–208. http://dx.doi.org/10.1111/tpj.12378.

Ruxton, C.H.S., Reed, S.C., Simpson, M.J.A., Millington, K.J., 2004. The health benefits of
omega-3 polyunsaturated fatty acids: a review of the evidence. J. Hum. Nutr. Diet.
17, 449–459. http://dx.doi.org/10.1111/j.1365-277X.2004.00552.x.

Ryan, A., Zeller, S., Nelson, E., Cohen, Z., Ratledge, C., 2010. Safety evaluation of single
cell oils and the regulatory requirements for use as food ingredients. In: Cohen, Z.,
Ratledge, C. (Eds.), Single Cell Oils: Microbial and Algal Oils. AOCS Press,
Champaign, pp. 317–345.

Rymer, C., Gibbs, R. a, Givens, D.I., 2010. Comparison of algal and fish sources on the
oxidative stability of poultry meat and its enrichment with omega-3 polyunsaturated
fatty acids. Poult. Sci. 89, 150–159. http://dx.doi.org/10.3382/ps.2009-00232.

Ryu, B.G., Kim, K., Kim, J., Han, J.I., Yang, J.W., 2013. Use of organic waste from the
brewery industry for high-density cultivation of the docosahexaenoic acid-rich mi-
croalga, Aurantiochytrium sp. KRS101. Bioresour. Technol. 129, 351–359. http://dx.
doi.org/10.1016/j.biortech.2012.11.049.

Sakaguchi, K., Matsuda, T., Kobayashi, T., Ohara, J.I., Hamaguchi, R., Abe, E., Nagano,
N., Hayashi, M., Ueda, M., Honda, D., Okita, Y., Taoka, Y., Sugimoto, S., Okino, N.,
Ito, M., 2012. Versatile transformation system that is applicable to both multiple
transgene expression and gene targeting for thraustochytrids. Appl. Environ.
Microbiol. 78, 3193–3202. http://dx.doi.org/10.1128/AEM.07129-11.

Sanders, T.A.b., Gleason, K., Griffin, B., Miller, G.J., 2006. Influence of an algal tria-
cylglycerol containing docosahexaenoic acid (22:6 n −3) and docosapentaenoic acid

(22:5 n −6) on cardiovascular risk factors in healthy men and women. Br. J. Nutr.
95, 525–531.

Sardi, L., Martelli, G., Lambertini, L., Parisini, P., Mordenti, A., 2006. Effects of a dietary
supplement of DHA-rich marine algae on Italian heavy pig production parameters.
Livest. Sci. 103, 95–103. http://dx.doi.org/10.1016/j.livsci.2006.01.009.

Sargent, J., 1993. Docosahexaenoic acid and the development of brain and retina in
marine fish. In: Omega-3 Fat. Acids. Metab. Biol. Eff, pp. 139–149.

Sargent, J., Bell, G., McEvoy, L., Tocher, D., Estevez, A., 1999. Recent developments in
the essential fatty acid nutrition of fish. Aquaculture 177, 191–199. http://dx.doi.
org/10.1016/S0044-8486(99)00083-6.

Schärer, L., Knoflach, D., Vizoso, D.B., Rieger, G., Peintner, U., 2007. Thraustochytrids as
novel parasitic protists of marine free-living flatworms: Thraustochytrium caudivorum
sp. nov. parasitizes Macrostomum lignano. Mar. Biol. 152, 1095–1104. http://dx.doi.
org/10.1007/s00227-007-0755-4.

Scholz, E., 1958. Über morphologische Modifikationen bei niederen Erdphycomyceten
und Beschreibung zweier neuer Arten von Rhizophydium und Thraustochytrium. Arch.
Mikrobiol. 29, 354–362. http://dx.doi.org/10.1007/BF00571594.

Schneider, J., 1967. Ein neuer mariner Phycomycet aus der Kieler Bucht
(Thraustochytrium striatum spec. nov.). Kieler Meeresforsch. 23, 16–20.

Sharma, S., Raghukumar, C., Raghukumar, S., Sathe-pathak, V., Chandramohan, D., 1994.
Thraustochytrid and fungal component of marine detritus II. Laboratory studies on
decomposition of the brown alga Sargassum cinereum J. Ag. J. Exp. Mar. Biol. Ecol.
175, 227–242. http://dx.doi.org/10.1016/0022-0981(94)90028-0.

