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ABSTRACT
Omega-3 fatty acids, in particular docosahexaenoic acid (DHA), have been extensively
studied for many decades for their health benefitting properties in pre-natal development,
cardiovascular and Alzheimer diseases and enhancing the inflammatory immune
response system. DHA has also been shown to be essential for the optimal development
of fish, and therefore is an important ingredient in fish feed. However, due to fish oil and
fish meal supplies currently facing many challenges (e.g. heavy metal contamination,
environmental impacts, etc.), the demand for alternative sources of omega-3 fatty acids
(FA) is predicted to rise in the near future. To meet these challenges, oleaginous
microorganisms that produce omega-3 FAs have been explored as a potential new
resource, with a particular emphasis on the thraustochytrid group. In this study, ten new
strains of thraustochytrids, that were originally isolated from Scottish marine waters, were
investigated for their biotechnological potential. The first phase of the project identified
the new strains as a novel genus of thraustochytrid, for which the name Caledonichytrium
matryoshkum gen. nov., sp. nov., is proposed. The description was based on a polyphasic
analysis that employed phylogenetic analysis, biochemical signatures (PUFA and
carotenoid profiles) and morphological and life cycle assessment studies.

After

identification, the strains were screened for their potential as DHA single-cell oil
producers. The strains were assessed in two media types and at two time points of growth
phase. With a view to their industrial application, a mathematical study was also included
to seek opportunity for recycling by-product oil as biodiesel. The results showed that one
of the strains, OL5TA, produced the highest relative level of DHA (63% of total FA) than
any other strain reported to date in a screening study. However, the low final biomass
concentrations reached (< 1 g L-1), and the low total lipid content measured (< 7% of dry
cell weight, DCW), were considered major hurdles to overcome for industrial application.
To address these issues, the optimisation of the culture conditions was carried out in the
following stage.

The results showed no consumption of glucose at 0.1% or 2%

concentration, suggesting the inability of the strain to assimilate glucose. This may have
hindered competitive biomass concentrations compared to that by other strains reported
in the literature. To remediate this inability, a preliminary study was conducted to
determine carbon source utilisation and carotenoid production to seek other routes for
medium optimisation and biotechnological potential. The study concluded by identifying
a potential route of exploitation for galactose and long carbon chain as sole carbon
sources.
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Chapter 1: Introduction: Review - The taxonomy, ecology and
biotechnological potential of thraustochytrids

1.1

Forewords

Thraustochytrids have been increasingly studied since the late 90s, due mainly to their
ability to produce and accumulate omega-3 fatty acids, in particular docosahexaenoic acid
(DHA).

However, very few reviews to date have focused on the taxonomy and

phylogenetic position of these organisms and their ecology. Hence, Chapter 1 includes a
detailed and current review on thraustochytrid taxonomy, which will help in defining the
markers to take into consideration for a full taxonomy characterisation that was
undertaken in Chapter 3, while also providing an understanding of their ecology and
biotechnological potentials. Hitherto, most reviews on thraustochytrids have largely
focused on the potential of these organism for producing DHA, carotenoids and
exopolysaccharide substances (EPS), as well as offering insight into the optimisation of
fermentation and other cultivation conditions to increase biomass and the compound(s)
of interest. Recently, there is a growing interest to better understand the metabolic
capabilities of these organisms, in particular DHA synthesis, with a view to boost
productivity or to develop molecular engineered strains or plants. This chapter recaps the
current state of knowledge on these and related topics, including bringing new elements
of the discovery pipeline, from screening of new strains to fermentation approaches
directed to increase biomass production and of targeted compound of interest (e.g. DHA,
carotenoids, EPS). This body of information has significantly helped in designing the
experimental plan to Chapter 4 and Chapter 5. Furthermore, this review includes a
detailed overview of current commercial applications that use thraustochytrid-derived
compounds, such as those that have found use in the food, fuel, cosmetic, pharmaceutical
and aquaculture industries, and these will be discussed in relation to the research
presented in this thesis.
1.2

Introduction

There are numerous examples of case studies that initially commenced with an
investigation on the ecology of microorganisms, but which eventually led to
biotechnological breakthroughs via the discovery of new compounds with specific
applications for industry or research.

For example, numerous enzymes from
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extremophile microorganisms have found biotechnological applications of very high
importance such as the Taq DNA polymerase which underpinned the polymerase chain
reaction [1]. However, the importance of taxonomy is often overlooked in biotechnology
as an indicator of potential novel innovations. Indeed, the close phylogenetic relationship
between microorganisms 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 underexplored for many years [2].
However, new tools in metagenomics analysis showed the potential of protists in many
biotechnology fields [3]. In the last decade, the drive for discovering new bioactive
compounds, has lead an increasing number of scientists to tap into these little-known
group of microorganisms that are the protists, with a particular interest in flagellates (e.g.
Leishmania) and ciliates (e.g. Tetrahymena), notably as host organisms for the production
of complex recombinant proteins [4]–[6]. 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 requirement and sensitivity regarding
shear forces while being cultured, and longer generation times than many prokaryotes [2].
In this study, we reviewed a group of heterotrophic marine biflagellate 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 currently being exploited by several companies.
While previous and recent reviews have provided very detailed analysis on specific
aspects of the thraustochytrids, this review aims to provide a broad overview of these
microorganisms from their first description to their current utilisation. By doing so, this
review ensures the continuity of many studies on thraustochytrids, linking historical and
modern taxonomy with growth and with production patterns of certain compounds of
interest, which directly feed into biotechnological applications. Hence, this is the first
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review with the aim of linking ecology and taxonomy to trends and production patterns
among genera, in order to help maximise their uses in current and future biotechnological
applications.

1.3
1.3.1

Taxonomy, phylogeny and morphological features of thraustochytrids
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 position of thraustochytrids and the related labyrinthulids and
aplanochytrids within the domain Eukarya, but the classification of some doubtful strains
and group members still remains unclear, and disagreements 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 [7]. Initially, the family Thraustochytriaceae was
incorrectly identified as belonging to the Phycomycetes, a class grouping the “algal
fungi”, within the order Saprolegniales, due to their ability to release biflagellate
zoospores and form the rhizoid-like structures that are commonly referred to as the
ectoplasmic net (EN) [8], [9]. Later, the thraustochytrids were assigned to the Oomycetes,
due to their chytrid-like morphology [10], but then were removed from this lineage after
Hori and Osawa (1987) [11] and Cavalier-Smith et al. (1994) [12] 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 and
also refuting their affiliation to the Oomycetes [13]–[15]. With the advent of more studies
supporting these interrelationships, the class Labyrinthulomycetes (International Code of
Nomenclature for algae, fungi, and plants, ICN) [16] or Labyrinthulea (International
Code of Zoological Nomenclature, ICZN) [17], [18] was established in order to
encompass all three groups (thraustochytrids, labyrinthulids, aplanochytrids) of
microorganisms [19], [20].

3

The difficulty of establishing a consensus taxonomic tree stemmed from the complexity
of 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) [21] definitively established the proximity of labyrinthulids and thraustochytrids
as a monophyletic group within the stramenopiles, but also distinguished two groups: the
labyrinthulids 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 morphology. This was further confirmed by experimental evidence, which
also showed that in different nutritive environments, the same thraustochytrid can exhibit
very different morphology, demonstrating the plasticity of these organisms. For instance,
the genus Schizochytrium was initially characterised by a successive bipartition mode of
division [22], while the genus Ulkenia was known for the release of an amoeboid cell
[23]. However, Raghukumar (1988a) [24] and Honda et al., (1998) [25] showed that
Schizochytrium mangrovei and Schizochytrium limacinum also had an amoeboid stage
(only in the presence of bacteria in the case of S. mangrovei), calling into question the
features traditionally used to distinguish thraustochytrid genera.
The paraphyletic taxon of the Labyrinthulea class and its further division into
thraustochytrids, labyrinthulids and aplanochytrids was further supported by Tsui et al.,
(2009) [26], as based on the phylogenetic relationship of three protein-coding genes:
actin, β-tubulin and elongation factor 1-α. Based on this work, the same authors proposed
a new classification for the Labyrinthulea, which divided the class into two orders and
four monophyletic clusters [27]. The first group contained most of the members of the
thraustochytrids, which have cells that generally do not glide using the EN. The second
and third groups encompassed the aplanochytrids and labyrinthulids, which have cells
that glide using the EN. The fourth and last group contained the LPG thraustochytrids,
Schizochytrium minuta and Thraustochytrium multirudimentale, the classification of both
at that time had been rearranged into the newly erected genus Oblongichytrium [28]. The
authors also established the Bicosoecida and not the Oomycetes, as initially supported by
Oudot-Le Secq et al. (2006) [29], as the direct sister group of Labyrinthulea. This
supported the Anderson and Cavalier-Smith (2012) [30] revision of the class of
Labyrinthulea as described in Table 1.2, with the creation of 8 families. In this review,
we will therefore focus on microorganisms in the order Thraustochytrida and exclude
those constituting the superfamily Amphifiloidea (see Table 1.2).
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Using the 18S rDNA gene for phylogenetic identification and analysis of the
thraustochytrids, several authors suggested different primer pairs be used to amplify this
taxonomic marker gene entirely or partially, as described in Table 1.3. While developing
a new PCR strategy for thraustochytrid 18S rDNA, Mo et al. (2002) [31] also suggested
a new methodology based on amplified fragment length polymorphism to determine
species affiliation. However, the authors noted that while some strains showed high
molecular similarities, there were obvious morphological differences between them,
revealing the limits of an entirely molecular-based phylogenetic classification.
In order to improve the classification of these organisms, several authors recommended
including biochemical characteristics, such as lipid and carotenoid profiles [9], [28], [32]–
[34]. Although Ellenbogen et al. (1969) [9] and Findlay et al. (1986) [34] recognised a
potential phylogenetic implication of the polyunsaturated fatty acids (PUFA) profile in
thraustochytrids, Huang et al., (2003) [32] were the first to separate thraustochytrids
based on their PUFA profiles into 5 major groups, assigning them each with a single
cluster of strains based on their 18S rDNA gene. These strains formed predominantly
DHA/DPAw6,

DHA/DPAw6/EPA,

DHA/DPAw6/EPA/ARA/DTA1.

DHA/EPA,

DHA/DPAw6/EPA/ARA,

and

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 [32], [35]. Later, the correlation of a
PUFA profile signature and the addition of carotenoid profile as a secondary biochemical
signature, with the 18S rDNA signature, was further 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 [28], [33].
The new profiling ultimately provided a more robust phylogeny for the class
Labyrinthulea that comprised of monophylogenetic clades, though with the exception of
the genus Thraustochytrium.
At the present time, several taxonomies co-exist that encompass a mycological [36], [37]
or a protistological approach [30], which are presented in Table 1.1 and Table 1.2
respectively. Different terminologies are now in use to describe thraustochytrids as
chromists or stramenopiles [12], [36], while use of the term ‘heterotrophic micro-algae’
5

has also become common due to the close molecular phylogenetic relationship of the
thraustochytrids with some photosynthetic micro-algae; the term is also understandable
by the largest community of lay readers [38].
Table 1.1 Taxonomic classification of Labyrinthulomycetes (mycological taxon) as
described by Nakai and Naganuma (2015) [37]
Super Kingdom
Kingdom
Phylum
Class

Stramenopiles/Alveolata/Rhizaria (SAR)
Straminipila
Labyrinthulomycota
Labyrinthulomycete

Order
Family

Labyrinthulida (or Labyrinthulales)
Labyrinthulaceae
Aplanochytriaceae
Thraustochytriaceae
Labyrinthulids
Aplanochytrids
Thraustochytrids
Labyrinthula
Aplanochytrium
Thraustochytrium
Japonochytrium
Schizochytrium
Aurantiochytrium
Ulkenia
Sicyoidochytrium
Parietichytrium
Botryochytrium
Oblongichytrium
Althornia
Elina*

Genus

*doubtful member
The most recent in-depth eukaryotic classification was established by Adl et al. (2012)
[39] building on an earlier consideration of the protists [40]. The authors defined 5 super
groups within Eukaryota: Amoebozoa, Opisthokonta, Excavata, StramenopilesAlveolata-Rhizaria (SAR) and Archaeplastida. In doing this, they intentionally did not
use the Linnaean higher category names (kingdom, phylum, class, order, family), as they
considered this approach easier to amend (therefore, providing stable group names) whilst
attempting to unify the codes of nomenclature. However, some argued that use of
mycological terminology for Labyrinthulomycetes and abandoning of the Linnaean
classification rules created more confusion [12], [41], whilst also not having updated the
classification with inclusion of recently emended genera.
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Within this new classification, thraustochytrids belong to:
•

Eukaryota
•

Diaphoretickes
•

SAR (Supergroup)
•

Stramenopiles
•

Labyrinthulomycetes
•

Labyrinthula
•

•

Labyrinthula

Thraustochytriaceae
•

Althornia, Aplanochytrium, Elina, Japonochytrium,
Schizochytrium, Thraustochytrium, Ulkenia

•

Amphitraemidae (incertae sedis)
•

1.3.2

Amphitrema, Archerella

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 [8], [42].
Commonly, zoospore cell size ranges from 2.5–3.0 x 4.5–8.0 µm, while zoosporangium
size is located between 15–35 µm when observed in seawater and pine pollen grain
culture [36]. The vegetative thalli of thraustochytrids are uni-nucleate, contain single
dictyosomes (an individual stack of Golgi apparatus), centrioles associated with shallow
nuclear pockets and are bound by discrete cell walls [15]. Paranuclear bodies are
characteristic of many thraustochytrids as regions of convoluted smooth endoplasmic
reticulum enclosing ribosome-free cytoplasm frequently associated with the nucleus [15].
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 inclusions [43], [44]. Two main modes of cell division have been
described for thraustochytrids, both of which can sometimes co-exist within the same
species. The first mode of cell division involves the formation of a zoosporangium by
progressive cleavage, during which the cell wall remains intact after completion of
karyokinesis, leading to multinuclear cells and proliferation bodies.
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Table 1.2 Taxonomic classification of Labyrinthulea (protistological taxon) as adapted
from Anderson and Cavalier-Smith (2012) [30].

Names in parentheses are the

mycological nomenclature equivalents used by Beakes et al. (2014) [45]
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Table 1.3 Nucleotide primers and probes used to amplify the 18S rDNA gene of
Thraustochytriida for phylogenetic analysis and to detect their presence in environmental
samples
Primer for
18S rDNA
amplification
Forward
SR1
18S001
FA1
NSF-370F
F

Sequence (5' → 3')

Base Pair
Position

References

TACCTGGTTGATCCTGCCAG
AACCTGGTTGATCCTGCCAGTA
AAAGATTAAGCCATGCATGT
AGGGYTCGAYYCCGGAGA
GGGAGCCTGAGAGACGGC

1-20
1-22
37-56
370-387
387-404

[46]
[21]
[31]
[47]
[31]

NS3
FA2
F566
LABY-A

GCAAGTCTGGTGCCAGCAGCC
GTCTGGTGCCAGCAGCCGCG
CAGCAGCCGCGGTAATTCC
GGGATCGAAGATGATTAG

472-492
555-574
566-585
944-961

[48]
[31]
[49]
[50]

FA3

CTTAAAGGAATTGACGGAAG

1125-1144

[31]

Reverse
RA1
Lab-1017r
NS4
RA2
RT1200
R
LABY-Y
RA3
18S13
SR12
NSR-1787

AGCTTTTTAACTGCAACAAC
GACTACGATGGTATCTAATCATCTTCG
CTTCCGTCAATTCCTTTAAG
CCCGTGTTGAGTCAAATTAAG
CCCGTGTTGAGTCAAATTAAGC
GGCCATGCACCACCACCC
CWCRAACTTCCTTCCGGT
CAATCGGTAGGTGCGACGGGCGG
CCTTGTTACGACTTCACCTTCCTCT
CCTTCCGCAGGTTCACCTAC
CYGCAGGTTCACCTACRG

605-624
1017-1043
1101-1120
1171-1191
1200
1254-1271
1361-1378
1662-1684
1733-1757
1781-1762
1787-1804

[31]
[47]
[48]
[31]
[49]
[31]
[50]
[31]
[21]
[46]

[47]

Probes for
detection
ThrFL1
LABY1336

GTCGACAACTGATGGGGCAG
AACCCGAAATGTCCCTCTAAGAAG

282-301
1336-1359

[51]
[50]
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The second mode of division is based on successive bipartition of a parent cell,
immediately following karyokinesis, where cytoplasmic schism occurs. Cytokinesis
involves either invagination of the plasma membrane (presence of parental scales) or the
fusion with internal vesicle membranes (no scale membranes) [15]. In both cases, an
intermediate step can sometimes occur before or after cell division, described as an
amoeboid stage, where a naked protoplast emerges from within the cell wall of a mature
thallus [52].
Although there remains a lack of unanimity amongst thraustochytrid taxonomists, there
is a greater consensus on the presence of unique phenotypic features that thraustochytrids
should share between them [53]. 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 (EN) emerging from a single point (the
sagenogenetosome, SAG); and 3) biflagellated zoospores with a short posterior whiplash
and a long anterior tinsel flagellum [13], [15]. Further details for these three features
follow.
1.3.2.1

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 [54] and consist of sulphated polysaccharides that are rich in
galactose and xylose for the thraustochytrids, and in fucose for aplanochytrids and
labyrinthulids [55]. Scales are deposited onto the basal membrane through vesicles and
merge together [54].
1.3.2.2

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 [56] or sometimes also termed
the bothrosome [57]. 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 [44]. One of the main
differences between thraustochytrids and aplanochytrids, and of the former with the
labyrinthulids is the distribution of SAG within the cell. With labyrinthulids, several
organelles are distributed over the cell surface that results in an EN that entirely envelopes
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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 Schizochytrium aggregatum) [54]. The
EN is believed to have multi-functional roles that include an adhesive function (allowing
colonization of surfaces), a secretive and penetrative function (bringing digestive
enzymes to food sources), and an absorptive function (for the assimilation of the products
of digestion) [37].
1.3.2.3

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 zoosporangium, either directly or after an amoeboid stage
(release of a naked protoplast) [23]. 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 [36], [53]. The long anterior flagellum (tinsel flagellum)
possesses mastigoneme (hairs), while the shorter posterior flagellum (whiplash) is smooth
[58] and confers the swimming motility of the zoospores. Aplanospores are often
described in Aplanochytrium as crawling or gliding spores moving on the EN [59], but
the term aplanospore was also used to described the non-motile spore (non-flagellated) in
Ulkenia visurgensis and other organisms [13], [44].
1.3.3

Description of the genera

Until a decade ago, nine genera were recognised within the thraustochytrid family, based
on life cycle morphology: Thraustochytrium [7], Japonochytrium [60], Schizochytrium
[22], Althornia [61], Elina [62], Aplanochytrium [63], Labyrinthuloides [64], Ulkenia
[23] and Diplophrys [65].

As mentioned earlier, none of these genera formed a

monophyletic group when classified based on 18S rDNA gene sequencing [21]. As a
result, it was proposed that over the course of their evolution, characteristic features
among the thraustochytrids were gained and lost in different lineages leading to a larger
spectrum of genera and species than expected; when classification was based solely on
morphology.
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Based on a polyphasic approach for classification, which takes into account 18S rDNA
gene analysis, morphological characteristics, and PUFA and carotenoid profiles, the
genus Schizochytrium was revised, leading to the creation of two additional new genera,
Aurantiochytrium and Oblongichytrium [28], while Ulkenia was amended and three
additional genera (Sicyoidochytrium, Parietichytrium, Botryochytrium) were established
[28], [33]. Other genera were believed to belong to a lineage that was distinct to the
thraustochytrids.