Siboni, N., Rasoulouniriana, D., Ben-Dov, E., Kramarsky-Winter, E., Sivan, A., Loya, Y.,
Hoegh-Guldberg, O., Kushmaro, A., 2010. Stramenopile microorganisms associated
with the massive coral Favia sp. J. Eukaryot. Microbiol. 57, 236–244. http://dx.doi.
org/10.1111/j.1550-7408.2010.00469.x.

Singh, M., 2005. Essential fatty acids, DHA and human brain. Indian J. Pediatr. 72,
239–242.

Singh, P., Liu, Y., Li, L., Wang, G., 2014. Ecological dynamics and biotechnological im-
plications of thraustochytrids from marine habitats. Appl. Microbiol. Biotechnol.
http://dx.doi.org/10.1007/s00253-014-5780-x.

Singh, D., Gupta, A., Wilkens, S.L., Mathur, A.S., Tuli, D.K., Barrow, C.J., Puri, M., 2015a.
Understanding response surface optimisation to the modeling of Astaxanthin ex-
traction from a novel strain Thraustochytrium sp. S7. Algal Res. 11, 113–120. http://
dx.doi.org/10.1016/j.algal.2015.06.005.

Singh, D., Mathur, A.S., Tuli, D.K., Puri, M., Barrow, C.J., 2015b. Propyl gallate and
butylated hydroxytoluene influence the accumulation of saturated fatty acids, omega-
3 fatty acid and carotenoids in thraustochytrids. J. Funct. Foods 15, 186–192. http://
dx.doi.org/10.1016/j.jff.2015.03.022.

Smolowitz, R., Leavitt, D., Perkins, F., 1998. Observations of a protistan disease similar to
QPX in Mercenaria mercenaria (Hard Clams) from the coast of Massachusetts. J.
Invertebr. Pathol. 71, 9–25. http://dx.doi.org/10.1006/jipa.1997.4706.

Source Omega, 2012. PURE ONE ® DHAlicious ™ Puts Innovation First : Launches New
Omega-3 Chromista Oil Product. Press Release, Chapel Hill.

Spanova, M., Daum, G., 2011. Squalene - biochemistry, molecular biology, process bio-
technology, and applications. Eur. J. Lipid Sci. Technol. http://dx.doi.org/10.1002/
ejlt.201100203.

Sparrow, F.K., 1936. Biological observations on the marine fungi of Woods Hole waters.
Biol. Bull. Mar. Biol. Lab. Woods Hole 70, 236–263. http://dx.doi.org/10.2307/
1537470.

Sparrow, F.K., 1960. Aquatic Phycomycetes. The University of Michigan Press,
Second. ed.

Sparrow, F., 1973. Mastigomycotina (zoosporic fungi). Fungi. An Adv. Treatise 4, 61–72.
Sprague, M., Walton, J., Campbell, P.J., Strachan, F., Dick, J.R., Bell, J.G., 2015.

Replacement of fish oil with a DHA-rich algal meal derived from Schizochytrium sp. on
the fatty acid and persistent organic pollutant levels in diets and flesh of Atlantic
salmon (Salmo salar, L.) post-smolts. Food Chem. 185, 413–421. http://dx.doi.org/
10.1016/j.foodchem.2015.03.150.

Stokes, N.A., Ragone Calvo, L.M., Reece, K.S., Burreson, E.M., 2002. Molecular diag-
nostics, field validation, and phylogenetic analysis of Quahog Parasite Unknown
(QPX), a pathogen of the hard clam Mercenaria mercenaria. Dis. Aquat. Org. 52,
233–247. http://dx.doi.org/10.3354/dao052233.

Swanson, D., Block, R., Mousa, S., 2012. Omega-3 fatty acids EPA and DHA: health
benefits throughout life. Adv. Nutr. An Int. Rev. J. 3, 1–7. http://dx.doi.org/10.3945/
an.111.000893.

Takahashi, Y., Yoshida, M., Inouye, I., Watanabe, M.M., 2014. Diplophrys mutabilis sp.
nov., a new member of Labyrinthulomycetes from freshwater habitats. Protist 165,
50–65. http://dx.doi.org/10.1016/j.protis.2013.10.001.