Aplanochytrium and Labyrinthuloides, already believed to be

congeneric [15], were found to be synonymous and all strains associated were renamed
and affiliated to the genus Aplanochytrium [66]. Subsequently, the aplanochytrids were
recognized as a third lineage of the Labyrinthulea, alongside the thraustochytrids and
labyrinthulids [59], [67]. Similarly, Althornia, Oblongichytrium, and Diplophrys were
proposed as belonging to distinct families, but with close relationships to the
Thraustochytriidae. These new families were named Althorniidae, Oblongichytriidae,
and Diplophryidae [30]. The position of Elina as a member of the class Labyrinthulea is
in doubt, as it is sometimes associated with the Hyphochytridiomycetes [68], rather than
with the thraustochytrids [39]. A more recent study defined Stellarchytrium dubum as a
new genus within the Labyrinthulea, with this species forming an EN radiating outwards
from the cell colonies when grown on agar, which could lead to further upcoming
revisions of this class [69].
At the present time, the identification and classification of thraustochytrid is still mostly
based on their morphological characteristics, but their molecular phylogenetic affiliation
is now recognised as an important parameter that must be taken into consideration. In
addition, and as described above, monophyletic genera are also identified and
characterised through biochemical signatures (e.g. PUFA and carotenoid profiles).
Hence, the following section describes the morphological and biochemical characteristics
(whenever possible) of each genus constituting the Thraustochytrida order. Table 1.4
shows a list of the different genera and species of thraustochytrids reported to date. A
key identification in Appendix A provides a list of the various morphological features and
biochemical signatures used to identify thraustochytrid species.
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Table 1.4 Thraustochytrid and Aplanochytrid genera and species names.
Genus species(Basionym)

Isolated by

Thraustochytrium aureum
Thraustochytrium motivum

Goldstein, (1963)*
Goldstein, (1963)*
Bahnweg and Sparrow, (1974)
[70]
Bahnweg and Sparrow, (1974)
[70]
Bahnweg and Sparrow, (1974)
[70]
Gaertner, (1967)*
Raghu Kumar, (1980) [71]
Sparrow, (1943)*
Scholz, (1958)*
Kobayashi and Ookubo, (1953)
[60]
Artemchuk, (1972) [62]
Schneider, (1967)*
Goldstein, (1963)*
Ulken, (1965)*
Bongiorni et al., (2005) [72]
Schärer et al., (2007) [73]

Thraustochytrium rossii
Thraustochytrium kerguelense
Thraustochytrium antarcticum
Thraustochytrium kinnei
Thraustochytrium benthicola
Thraustochytrium proliferum
Thraustochytrium pachydermum
Thraustochytrium globosum
Thraustochytrium arudimentale
Thraustochytrium striatum
Thraustochytrium roseum
Thraustochytrium aggregatum
Thraustochytrium gaertnerium
Thraustochytrium caudivorum
Japonochytrium marinum

Kobayashi and Ookubo, (1953)
[60]

Schizochytrium aggregatum

Goldstein and Belsky, (1964) [22]

Oblongichytrium octosporum
(Schizochytrium octosporum)
Oblongichytrium minutum
(Schizochytrium minutum)
Oblongichytrium multirudimentale
(Thraustochytrium
multirudimentale)
Oblongichytrium porteri sp. nov.
Aurantiochytrium limacinum
(Schizochytrium limacinum)
Aurantiochytrium mangrovei
(Schizochytrium mangrovei)
Ulkenia profunda

Amended

Raghukumar, (1988)*

[28]

Gaertner, (1972)*

[28]

Goldstein, (1963)*

[28]

FioRito et al., (2016) [69]
Honda et al., (1998) [25]

[28]

Raghukumar, (1988a) [24]

[28]

Gaertner, (1977) [23]
13

Ulkenia visurgensis

Ulken, (1965)*
Bahnweg and Sparrow, (1974)
[70]

[23]

Sicyoidochytrium minutum
(Ulkenia minuta)

Raghukumar, (1977)*

[33]

Botryochytrium radiatum
(Ulkenia radiata)

Gaertner, (1977) [23]

[33]

Parietichytrium sarkarianum
(Ulkenia sarkariana)

Gaertner, (1977) [23]

[33]

Althornia crouchii

Jones and Alderman, (1971) [61]

Elina marisalba
Elina sinorifica

Artemchuk, (1972) [62]
Artemchuk, (1972) [62]

Amphifila marina
(Diplophrys marina)

Dykstra and Porter, (1984) [65]

Aplanochytrium yorkensis
(Labyrinthuloides yorkensis)
Aplanochytrium minutum
(Labyrinthuloides minuta)
Aplanochytrium saliens
(Labyrinthuloides saliens)
Aplanochytrium schizochytrops
(Labyrinthuloides schizochytrops)
Aplanochytrium haliotidis
(Labyrinthuloides haliotidis)
Aplanochytrium thaisii
(Labyrinthula thais)
Aplanochytrium kerguelense

Perkins, (1973) [64]

Ulkenia ameboidea

Watson & Raper, (1957)*
Quick, (1974)*
Quick, (1974)*
Bower, (1987)*
Cox & Mackin, (1974)*

[23]

[30]

[66]
[66]
[66]
[66]
[66]
[66]

Bahnweg and Sparrow, (1972)
[63]
Aplanochytrium blankum sp. nov
FioRito et al., (2016) [69]
*information retrieved from the World Register of Marine Species (2016) [74].
1.3.3.1

Thraustochytrium

The genus Thraustochytrium currently includes 16 species, as listed in Table 1.4, 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) [36]. In non14

proliferous form (absence of a proliferation body), the entire sporangium cleaves to form
spores, as reminiscent for T. globosum, T. roseum, T. arudimentale, T. pachydermum, T.
striatum, T. aggregatum and T. caudivorum. In the mono-proliferous form (single
proliferation body), a large basal protoplasmic unit is persistent and remains uncleaved,
and a wall is deposited around it. This residual body persists after spore liberation, and
an internal proliferation occurs; the basal unit enlarges and becomes the new secondary
zoosporangium, as occurs for T. aureum, T. motivum, T. gaertnerium, T. kinnei, T.
antarcticum, T. benthicola, and T. proliferum.

The newly persistent body of the

secondary sporangium appears to be delimited during or prior to zoospore cleavage in the
primary body. In multi-proliferous forms (two or more proliferation bodies), as with 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 gives rise, after settlement,
to a sporangium before the cleavage of zoospores occurs, as observed with T. striatum in
the presence of bacteria [75] and T. gaertnerium [72]. The genus Thraustochytrium may
encompass sub-genera, as it does not form a monophylogenetic group based on 18S
rDNA, and did not show a common PUFA or carotenoid profiles among species.
1.3.3.2

Japonochytrium

Japonochytrium is monotypic and is very similar to a nonproliferous species of
Thraustochytrium [60]. It differs from other genera by having a subsporangial dilatation
of the EN at the base of the thallus, termed the apophysis. Japonochytrium liberates its
zoospores through an apical pore in the sporangial wall [15]. It is assumed that this strain
may have been lost, as the only strain available to date is Japonochytrium sp. ATCC
28207, although this strain is now believed to belong to Ulkenia [33].
1.3.3.3

Schizochytrium

Schizochytrium divides by successive bi-partitioning to form tetrads of zoosporangia [22].
Eventually, the vegetative cells undergo a progressive cleavage to form zoospores [15].
The only species recognized, S. aggregatum, can produce up to 64 zoospores, reniform
to ovoid in shape, while the zoosparangium can reach up to 140 µm [36]. Yokoyama &
Honda (2007) [28] 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 species are characterized by the production of ARA,
which accounts for up to approximately 20% of the PUFA profile.
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1.3.3.4

Oblongichytrium

Oblongichytrium is very similar in form and shape to Schizochytrium, from which it
originates [28]. Similarly, it undergoes continuous binary division, has a well-developed
EN, and colonies are large and pale yellow, but the lipid profile is characterized by a high
DPAw3:DPAw6 ratio and little production of ARA, while the carotenoid profile shows
the production 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 [28].
However, O. porteri, a new species isolated from Pisaster ochraceus (sea star), was
recently described to multiply through budding while lacking free-swimming zoospores
[69]. Lately, Oblongichytrium was considered as a new family, the Oblongychytriidae,
that is distinct to the Thraustochytriidae, sensu stricto, on the basis of a 18S rRNA gene
sequence that grouped separately [30].
1.3.3.5

Aurantiochytrium

Aurantiochytrium is a sister genus of Oblongichytrium and Schizochytrium, as the latter
were originally considered to form one genus [28]. Cells undergo continuous binary
partition and are characterized by a thin-walled globose thallus. The zoospores released
are similar in shape to those of Schizochytrium, and vegetative cells are mostly 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,
canthaxanthin 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. limacinum 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 [24], [25].
1.3.3.6

Ulkenia

Ulkenia is primarily characterized by an amoeboid stage after several classic binary
division [23]. The naked protoplast is either an uninucleated limax cell (U. amoeboidea)
or multinucleated (U. visurgensis and U. profunda) [15], [44], [52]. This amoeboid cell
settles and eventually rounds up to undergo division into either a zoosporangium (U.
amoeboidea) or an aplanosporangium (U. visurgensis) [33], [44]. It may also divide
directly into zoospores and discharge its content in an amoeboid state (U. profunda) [36].
16

Zoospores or aplanospores develop into trophic cells that divide through binary division
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 [36], or persists as observed in U. amoeboidea SEK214 and Ulkenia sp.
ATCC 28207 [33]. The aplanospores observed by Moss (1980) [44] could be nonflagellated zoospores at the time of release that develop flagella at a later stage, as
described by Yokoyama et al. (2007) [33]. Ulkenia is also characterized by an underdeveloped EN, and grows as small colonies on agar. The thallus varies in size and shape
(subglobose, globose or pear shape). The carotenoid profile includes the production of
astaxanthin, phoenicoxanthin, echinenone and β-carotene, while the PUFA profile shows
a high level of DHA [33].
1.3.3.7

Sicyoidochytrium

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-nucleated naked protoplast, which shows active motility [15], [36].
After undergoing a few divisions, the protoplast begins to form zoospores and develop
into a zoosporangium. The distinct characteristic of the genus is underlined during the
final division stage of zoospores, and shortly after their release, where some cells are still
attached to each other showing a dumbbell-like organization. They eventually complete
their division by pinching and pulling the cytoplasm, eventually to become a zoospore
with heterokont flagella that can swim away [33]. 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 [33].
1.3.3.8

Botryochytrium

Botryochytrium shows comparatively larger colonies and a more developed EN compared
to its sister genus Ulkenia [33]. The life cycle is very similar to Ulkenia; after the
multinucleate protoplast is released [15], the cell wall disappears and the protoplast
develops into a botryose (grape-shaped) zoosporangium by cleavage of early stage
zoospores from a centripetal division. Eventually, the newly formed zoosporangium
takes a star-like shape before zoospore formation [33], [36]. 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 described above. The fatty acid profile shows a high relative
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level of DPAw6, while the carotenoid profile shows the production of canthaxanthin,
echinenone and β-carotene. U. radiata has been renamed as B. radiatum [33].
1.3.3.9

Parietichytrium

Parietichytrium shows a similar life cycle to Botryochytrium with a well-developed EN
and a star-shaped multinucleate protoplast [15] before release of zoospores. Unlike
Botryochytrium, the cell wall persists after release of the protoplast, while the zoospores
are fully divided at the time of discharge [33], [36]. The fatty acid profile shows relatively
high levels of DTA when compared to other genera (c.a. 10% of PUFA) while the
carotenoid profiles shows the production of β-carotene. U. sarkariana is now reclassified
as P. sarkariana [33].
1.3.3.10

Althornia

Althornia [61] is monotypic (A. crouchii) and is distinguished from other thraustochytrids
by the absence of an EN and its associated SAG, which results in the cells existing in a
free-floating, non-attached, form [13]. The cell wall is composed of scales and the mode
of zoosporulation is somewhat similar to that of the genus Thraustochytrium [15]. Based
on recent classification and the likelihood that the type strain has been lost, Althornia has
become a doubtful member of the Thraustochytriidae sensu stricto.
1.3.3.11

Elina

Little information is available on the genus Elina [62]. Elina has a globose thallus and
produces an EN, but its zoospores are reputed to have only a single anterior flagellum,
which has resulted in it being associated with the Hyphochytridiomycetes [68]. The
zoosporangium possesses a thick wall derived from a non-proliferous cell body and the
zoospores are quiescent after release [36].
1.3.3.12

Diplophrys

Diplophrys has a scaly cell wall and an EN-like structure emerging from two extremities
of the cell, also called filopodia [65]. Recently, the genus was amended and D. marina
has now been renamed as Amphifila marina (due to its occurrence in marine
environments), while D. archeri and the novel species D. parva, both fresh water, remain
part of the genus [30]. However, due to its lack of a defined SAG, absence of zoospores,
and 18S rDNA molecular divergence, Diplophrys is believed to belong to a separate
family lineage sensu stricto from the Thraustochytriidae.
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For the purpose of avoiding confusion, in the following sections below the newly
accepted species terminology for some of species belonging formerly to the genera
Thraustochytrium, Schizochytrium and Ulkenia are used.
Figure 1.1 is a summary of the main modes of the cellular division of the main genera of
the thraustochytrid family.

Ulkenia
Sicyoidochytrium
Botryochytrium
Parietichytrium

Schizochytrium
Aurantiochytrium
Oblongichytrium

Thraustochytrium
Japonochytrium

Figure 1.1 Representative schematic diagram of the main mode of division within the
thraustochytrid family, adapted from Beakes et al., 2014 [45].

1.4
1.4.1

Ecology and environment
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, [72],
[76], [77], through to temperate and cold waters of Australia, Argentina, the
Mediterranean Sea and North Sea [76], [78]–[80], to subantarctic or Antarctic waters [70]
and subarctic waters [81].

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 [82]–[84]. Water column cell counts for
thraustochytrids in various seas and ocean regions is shown in Table 1.5.
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Table 1.5 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

[84]

Pachino Bay, Sicily

1.3 × 104

-

-

[82]

Ligurian sea

6.1 × 104

-

-

[79]

Seto Inland Sea

1.0 × 105

1.0 × 102

-

[85]

5

5

Hawaiian waters

2.0 × 10

6.0 × 10

-

[83]

Norwegian sea

2.3 × 105

-

-

[81]

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‰ [42]. Interestingly, these organisms have also been reported in
hypersaline [86] and hyposaline environments [87].
Due to their predominantly saprobic function, including mineralisation, scavenging,
bacterivory and decomposition of highly recalcitrant organic matter [88]–[90],
thraustochytrids are more commonly found in higher abundances 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 [42]. Hence, it is not surprising that thraustochytrids are
likely to be found in polluted coastal waters or associated with marine snow particles [91]
that are rich in organic compounds, which has led to an interest in using these organisms
for potential biotreatment of hydrocarbon contaminated seawater [92] – a process patent
from Raghukumar et al., (2008) [93] to remove tar balls using thraustochytrids is one
example of this.
Thraustochytrids are rarely found on living marine plants, such as macro- and microalgae, and when they are present it is only in low numbers [42]. This is believed to be
due to the secretion of antimicrobial compounds by the plants to inhibit colonisation by
thraustochytrids and other microorganisms. For instance, Jensen et al., (1998) [94]
observed that the sea grass Thalassia testudinum inhibited the growth of Schizochytrium
aggregatum by secretion of a flavone glycoside of the luteolin family.
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In contrast, 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 nonstress conditions [42], [95].

However, under some stress conditions, Labyrinthula

zosterae was proven (by meeting Koch’s postulates) to be the causative agents of disease
outbreaks, the most prominent of which was “the wasting disease”, which caused the
dieback of 90% of the Z. marina beds on both sides of the Atlantic Ocean in the 1930s
[96]–[98]. In 2003, Labyrinthula terrestris, a novel labyrinthulid species, was also
reported on land causing “rapid blight”, a disease of turfgrass, although similar events
reported as early as 1995 could be attributed to this organism [99], [100]. At present,
there is no evidence of a Labyrinthula species causing disease in animals, although there
is one report of a labyrinthulid as an endosymbiont of amoebae associated with fish gills
[101].
In contrast to labyrinthulids, there is no clear evidence of thraustochytrids causing any
type of diseases on plants but parasitisic association in invertebrates has been reported in
many studies. However, pathogenicity following Koch’s postulates has been difficult to
prove. Polglase (1980) [102] was one of the first to report negative thraustochytridanimal associations in the octopus Eledone cirrhosa, which suffered fatal ulcerative
lesions that appeared to be passed from animal to animal. Although the study did not
confirm the thraustochytrids as the aetiological agent, or as opportunists in the course of
the disease, it showed evidence of thraustochytrids being the only organism associated
consistently with affected tissue. Similar observations were reported by Jones and O’Dor
(1983) [103] on squid gills, and similar infections harbouring associated thraustochytrids
have been reported in farmed rainbow trout, oysters, sponges, tunicates, cnidarians,
nudibranchs and free living flat worms [73], [104]–[106].

The most studied

thraustochytrid parasitic association has been the Quahog Parasite Unknown (QPX)
disease in the hard clam, Mercenaria mercenaria [107], [108]. Despite QPX having been
characterised as belonging to the Thraustochytriidae and closely related to
Thraustochytrium pachydermum, no studies to-date have suggested a genus or species
affiliation for this organism, thus maintaining its name as thraustochytrid QPX [50],
[109], [110]. Dahl and Allam (2007) [111] established an experimental method of
infection by reinfecting M. mercenaria through injection of QPX cells, but failed to mimic
natural infection through the water column. However, this study could be considered as
the first to demonstrate a thraustochytrid parasitic association following Koch’s
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postulates. More recently, Burge et al. (2012) [112] reported a new Labyrinthulea
parasitic association with the sea fan, Gorgonia 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 opportunistic behaviour of these organisms.
Taken collectively, these studies showed that thraustochytrid-parasitic associations with
invertebrates define the thraustochytrids in question as either a direct causative agent or
pathogen, or as opportunists of infection. Although it is still not clear yet what trigger the
pathogenic mode of thraustochytrids, assuming they are pathogenic, it seems that
environmental factors coupled with an immune-compromised defence system of the host
organisms could be contributing factors to infections involving thraustochytrids. This
could explain the repetitive infection of marine invertebrates cell lines with
thraustochytrids [113].
On the other hand, the thraustochytrids were shown to have beneficial symbiotic or
mutualistic associations with invertebrates, particularly the corals, by possibly providing
essential nutrient (PUFA, carotenoids) allowing the host organism to resist stressful event
[114]. For a more in-depth review on the parasitic and symbiotic associations of
thraustochytrids with marine animals and plants, the reader is directed to a detailed review
on the topic by Raghukumar (2002) [42].
1.4.2

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, though having one of the most complex and recalcitrant outer walls in
higher plants. This component of pollen is called the exine, which is composed of a
highly resistant biopolymer called sporopollenin [115]. 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 degrading the exterior surface
matrix of the sporopollenin, making pollen an exceptionally selective agent for the
isolation of these organisms. This technique was first established by Zopf in 1887 for the
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isolation of chytrids and other water fungi [8], 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 [22]. Sporopollenin
digestion by thraustochytrids was later confirmed by Perkins, (1973) [64] who observed
Thraustochytrium movitum and Schizochytrium aggregatum penetrating and digesting the
sporopollenin layer of pollen grains to extract nutrients via the EN. Among pollen grains,
pine pollen grain, such as Pinus radiata, is traditionally the favoured ‘bait’ used for the
isolation of thraustochytrids [116], but some authors report using sweet gum pollen of the
genus Liquidambor [78]. Others have also used brine shrimp larvae (Arternia sp.) [78],
[117], in particular 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
[116].