Takahashi, Y., Yoshida, M., Inouye, I., Watanabe, M.M., 2016. Fibrophrys columna gen.
nov., sp. nov: a member of the family Amphifilidae. Eur. J. Protistol. 56, 41–50.
http://dx.doi.org/10.1016/j.ejop.2016.06.003.

Takao, Y., Tomaru, Y., Nagasaki, K., Sasakura, Y., Yokoyama, R., Honda, D., 2007.
Fluorescence in situ hybridization using 18S rRNA-targeted probe for specific de-
tection of thraustochytrids (Labyrinthulomycetes). Plankt. Benthos Res. 2, 91–97.
http://dx.doi.org/10.3800/pbr.2.91.

Taoka, Y., Nagano, N., Okita, Y., Izumida, H., Sugimoto, S., Hayashi, M., 2009a.
Influences of culture temperature on the growth, lipid content and fatty acid com-
position of Aurantiochytrium sp. strain mh0186. Mar. Biotechnol. 11, 368–374.
http://dx.doi.org/10.1007/s10126-008-9151-4.

Taoka, Y., Nagano, N., Okita, Y., Izumida, H., Sugimoto, S., Hayashi, M., 2009b.
Extracellular enzymes produced by marine eukaryotes, thraustochytrids. Biosci.
Biotechnol. Biochem. 73, 180–182. http://dx.doi.org/10.1271/bbb.80416.

Taoka, Y., Nagano, N., Okita, Y., Izumida, H., Sugimoto, S., Hayashi, M., 2011a. Effects of
cold shock treatment on total lipid content and fatty acid composition of
Aurantiochytrium limacinum strain mh0186. J. Oleo Sci. 60, 217–220. http://dx.doi.

L. Fossier Marchan et al. Biotechnology Advances xxx (xxxx) xxx–xxx

20

http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1115
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1115
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1115
http://dx.doi.org/10.1078/0932-4739-00832
http://dx.doi.org/10.1078/0932-4739-00832
http://dx.doi.org/10.1007/s10126-008-9135-4
http://dx.doi.org/10.1007/s10126-008-9135-4
http://dx.doi.org/10.1007/978-3-319-54304-8
http://dx.doi.org/10.4319/lo.1993.38.1.0182
http://dx.doi.org/10.1016/0022-0981(94)90160-0
http://dx.doi.org/10.3354/ame024175
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1150
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1150
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1155
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1155
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1160
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1160
http://dx.doi.org/10.1016/j.dsr2.2005.05.004
http://dx.doi.org/10.1016/j.biortech.2008.06.039
http://dx.doi.org/10.1002/abio.370110506
http://dx.doi.org/10.1002/abio.370110506
http://dx.doi.org/10.1016/j.biotechadv.2012.04.002
http://dx.doi.org/10.1007/s00253-010-2639-7
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1190
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1190
http://dx.doi.org/10.1016/S0168-1656(99)00067-X
http://dx.doi.org/10.1016/S0168-1656(99)00067-X
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1200
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1200
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1200
http://dx.doi.org/10.1016/j.biortech.2009.11.056
http://dx.doi.org/10.1007/s10267-010-0091-2
http://dx.doi.org/10.1016/j.ymben.2013.03.001
http://dx.doi.org/10.1111/tpj.12378
http://dx.doi.org/10.1111/j.1365-277X.2004.00552.x
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1230
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1230
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1230
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1230
http://dx.doi.org/10.3382/ps.2009-00232
http://dx.doi.org/10.1016/j.biortech.2012.11.049
http://dx.doi.org/10.1016/j.biortech.2012.11.049
http://dx.doi.org/10.1128/AEM.07129-11
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1250
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1250
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1250
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1250
http://dx.doi.org/10.1016/j.livsci.2006.01.009
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1260
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1260
http://dx.doi.org/10.1016/S0044-8486(99)00083-6
http://dx.doi.org/10.1016/S0044-8486(99)00083-6
http://dx.doi.org/10.1007/s00227-007-0755-4
http://dx.doi.org/10.1007/s00227-007-0755-4
http://dx.doi.org/10.1007/BF00571594
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf3410
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf3410
http://dx.doi.org/10.1016/0022-0981(94)90028-0
http://dx.doi.org/10.1111/j.1550-7408.2010.00469.x
http://dx.doi.org/10.1111/j.1550-7408.2010.00469.x
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1285
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1285
http://dx.doi.org/10.1007/s00253-014-5780-x
http://dx.doi.org/10.1016/j.algal.2015.06.005
http://dx.doi.org/10.1016/j.algal.2015.06.005
http://dx.doi.org/10.1016/j.jff.2015.03.022
http://dx.doi.org/10.1016/j.jff.2015.03.022
http://dx.doi.org/10.1006/jipa.1997.4706
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1310
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1310
http://dx.doi.org/10.1002/ejlt.201100203
http://dx.doi.org/10.1002/ejlt.201100203
http://dx.doi.org/10.2307/1537470
http://dx.doi.org/10.2307/1537470
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1325
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1325
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1330
http://dx.doi.org/10.1016/j.foodchem.2015.03.150
http://dx.doi.org/10.1016/j.foodchem.2015.03.150
http://dx.doi.org/10.3354/dao052233
http://dx.doi.org/10.3945/an.111.000893
http://dx.doi.org/10.3945/an.111.000893
http://dx.doi.org/10.1016/j.protis.2013.10.001
http://dx.doi.org/10.1016/j.ejop.2016.06.003
http://dx.doi.org/10.3800/pbr.2.91
http://dx.doi.org/10.1007/s10126-008-9151-4
http://dx.doi.org/10.1271/bbb.80416
http://dx.doi.org/10.5650/jos.60.217