Thraustochytrid-like colonies are then subcultured until axenic cultures are

obtained. Rosa et al. (2011) [78] 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 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-YeastPeptone (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, respectively, with a GV of 1.86,
2.25 and 2.43.
To avoid bacterial and fungal contamination during the isolation procedure, antibiotics
and antimycotics can be used to suppress bacterial and fungal proliferation, many without
causing any observable negative effects on most thraustochytrids. Wilkens and Maas
(2012) [118] studied antibiotic combinations during a first trial using three, or more, of
eight antibiotics (streptomycin, penicillin, ampicillin, rifampicin, 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 enabling
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)
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every 24 h for a minimum of 2 days. Similarly, another cocktail of antibiotics consisting
of fluconazole (100 µm mL-1), rifampicin (25 mg L-1), ampicillin (20 mg L-1), tetracyclin
(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 [119].

Sakaguchi et al. (2012) [120]

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 hygromycin B (2 mg mL-1) inhibited the growth in all strains, whereas
tetracycline (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, blasticidin (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 preservation of
thraustochytrids. Cox et al. (2009) [121] investigated the viability 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 in
the same storage conditions, although 15% (v/v) glycerol was previously used for the
preservation of Aurantiochytrium sp. T66 [122].
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.
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The early detection techniques for thraustochytrids were based on immunofluorescence
methodology and were applied to Ulkenia visurgensis and Aplanochytrium haliotidis
[117], [123]. 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 antibody must be raised against a particular strain. As a result,
Raghukumar and Schaumann (1993) [80] 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
thraustochytrid 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 protoplast), or have a thin cell wall at the early
life cycle stage (zoospores or very young vegetative cells), which would make them
hardly detectable by staining.
To overcome these limitations, Takao et al. (2007) [51] 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 1.3), labelled
with fluorescein isothiocyanate (FITC), showed a strong reactivity with the TPG group
[21], but not with diatoms, raphidophytes and dinoflagellates. However, this study did
not evaluate the probe against any members belonging to the LPG group or QPX
organisms. 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 CARDFISH [124]. In addition, this technique could be adapted with flow cytometry for direct
counting of thraustochytrid populations, coupling it therefore with quantitative data.
However, as the taxonomy and phylogeny 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
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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 [50]. Other
authors designed new methods based on real time quantitative PCR [125] or denaturing
gradient gel electrophoresis assays to detect the hard clam QPX pathogen [126].
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 (like 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.

1.5

Growth requirement and strategy for biomass production.

Optimization of fermentation parameters to increase both biomass and high-value coproducts, in particular DHA, has been a major topic of investigation for the
biotechnological exploitation of the thraustochytrids [127].

A recent publication

reviewed in depth the influence of different parameters for DHA, carotenoid and squalene
production with respect to thraustochytrid metabolism [128]. 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 from the thraustochytrids.

1.5.1

Temperature

Taoka et al. (2009) [35] investigated the influence of temperature 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 end 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 observed between 15 °C and 30 °C.

No growth of

Aurantiochytrium sp. was recorded at 5 °C and 40 °C. Similar results were found with
Aurantiochytrium limacinum strain mh0186 [129] and strain OUC88 [130], with an
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optimal temperature for final DHA and biomass concentrations ranging from 16 °C to 23
°C. This was similarly 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 – 30 °C [131].
Similarly, Jain et al. (2004) [132] and Taoka et al. (2011a) [129] investigated the effect
of cold shock stress on thraustochytrids by incubating strains in a 10 °C incubator for 48h
and 72h, respectively, following growth. The results were shown to be strain dependent,
with some strains showing an increased in DHA relative level, while Aurantiochytrium
limacinum mh0186 showed only an increase in total lipid, but not in the relative level of
DHA.

1.5.2

Dissolved oxygen

Thraustochytrids are generally believed to be obligate aerobes [15], meaning that oxygen
is essential for their growth.

However, 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 [84], [133], but
their ability to respire and grow under these conditions remains unsubstantiated. Excess
oxygen can lead to the oxidation of unsaturated 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) [122], but a low
relative level of DHA (29% of TFA). However, under oxygen limitation only, 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) [134] applied intermittent oxygen feeding during the fed-batch fermentation of
Aurantiochytrium limacinum 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). The
study showed that dissolved oxygen fluctuation enabled 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
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29 g L-1 [135]. Although it is not clear yet 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 thraustochytrids.

1.5.3

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 strains, the media
composition and the growth conditions (Table 1.6), with TFA yield ranging from 8% up
to 81.7% of DCW [136]. For instance, the same strain of Schizochytrium sp. SR21 showed
variation in lipid contents from 21 to 48% [137] under separate experiences and
conditions carried out by different researchers, while Aurantiochytrium sp. TC 20 showed
also a disparity in lipid content from 33-52% in the same study but carried out under
different fed-batch medium composition treatment and carbon sources [138].
Nonetheless, to qualify as oleaginous, a group of microorganisms must at least
accumulate at least 20-25 % of their weight as TFA (w/w% DCW) [139]. In
thraustochytrids, the lipid content is on average around 29% of DCW under nonoptimised conditions [136] but under optimised conditions, lipid content will on average
reached 50% of DCW or higher (Table 1.7). Therefore, carbon source optimisation 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 thraustochytrids as shown in Table
1.6. The most common have been glucose and glycerol, but other studies have used byproducts from various industries, 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 optimized. Indeed, lipid content and thus DHA
productivity yields in these conditions are usually lower than when glucose- or glycerolare used solely in culture media.
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Schizochytrium sp. DT3

Aurantiochytrium sp. TC20

Aurantiochytrium sp. TC20

Aurantiochytrium limacinum SR21
Aurantiochytrium mangrovei SK02
Aurantiochytrium limacinum SR21

Aurantiochytrium limacinum SR21

Aurantiochytrium sp. KH105
Aurantiochytrium limacinum SR21

Thraustochytriidae sp. M12-X1

Thraustochytriidae sp. M12-X1

Aurantiochytrium sp. KRS101

Schizochytrium mangrovei SM3

Schizochytrium mangrovei KF6

Schizochytrium mangrovei KF6
Schizochytrium mangrovei KF6

Strain
10 g L Bread crust
Okara powder
Brewing grain waste from
mash
Mixed food waste
hydrolysate
Spent yeast (200 g/L)
Potatoe residual liquid
(RP1-YE-MSG)
“Cheeseclothed” residual
beer liquid
(RB-YE-MSG)
Brown seaweed (60h)
Crude Glycerol
Crude Glycerol
(continuous)
50% Sweet sorghum
Coconut water
Hydrolysed potato broth
Pure Glycerol
(fed batch)
Pure Glucose
(fed batch)
Hemp hydrolysate

-1

Carbon source

38%

43%

48%

34%
42%
32%

29%

45%
34%

45%

53%

35%

24%

6%

DHA
% TFA
11%
4%

17%

34%

33%

73%
50%
51%

50%

4%
51%

16%

14%

4%

17%

10%

TFA
% DCW
11%
19%

1.8

56.6

55.9

9.4
27.5
16.3

11.8

3.0
18.0

2.3

1.0

26.0

20.0

10.0

Biomass
g/L
6.5
7.5

0.11

8.23

8.93

2.35
5.70
2.69

1.74

0.05
3.07

0.17

0.07

0.40

0.80

0.06

DHA
g/L
0.08
0.05

200mL

2L

2L

100mL
100mL
50mL

4.5L

6L
50mL

0.1L

0.1L

0.5L

2L

1L

Fermentation
volume
1L
1L

[320]

[138]

[138]

[304]
[302]
[319]

[148]

[310]
[318]

[303]

[303]

[317]

[316]

[315]

[315]
[315]

References

Table 1.6 Biomass and DHA yields for thraustochytrid strains grown on different carbon

sources

In addition, using non-conventional feedstock such as by-products from another industry
(in particular when these ones are not food-grade) can cause difficulties when seeking
authorization for commercialization. Indeed, any food additive or ingredient, such as
DHA, must be given a “generally recognized as safe” status which ensure the food safety
of the product, and approval could need further analysis, and/or have additional
requirements [140]–[142].
The concentration of the carbon source is also an important factor, influencing
significantly the growth of and DHA yields by some thraustochytrids. For instance,
Yokochi et al. (1998) [143] showed that the high tolerance of Aurantiochytrium
limacinum SR21 to high concentrations 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 concentration at 4 g L-1 [144] and reached a biomass
of 18 g -1L, while Aurantiochytrium BL10 performed very well in 140 g -1L of glucose,
reaching 60 g -1L of biomass, and 16.8 g L-1 of DHA [145]. However, despite tolerance
to high glucose concentration, Aurantiochytrium mangrovei FB3 achieved maximal
specific growth rates at lower glucose concentration (30 g L-1) [146]. Other authors found
comparable results using a high glycerol concentration as the sole source of carbon
instead of glucose. For example, 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 [134]. Gupta et al. (2013a) [147], 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 (ranging 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
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maintain the optimal carbon concentration as the sole carbon source that is consumed
[134], [135], [138], [148].
1.5.4

Nitrogen source and C:N ratio

Nitrogen is also an important parameter for thraustochytrid growth. Several authors have
used peptone and yeast extract [134], or corn steep liquor (CSL) [143], as nitrogen sources
to increase both biomass production and TFA. Yokochi et al. (1998) [143] 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 nitrogen, but with a DHA yield that was two-fold higher (1.5 g L-1).
Polypeptone and tryptone on the other hand produced 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) [149] showed that monosodium
glutamate (MSG), yeast extract, peptone and tryptone were the best nitrogen sources for
biomass production; they all yielded the maximal biomass concentration (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. The authors
thus recommended using complex nitrogen sources, other than CSL, rather than their
inorganic counterparts, except for MSG.
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 [150].
These results were confirmed by Jakobsen et al. (2008) [122] who provided evidence that
TFA content increases in Aurantiochytrium sp. T66 when subjected to nitrogen 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. Huang et al. (2012) [134] investigated a three phase fed-batch fermentation with
three different C:N ratios of 0.5, 1.25 and 1.875, in lag, log and stationary phases
respectively with Aurantiochytrium limacinum 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
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(55:1) in the second stage was recommended by Rosa et al. (2010) [151]. 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 [128].