org/10.5650/jos.60.217.
Taoka, Y., Nagano, N., Okita, Y., Izumida, H., Sugimoto, S., Hayashi, M., 2011b. Effect of

tween 80 on the growth, lipid accumulation and fatty acid composition of
Thraustochytrium aureum ATCC 34304. J. Biosci. Bioeng. 111, 420–424. http://dx.
doi.org/10.1016/j.jbiosc.2010.12.010.

Tice, A.K., Silberman, J.D., Walthall, A.C., Le, K.N.D., Spiegel, F.W., Brown, M.W., 2016.
Sorodiplophrys stercorea: another novel lineage of Sorocarpic multicellularity. J.
Eukaryot. Microbiol. 63, 623–628. http://dx.doi.org/10.1111/jeu.12311.

Tohji, K., 2012. NET: Next-Generation Energies for Tohoku Recovery. (Sendai).
Tsui, C., Vrijmoed, L., 2012. A re-visit to the evolution and ecophysiology of the

Labyrinthulomycetes. In: Cruzado, Antonio (Ed.), Marine Ecosystem. InTech, pp. 161.
http://dx.doi.org/10.5772/35979.

Ulken, A., 1965. Zwei neue Thraustochytrien aus der Außenweser. Veröff. Inst. Meeresf.
Bremerhaven 9, 289–295.

Unagul, P., Assantachai, C., Phadungruengluij, S., Suphantharika, M., Tanticharoen, M.,
Verduyn, C., 2007. Coconut water as a medium additive for the production of doc-
osahexaenoic acid (C22:6 n3) by Schizochytrium mangrovei Sk-02. Bioresour. Technol.
98, 281–287. http://dx.doi.org/10.1016/j.biortech.2006.01.013.

Usher, S., Haslam, R.P., Ruiz-Lopez, N., Sayanova, O., Napier, J.A., 2015. Field trial
evaluation of the accumulation of omega-3 long chain polyunsaturated fatty acids in
transgenic Camelina sativa: making fish oil substitutes in plants. Metab. Eng.
Commun. 2, 93–98. http://dx.doi.org/10.1016/j.meteno.2015.04.002.

Valencia, I., Ansorena, D., Astiasaran, I., 2007. Development of dry fermented sausages
rich in docosahexaenoic acid with oil from the microalgae Schizochytrium sp.: influ-
ence on nutritional properties, sensorial quality and oxidation stability. Food Chem.
104, 1087–1096. http://dx.doi.org/10.1016/j.foodchem.2007.01.021.

Von Arx, J.A., 1974. The Genera of Fungi Sporulating in Pure Culture.
White, J.T., Bruns, T.D., Lee, S.B., Taylor, J.W., 1990. Amplification and direct sequen-

cing of fungal ribosomal RNA genes for phylogenetics. In: Innis, M., Gelfand, D.,
Sninsky, J., White, T. (Eds.), PCR Protocols: A Guide to Methods and Applications.
Academic Press, San Diego, pp. 315–322.