1.5.5

Medium Supplements

Fan and Chen (2007) [127] reported in their review the importance of phosphorus and
sodium, as well as trace and micronutrients such as vitamins, to the growth of
thraustochytrids. For instance, optimal concentrations of KH2PO4 were reported to be
between 0.1 to 0.2 g L-1 for members of the genus Thraustochytrium, while
Schizochytrium and Ulkenia genera required up to 3 g L-1. Similarly, salts, and in
particular sodium chloride, have been shown to be vital to the growth of thraustochytrids,
and many authors use artificial sea salts or half-strength seawater in their culture medium.
Furthermore, vitamins as growth factors were also shown to be important, such as
cobalamin, thiamine, biotin, nicotinic acid, riboflavin and pantothenic acid.
Other authors have been interested in supplementing the fermentation medium in order
to target specific objectives. For example, polysorbate 80 was found to enhance both
growth and total lipid accumulation in Thraustochytrium aureum ATCC 34304, but
showed no effect on the relative level of DHA [152]. Jasmonate and terbinafine were
used to increase squalene content by either activating squalene synthase in
Schizochytrium

mangrovei

[153]

or

inhibiting

squalene

monooxygenase

in

Aurantiochytrium mangrovei FB3 [146], respectively. Last, the production of alkaline
lipase was induced by the addition of olive oil [154].

1.6

Metabolism

With recent advances in molecular biology, extensive work has been conducted to
improve understanding of different metabolic pathways and how they interconnect to
produce a specific compound. With this new knowledge, researchers can optimize culture
conditions more easily to enhance or inhibit the activity of key enzymes. This section
gives a brief overview on 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) [155] and Aasen et al. (2016) [128].
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1.6.1

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),
[156] and the polyketide synthase-like (PKS) anaerobic pathway (also called the PUFA
synthase pathway), discovered by Jim Metz in 2001 [157]. Qiu (2003) [156] 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 [158]–[160], Δ5 desaturase [120], [158], [160], Δ5 elongase [159],
Δ6 elongase [161], tauΔ12 desaturase, the functions of which were similar to a standard
Δ12 desaturase [162] and ELO-like enzymes which act as elongases, but at multiple
carbon positions – Δ9, Δ6, Δ5 [163], [164]. 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 [159], [165].
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
[157]. This route, often described in Schizochytrium, is based on identification of open
reading frames coding for proteins with homologous functions to FAS enzymes
(elongation and desaturation of FA chain), but through different chemical reactions [157],
[165]–[167].
1.6.2

Squalene synthesis

The pathway for squalene synthesis in thraustochytrids has not yet been elucidated
completely, although some studies have drawn together aspects of the pathway [128].
Yue and Jiang (2009) [153] reported an increase in squalene content after addition of
jasmonate, believed to be an activator of the squalene synthase in Aurantiochytrium
mangrovei, but the mechanism for this is still poorly understood. This hypothesis was
later confirmed by Hong et al. (2013) [168] who characterised 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 [169]. Similarly, Fan et
al. (2010) [146] showed an increase of squalene by Aurantiochytrium mangrovei FB3
when terbinafine hydrochloride was added to the culture medium. Squalene is a precursor
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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.

1.6.3

Exopolysaccharide production

Thraustochytrids are also known to produce an exudate, commonly called “EPS” which
could have commercial applications. Jain et al. (2005) [170] showed that Schizochytrium
sp. SC-1 and Schizochytrium 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

14

C-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 [171], 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 results were obtained in the
study of Liu et al. (2014) [172].

1.6.4

Extracellular enzymes

The biotechnological potential of enzymes has been mostly investigated in bacteria, in
particular in extremophiles, but has been largely overlooked in heterotrophic protists such
as thraustochytrids [2]. The suspected scavenging ecological role of thraustochytrids
triggered the hypothesis that interesting extracellular enzymes may be produced by these
organisms [88], [89], [136], [173]. Nagano et al. (2011a) [174] detected cellulolytic
activity

in

Botryochytrium,

Oblongichytrium,

Parietichytrium,

Schizochytrium,

Sicyoidochytrium, Thraustochytrium, Aplanochytrium and Ulkenia, but not in
Aurantiochytrium. These results were in contradiction with the previous study of Taoka
et al. (2009b) [175] who did not observe any cellulolytic activity in Thraustochytrium,
Schizochytrium and Aurantiochytrium, sometimes using strains from the same culture
collection. Other hydrolase activities have been detected in thraustochytrids, including
agarase, amylase, proteinase, gelatinase, urease, lipase, a-glucosidase, phosphatase and
xylanase, although chitinase, carrageenase, alginate lyase and pectinase are rarely found
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[88], [89], [154], [175], [176]. Kanchana et al. (2011) [154] discovered a lipase with
optimum activity at alkaline pH showing biotechnological potential as an additive in
detergent, while Brevnova et al. (2013) [177] recently patented cellobiohydrolase type I
from Schizochytrium aggregatum.

1.7

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 [178].

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 [179], [180], as well as in adulthood, in the prevention of cardiovascular
disease, maintenance of the brain and learning functions, and in inflammation response
systems [181], [182]. The heterotrophic growth of thraustochytrids allows high biomass
yield in a short space of time, and therefore high DHA productivity yield when compared
to other oleaginous photoautotrophic microorganisms; such organisms have an obligate
requirement for light, which directly affects their growth rate and the metabolic strategy
adopted [183], [184]. To date, several thraustochytrid strains have shown great potential
for industrial application (Table 1.7), with Aurantiochytrium sp. TC022 being one of the
best 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 in particular with their product All-G-Richä. As an
example of a case study, DHASCOâ 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 [185]. This product was
originally produced from Crypthecodinium cohnii, but C. cohnii is currently being
replaced by DHA-rich oil from Schizochytrium. DSM incorporated DHASCOâ in their
trademark life'sDHAä which is sold as a bio-ingredient in many food products (dairy,
bakery, processed meat, beverage, etc.) in liquid or powder form, or as a soft gel capsule
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dietary supplement [186] or as a dietary supplement in DHAgoldä for animal feeds [187].
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™
(Schizochytrium sp.) as a vegetarian nutraceutical, or Biotherm’s Blue therapy (Ulkenia
sp.) as a cosmetic, are also commercially available [188]–[191].
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 [128], [136], [137], [192], [193]. 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 recent advances in the development of
thraustochytrid-derived oil and secondary compounds (squalene, EPS, carotenoids) for
application in the biofuel, pharmaceutical, cosmetic and nutraceutical industries.

1.7.1

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 Food and Drugs Administration, and by the European Commission [194]–
[198].
Numerous studies have evaluated the safety profile of thraustochytrid-derived oil in rats,
mice, rabbits, swine and piglets [199]–[209]. None of the studies found any adverse
effects of oil derived 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 observations, 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 were
observed as treatment related effects, but this was considered as a physiological response
to high intake levels of lipids and not as sufficiently adverse to warrant concern [200],
[207]–[209].
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In humans, Sanders et al. (2006) [210] evaluated the effect of Schizochytrium sp. derived
oil on cardiovascular risk factors in healthy volunteers of 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 LDLcholesterol 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) [211] 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 superior
to 8% in erythrocytes (red blood cells) is associated with greater cardiovascular
protection. Therefore, in the Sanders et al. (2006) [210] study, after DHA supplement
intake, the Omega-3 Index was equal to 8.4% compared to 6.6% for the control cohort,
showing that beneficial effects were associated with the consumption of thraustochytridderived oil. Ryan et al. (2010) [212] reviewed in depth the safety evaluation of single
cell oils, including thraustochytrid-derived and the associated regulatory requirements in
the USA, Canada, Australia, New Zealand and the European Union.

Their study

concluded that no adverse event associated with single cell oils (SCO) has been ever
reported; neither have SCO been associated with allergic reactions, while satisfying safety
requirement from all studied countries.

The US Food and Drug Administration

acknowledged a safe intake up to 3 g day-1 of DHA and EPA. Hence, SCO, which
includes thraustochytrid oil, are seen as the most promising fish oil alternatives for human
consumption as a nutraceutical, or in animal feed where DHA enrichment can replace the
use of fishmeal.
1.7.2

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

With successful risk assessments and accreditation given to thraustochytrid based oils,
development of food products such as enriched omega-3 infant formula [185], eggs, milk
and meat products [213], [214] was made possible.
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Aurantiochytrium sp. TC22

Schizochytrium sp. HX-308

Schizochytrium sp. CCTCC
M209059

Aurantiochytrium limacinum SR21

Aurantiochytrium sp. T66

Strains
Fed excess C, limit N and
O2 limitation (fixed at 20 %
saturation and decreased to 1
% at 49 h fermentation), 1.8
L bioreactor
Fed-batch, excess glycerol
(100 g L-1), peptone (40 g L1
), yeast extract (40 g L-1),
C:N ratio: 1.25
Intermittent Glucose feeding
kept above 15 g L-1, 0.4-0.6
vvm, 1000 L bioreactor
35L, Intermittent Glucose
feeding kept above 15 g L-1,
two stage oxygen supply
strategy
Fed-batch, excess glycerol
(40 g L-1) + 26 h addition of
addition 264 g gly+ nutrient
(yeast extract) 1.6 L
bioreactor)

Strategy

70.8

92.7

71

61.8

100

Biomass
(g L-1)

52

50

35

56

58

TFA
(% DCW)

39

42

49

65

30

%

14.3

17.7

15.8

20.3

15.6

g L-1

DHA

207

111

119

123

93

mg L-1 h-1

[171]

[322]

[321]

[134]

[122]

References

Table 1.7 Performance of the higher yielding thraustochytrid strains for DHA

productivity

For instance, Valencia et al. (2007) [215] 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% substitution was sensorially acceptable, as no difference
was noted by the panelists during a triangle sensory evaluation test. It also provided a
healthy dry sausage with an w6:w3 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 [216], [217], pigs [218], [219], chickens [220], [221] or
rabbits [222] 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.