Whyte, S.K., Cawthorn, R.J., McGladdery, S.E., 1994. QPX (Quahog Parasite X), a pa-
thogen of northern quahog Mercenaria mercenaria from the Gulf of St. Lawrence,
Canada. Dis. Aquat. Org. 19, 129–136. http://dx.doi.org/10.3354/dao019129.

Wilkens, S.L., Maas, E.W., 2012. Development of a novel technique for axenic isolation
and culture of thraustochytrids from New Zealand marine environments. J. Appl.
Microbiol. 112, 346–352. http://dx.doi.org/10.1111/j.1365-2672.2011.05197.x.

Woods, V.B., Fearon, A.M., 2009. Dietary sources of unsaturated fatty acids for animals
and their transfer into meat, milk and eggs: a review. Livest. Sci. 126, 1–20. http://
dx.doi.org/10.1016/j.livsci.2009.07.002.

World Register of Marine Species, 2016. Labyrinthulea. In: Guiry, M.D., Guiry, G.M.

(Eds.), AlgaeBase. World-wide electronic publication, National University of Ireland,
Galway.

Wu, G., Truksa, M., Datla, N., Vrinten, P., Bauer, J., Zank, T., Cirpus, P., Heinz, E., Qiu, X.,
2005. Stepwise engineering to produce high yields of very long-chain poly-
unsaturated fatty acids in plants. Nat. Biotechnol. 23, 1013–1017. http://dx.doi.org/
10.1038/nbt1107.

Xie, Y., Wang, G., 2015. Mechanisms of fatty acid synthesis in marine fungus-like protists.
Appl. Microbiol. Biotechnol. http://dx.doi.org/10.1007/s00253-015-6920-7.

Yamaoka, Y., 2008. Microorganism and Production of Carotinoid Compounds Thereby
(US 7,374,908 B2). http://dx.doi.org/10.1126/science.Liquids.

Yamaoka, Y., Carmona, M.L., Oota, S., 2004. Growth and carotenoid production of
Thraustochytrium sp. CHN-1 cultured under superbright red and blue light-emitting
diodes. Biosci. Biotechnol. Biochem. 68 (7), 1594. http://dx.doi.org/10.1271/bbb.
68.1594.

Yan, L., Kim, I.H., 2013. Effects of dietary ω-3 fatty acid-enriched microalgae supple-
mentation on growth performance, blood profiles, meat quality, and fatty acid
composition of meat in broilers. J. Appl. Anim. Res. 41, 392–397. http://dx.doi.org/
10.1080/09712119.2013.787361.

Yang, H.L., Lu, C.K., Chen, S.F., Chen, Y.M., Chen, Y.M., 2010. Isolation and character-
ization of Taiwanese heterotrophic microalgae: screening of strains for docosahex-
aenoic acid (DHA) production. Mar. Biotechnol. 12, 173–185. http://dx.doi.org/10.
1007/s10126-009-9207-0.

Yokochi, T., Honda, D., Higashihara, T., Nakahara, T., 1998. Optimization of doc-
osahexaenoic acid production by Schizochytrium limacinum SR21. Appl. Microbiol.
Biotechnol. 49, 72–76. http://dx.doi.org/10.1007/s002530051139.

Yokoyama, R., Honda, D., 2007. Taxonomic rearrangement of the genus Schizochytrium
sensu lato based on morphology, chemotaxonomic characteristics, and 18S rRNA
gene phylogeny (Thraustochytriaceae, Labyrinthulomycetes): emendation for
Schizochytrium and erection of Aurantiochytrium and Oblongichytrium gen. nov.
Mycoscience 48, 199–211. http://dx.doi.org/10.1007/s10267-006-0362-0.

Yokoyama, R., Salleh, B., Honda, D., 2007. Taxonomic rearrangement of the genus
Ulkenia sensu lato based on morphology, chemotaxonomical characteristics, and 18S
rRNA gene phylogeny (Thraustochytriaceae, Labyrinthulomycetes): emendation for
Ulkenia and erection of Botryochytrium, Parietichytrium, Sicyoidochytrium gen. nov.
Mycoscience 48, 329–341. http://dx.doi.org/10.1007/s10267-007-0377-1.