Similarly, Park et al. (2015) [223],

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) [224] 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.

1.7.3

Aquaculture feeds

DHA is an essential component for optimal growth and fish development. Hence, farmed
fish diets require substantial amounts of DHA [225], [226]. 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 [227]. Thus, several fish feeding strategies are currently under
investigation using thraustochytrids to replace fish oil. The first one consists of enriching
larval brine shrimps or rotifers with live thraustochytrid cells prior to feeding them to fish
[228]–[231]. The second strategy consists of directly feeding thraustochytrids (spray
dried or freeze dried mix pellet) to fish (gilt-head bream larvae) [232] or molluscs
(geoduck clam, abalone) [233], [234]. A third feeding approach involves the formulation
of a fishmeal which includes thraustochytrid-derived oil or meal as an ingredient in the
recipe. This strategy has been extensively studied with farmed fish in particular, such as
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salmon parr, catfish, Atlantic salmon post-smolt, juveniles of giant grouper and longfin
yellowtail [235]–[241]. These studies investigated growth and development as well as
relative DHA levels and the w3:w6 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 thraustochytrid oil [236], [239] at 13% and 5%
inclusion, respectively. In comparison, Sprague et al. (2015) [238] recorded a lower
relative DHA level (at 11% inclusion), and no significant difference was recorded in the
study of Carter et al. (2003) [235] at 10% inclusion when compared to control salmon
post-smolt fed on fish oil at equivalent inclusion levels. All studies found normal growth
and development 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.

1.7.4

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 [242], but quickly showed several major limitations.

In

particular, the land 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 [184].

Among them,

“microalgae”, and in particular heterotrophic microalgae, were regarded as good
candidates to overcome 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 [184],
[243], [244]. Hence, thraustochytrids were investigated as a promising subject for
biodiesel production [245], [246], with Schizochytrium sp. S056 [247] and
Aurantiochytrium limacinum SR21 (ATCC MYA-1381) [248] almost meeting ASTM
standard requirements for intrinsic biodiesel properties. While assessing the life cycle of
biodiesel production via hydro-processing from a thraustochytrid strain requiring 2.42
units of carbon per unit of algae, Lee Chang et al. (2015) [249] concluded that the energy
return on energy invested value was lower than for fossil diesel when glycerol was used
a sole carbon source. In comparison 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 further develop the use of low-cost carbon sources derived from
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agro industrial wastes and to further optimize culture conditions to increase final biomass
yields for the production 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 [250]. The on-going
project investigates the treatment of sludge water with Aurantiochytrium 18W-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 ruthenium/cerium oxide as catalysts. These products are then
convertible to gasoline or jet fuel [251], [252].

1.7.5

Pharmaceutical and nutraceutical bioactive compounds from thraustochytrids

Squalene production by thraustochytrids for pharmaceutical and nutraceutical purposes
is another promising biotechnological application [253]. 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 [169].
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 antitumorigenic, antimicrobial and cardio-protective activities have been reported, as well as
increases in nonspecific immune functions [169]. Currently, the major source of squalene
is the liver of deep sea sharks, which can contain between 50–80% of pure squalene [254].
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 presently range between
0.55 to 5.81 mg L-1 and are generally too low to provide a sustainable alternative [149],
[253], [255], [256]. Nonetheless, more recently Aurantiochytrium sp.18W-13a was found
to accumulate a high level of squalene (ca. 20% of DCW) with a maximal productivity
yield between 0.9 g L-1 and 1.29 g L-1 depending on the culture conditions [257], [258].
Recently, another thraustochytrid strain, Yonez5-1, was reported to have an even higher
squalene productivity yield (1.17 g L-1) when compared to Aurantiochytrium sp.18W-13a
(0.86 g L-1) grown under the same conditions [259]. Some thraustochytrid strains do
therefore have considerable potential as a sustainable and alternative source of squalene.
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A substantial number of thraustochytrids also produce carotenoids, which can be used as
food colourants or nutritional supplements because of their antioxidant, anti-free radical
and apoptosis-inducing activities. The carotenoids pigments that thraustochytrids have
been documented to produce include: astaxanthin, phenicoxanthin, canthaxanthin,
echienone and β-carotene [28], [33], [260]. Total carotenoid contents in thraustochytrids
varied greatly between strains, from as low as 5.7 µg g-1 DCW for Aurantiochytrium sp.
TC030 [76] and reaching 450 µg g-1 DCW after 8 days of incubation for
Thraustochytrium sp. CHN-1 [261]. 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, Schizochytrium sp. S31 and Thraustochytrium sp. S7
[147], [262]. However, Singh et al. (2015b) [263] 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 extraction method [264],
while ultrasonication was the best cell disruption method [262] for obtaining maximal
carotenoid extraction yield.
Finally, thraustochytrids are being investigated for the production of pharmaceuticals
through the diverse range of bioactive products they synthesize or as an innovative bioengineering tool in the production of other compounds. For instance, Bayne et al. (2013)
[265] showed the potential 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) [266] patented the production of antiviral EPS from
thraustochytrids and aplanochytrids, which exhibited a broad-spectrum of antiviral
activities. Others have studied the neuroprotective actions in vivo of an Aurantiochytrium
mangrovei supplemented diet in Drosophila melanogaster, showing an up-regulation of
mRNA of stress-defence genes involved in an anti-ageing effect [267]. Similarly, the
French company Roquette investigated the skin inflammation response and wound
healing responses after oral administration and topical application of Schizochytrium sp.
at different dosage concentration in mice for dermatological application [268]. 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 fastest and maximal effect during the wound healing process after skin incision,
was observed at lower dosage by the topical route (2.5%).
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1.7.6

Metabolic engineering of EPA- and DHA-rich plant seeds and thraustochytrid
strains

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 [269], [270]. 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 engineering 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) [271] from the US company
Dupont using a D4 desaturase from Schizochytrium aggregatum 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.
Similarly, Wu et al. (2005) [161], from the Canadian company Bioriginal Food and
Science Corporation (now a division of the US Omega Protein Company), engineered a
9-gene construct, of which 4 genes came from Thraustochytrium sp. 26185, and showed
a maximum level (wt%) of ARA, EPA and DHA of 7.3%, 15% and 1.5%, respectively,
in the transgenic Brassica juncea breeding line 1424 plant seeds. The Rothamsted
Institute in the UK carried out extensive work on EPA and DHA biosynthesis in
Arabidopsis thaliana and Camelina sativa using D4 and/or D5 desaturases from
Thraustochytrium sp., in combination with genes from other microorganisms [272],
[273]. These studies led to a field trial using Camelina sativa for EPA and DHA
accumulation, and 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%) compared 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 [274]. 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 these 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 through particle bombardment [165], [167], electroporation [275], or
using an Agrobacterium tumefaciens mediated transformation system [276]. These new
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tools open possibilities for generating novel recombinant thraustochytrids with
specifically designed pathways in order to tailor only for EPA and/or DHA production.

1.8

Conclusion

The complex taxonomy and widespread distribution of thraustochytrids 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

Labyrinthulea taxon is likely to face more challenges in a near future to classify newly
discovered organisms, while some doubtful affiliation and grouping remains present
nowadays, while some historical type strains are believed to be lost (Japonochytrium,
Althornia, etc.). An additional taxonomy criterion could be therefore considered based
on protein sequences and/or conformation, as a new proteomic signature. This could
primarily focus on the main enzymes involved in the synthesis of PUFA as they seemed
to play a key role in thraustochytrids, while being widely various with two possible
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, in particular in the
aquaculture industry to alleviate environmental pressures from overfishing activities, and
also to enhance the development of new food products.