Yue, C.J., Jiang, Y., 2009. Impact of methyl jasmonate on squalene biosynthesis in mi-
croalga Schizochytrium mangrovei. Process Biochem. 44, 923–927. http://dx.doi.org/
10.1016/j.procbio.2009.03.016.

Zhu, L., Zhang, X., Ren, X., Zhu, Q., 2008. Effects of culture conditions on growth and
docosahexaenoic acid production from Schizochytrium limacinum. J. Ocean Univ.
China 7, 83–88. http://dx.doi.org/10.1007/s11802-008-0083-4.

L. Fossier Marchan et al. Biotechnology Advances xxx (xxxx) xxx–xxx

21

http://dx.doi.org/10.5650/jos.60.217
http://dx.doi.org/10.1016/j.jbiosc.2010.12.010
http://dx.doi.org/10.1016/j.jbiosc.2010.12.010
http://dx.doi.org/10.1111/jeu.12311
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1390
http://dx.doi.org/10.5772/35979
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf2420
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf2420
http://dx.doi.org/10.1016/j.biortech.2006.01.013
http://dx.doi.org/10.1016/j.meteno.2015.04.002
http://dx.doi.org/10.1016/j.foodchem.2007.01.021
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1415
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1420
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1420
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1420
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1420
http://dx.doi.org/10.3354/dao019129
http://dx.doi.org/10.1111/j.1365-2672.2011.05197.x
http://dx.doi.org/10.1016/j.livsci.2009.07.002
http://dx.doi.org/10.1016/j.livsci.2009.07.002
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1440
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1440
http://refhub.elsevier.com/S0734-9750(17)30114-3/rf1440
http://dx.doi.org/10.1038/nbt1107
http://dx.doi.org/10.1038/nbt1107
http://dx.doi.org/10.1007/s00253-015-6920-7
http://dx.doi.org/10.1126/science.Liquids
http://dx.doi.org/10.1271/bbb.68.1594
http://dx.doi.org/10.1271/bbb.68.1594
http://dx.doi.org/10.1080/09712119.2013.787361
http://dx.doi.org/10.1080/09712119.2013.787361
http://dx.doi.org/10.1007/s10126-009-9207-0
http://dx.doi.org/10.1007/s10126-009-9207-0
http://dx.doi.org/10.1007/s002530051139
http://dx.doi.org/10.1007/s10267-006-0362-0
http://dx.doi.org/10.1007/s10267-007-0377-1
http://dx.doi.org/10.1016/j.procbio.2009.03.016
http://dx.doi.org/10.1016/j.procbio.2009.03.016
http://dx.doi.org/10.1007/s11802-008-0083-4

	Taxonomy, ecology and biotechnological applications of thraustochytrids: A review
	Introduction
	Taxonomy, phylogeny and morphological features of thraustochytrids
	Taxonomy and phylogeny
	The ultrastructure, morphology and cell division of thraustochytrids
	Non-cellulosic cell wall
	Ectoplasmic net
	Biflagellate zoospores

	Description of the genera
	Thraustochytrium
	Japonochytrium
	Schizochytrium
	Oblongichytrium
	Aurantiochytrium
	Ulkenia
	Sicyoidochytrium
	Botryochytrium
	Parietichytrium
	Monorhizochytrium
	Althornia
	Other genera within the order Thraustochytrida


	Ecology and environment
	Ecology of thraustochytrids
	Isolation, preservation and detection of thraustochytrids

	Growth requirements and strategy for biomass production
	Temperature
	Dissolved oxygen
	Carbon source and concentration
	Nitrogen source and C:N ratio
	Medium supplements
	Light requirement

	Metabolism
	Polyunsaturated fatty acid synthesis
	Squalene synthesis
	Exopolysaccharide production
	Extracellular enzymes

	Current exploitation and further potential for thraustochytrid products
	Thraustochytrid derived DHA rich oil as a bio-ingredient in food products: safety evaluation and formulation of novel food products
	Developing new DHA enriched food products through ingredient substitution and omega-3 enriched animal feeds
	Aquaculture feeds
	Biofuel production: from biodiesel to jet fuel
	Pharmaceutical and nutraceutical bioactive compounds from thraustochytrids
	Genetic engineering approaches

	Conclusion
	Funding
	Acknowledgements
	References