Further biotechnological

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.
1.9

Scope of the thesis and background

Strains isolated from diseased octopi and trout were suspected to be thraustochytrids,
based on similar morphological features with currently described genera and species.
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However, the taxonomic and phylogenetic identity of these strains, as well as those from
coastal Scottish waters, for over 35 years ago had not been fully characterised.
The overarching aim of the present study was to establish the true taxonomic and
phylogenetic identity of these strains, while exploring their biotechnological potential as
DHA and carotenoid producers. With the respect to the latter, an increasing number of
studies have investigated the production of LC-PUFA from other species of
thraustochytrid, focusing mainly on tropical and sub-tropical strains, with only a few
studies exploring this with cold water strains, particularly from the North Sea and Malin
Sea.
There are three main objectives that comprises the present work. The first was to identify
and characterise the present strains (Chapter 3) in order to provide a better understanding
of their morphology, life cycle and phylogenetic classification. The second objective was
to screen the fatty acids profile of the strains in order to examine their potential for
producing either omega-3, in particular DHA (Chapter 4). In this chapter, a sub-study
was conducted to also investigate the potential to recycle the by-product oil remaining
after a refining step in an industrial context, for biodiesel application. From this screening
study, one strain, designated OL5TA, was identified with a potential for DHA production,
which led to evaluate the potential of this strain for the scale-up production of DHA in a
bioreactor system (Chapter 5) – addressed in Objective 3. In addition, a study of
carotenoid potential and optimal carbon source as feedstock was also evaluated. A
schematic representation of the rationale of this study is presented in Figure 1.2.
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Figure 1.2 Diagram of the PhD project rationale and schematic representation of the
different chapters of the thesis and their content

1

ARA: Arachidonic acid (20:4w6), EPA: Eicosapentaenoic acid (20:5w3), DPAw6:

Docosapentaenoic acid (w6 - Osbond acid, (22:5w6)), DHA: Docosahexaenoic acid
(22:6w3), DTA: Docosatetraenoic acid (22:4w6).
2

By-medium composition (% w/v): (0.7 %) glucose, (0.05 %) yeast extract, (0.05 %)

peptone, (0.05 %) gelatine hydrolysate, (70 %) artificial seawater.
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Chapter 2: Material and Methods

2.1

Origin, isolation and long-term maintenance of the strains

The thraustochytrid strains used in the present study are part of a unique Scottish
collection of strains that were originally isolated from ulcerated skin of a diseased octopus
and the water within the lair in which the animal lived, as well as from a diseased trout,
and a salt marsh (Table 2.1). Eight of the strains were originally isolated in 1976 from
diseased octopi (representative strain OL5TA) and the surrounding seawater of the tank
aquarium (strains SW4T2A, SW4T2B, SW4T8A, SW7T4C1, SW7T4C6, SW7T7C,
SW7T8C) by Dr Jane Polglase and Dr Alwin Gaertner. A few years later, prior 1981, an
additional strain (TL18) was isolated from diseased trout from a Scottish sea farm on the
east coast of Scotland, located on the Malin Sea in the region Kilmelford.
Briefly, as described in the article [102], the octopi, Eledone cirrhosa, were trawled in
from the deep water of the Fifth of Forth, east coast of Scotland, by local fishermen and
kept in large tanks under a constant stream of natural seawater. One octopus showed
large ulcers, which were distinct from lesions expected from mechanical abrasion during
trawling, and died overnight. Although the octopus was isolated in a separate tank, the
seawater stream going from tank to tank led to spread a possible infection that this
individual carried to the rest of the healthy octopi. The contamination of all animals led
to a rapid general infection and later death of all remaining octopi. All the octopi showed
agitated tentacle behaviour and large grey ulcer patches in which thraustochytrid strains
were later observed and isolated. Although it was not clear whether the thraustochytrids
were the causative agent or were merely an opportunistic microorganism, they were
associated with ulcer observed of the diseased octopi. Samples were taken in the
Aquarium of the Garry Marine Laboratory, University of St Andrews, from the skin of
infected lesser octopuses, Eledone cirrhosa, using swabs. Samples of seawater were also
taken in the areas where the octopi had made their lairs. Cultures were prepared by
inoculating culture flasks containing sterile seawater and dry sterilized pine (Pinus
montana) pollen grains (sterilized twice at 105 °C overnight before use).
Thraustochytrids observed growing on pollen grains where subsequently subcultured
with the aid of glass loops and high-powered microscopy by transferring one pollengrain-bearing single cell into fresh sterile medium.
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Table 2.1 List of strains investigated in the present study

1

Code name
SW4T2A

Source of isolation
Seawater1

SW4T2B

Seawater1

SW4T8A

Seawater1

OL5TA
SW7T4C1

Lesion from
octopus
Seawater1

SW7T4C6

Seawater1

SW7T7C

Seawater1

SW7T8C2

Seawater1

TL18
SM012

Lesion from trout
Saltmarsh soil

Sicyoidochytrium sp.
NBRC 1029792

Plant

Schizochytrium sp.
NBRC 1026162

Seawater

Parietichytrium
sarkarianum NBRC
1041082

Seawater

Location
Firth of Forth,
UK
Firth of Forth,
UK
Firth of Forth,
UK
Firth of Forth,
UK
Firth of Forth,
UK
Firth of Forth,
UK
Firth of Forth,
UK
Firth of Forth,
UK
Kilmelford, UK
Tyninghame
Beach, UK
Hoshizuna Beach,
Iriomote Island,
Japan
Oujima,
Tamagusuku,
Okinawa Island,
Japan
Jerejak Beach,
Penang island,
Malaysia

Coordinates
56°10′N 2°45′W
56°10′N 2°45′W
56°10′N 2°45′W
56°10′N 2°45′W
56°10′N 2°45′W
56°10′N 2°45′W
56°10′N 2°45′W
56°10′N 2°45′W
56°26'N 5°50'W
56°02'N 2°58'W
24°44'N 123°78'E

26°13'N 127°77'E

5°32'N 100°32'E

Seawater from a constant stream of non-recirculated seawater, pumped from St Andrews Bay running into

the tank were the animals were kept.
2

Strains not included as part of the taxonomic characterization described in Chapter 3.

Following this, thraustochytrid growth on the pollen grains was examined after 7, 10, 14,
21 and 28 days, and the colonized pollen grains were used to inoculate agar plates that
comprised 2% pre-soaked Fadenagar in seawater, 0.2% agar, 0.03% peptone, 0.003%
yeast extract, (Difco, Germany) and 0.3% malt extract (Biomaltz, Germany). The agar
also contained penicillin (50 to 100 I.U. mL-1) and streptomycin (100 µg mL-1). From
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these plates, small colonies were taken to inoculate further pollen-baited flasks, before
isolating again a pollen grain bearing a single thraustochytrid.
Similarly, thraustochytrid strains were also isolated from acute necrotic lesions in trout,
Oncorhynchus mykiss, after an infestation of sea lice at a fish farm on the west coast of
Scotland [105].

Additionally, these caged trout had been injected with

adrenocorticotropic hormone (ATCH) in order to induce a stress response to lower their
resistance toward pathogens.

All the lesions inspected were associated with

thraustochytrids, and from these initial cultures were prepared in the same way as
described above.
All of the strains originating from the trout and octopi were maintained in cultivation at
10˚C and 7˚C in seawater/pine pollen culture for over 35 years at the Centre for
Environment, Fisheries and Aquaculture Science (CEFAS) research institute in
Weymouth, UK. A sub-culturing step was performed every 6 to 12 months in a fresh
seawater/pine pollen culture.
In 2015, another strain (SM01) was isolated by Miss Kirsty Fraser (MSc.) from saltmarsh
soil collected from Tyninghame beach, UK. For this, a small amount of soil was added
to a culture flask containing autoclaved seawater (salinity 25 ppt) and dry-sterilized pine
pollen grains. The enrichment was then spread onto MC agar [78] prior to sub-culturing
a single colony in seawater/pine pollen culture supplemented with antibiotics (250 U mL1

of penicillin and 250 µg mL-1 streptomycin). The process was repeated until putative

purified cultures were obtained.
Three additional strains obtained from the National Biological Resource Centre (NBRC)
culture collection of the National Institute of Technology and Evaluation (NITE) Japan,
were used in the present study for comparative purposes. These strains, Schizochytrium
sp. NBRC 102616, Sicyoidochytrium sp. NBRC 102979 and Parietichytrium sarkarnium
NRBC 104108, were revived in H agar and broth medium [25] using half-strength
seawater. They were then maintained under the same condition as the Scottish isolates,
as described at the end of section 2.2 and treated the same way in the subsequent
experiments unless mentioned otherwise.
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2.2

Cleaning, revival and sub-isolation of the strains

All of the cultures isolated between 1976 and 1981 were contaminated with bacteria, yeast
and, in some cases, also ciliates. A cleaning procedure followed by a revival step to
readapt these organisms to richer culture media, was conducted as follows. Test tubes
containing 10 mL of natural seawater were heat-autoclaved at 121 °C for 15 min. After
heat-autoclaving, 500 µL of a filter-sterilised solution of streptomycin/penicillin was
added to achieve a final working concentrating of 300 mg L-1 and 500 mg L-1 of penicillin
and streptomycin respectively. In addition, 200 µL of sterile pine pollen extract was
added to each tube. This was prepared by adding 5 g of pine pollen grains (Pinus
montana) to 75 mL of 70% ethanol for two weeks to kill vegetative organisms. After
sedimentation, the supernatant was removed and the nutrient from the pine pollen grains
were extracted in 50 mL of 0.01 M phosphate buffer saline (PBS) at pH 7.2 for two weeks.
The recovered supernatant was then filter-sterilised using 0.22 µm filters (Sartorius, UK)
and used as pine pollen extract. Pine pollen grains were dry sterilised through two cycles
of treatment at 105 °C for 8 hours, which was performed two days before inoculation,
and a few milligrams of the sterilised grains was added to each test tube. An inoculating
loop was used to transfer the original culture to the test tubes (in triplicate) and incubated
standing in the dark at room temperature (ca. 20 °C). Growth of thraustochytrid cells
and purity of the culture were monitored regularly using a Novex B-series microscope
(Euromex, Netherland).

Cultures showing few contaminants and good growth of

thraustochytrid cells were sub-cultured after 7 days employing the same conditions, but
this time without addition of sterile pine pollen grains. This process was repeated over
seven generations.
After good growth was observed without any apparent sign of contamination, cells were
transferred into 10 mL test tubes containing 2 mL H medium [25] and 2 mL MC medium
[78] for rich media adaptation and revival of potential dormant metabolic pathways. After
one week, no sign of bacterial or fungal contamination under the microscope was
observed, and some cultures showed sustainable growth. Isolation on MC agar and
MCBHB agar [78] and Columbia Blood Agar base (Oxoid, UK) was conducted. Plates
were regularly checked over a period of six weeks for growth. Single colonies were
transferred in 10 mL test tubes containing 2 mL MCBHB medium. The cultures were
then re-streaked on MCBHB agar and the procedure repeated over 3 generations.
Cultures were checked for purity by microscopic observation by DAPI staining (80 %
[v/v] Citifluor, 14 % [v/v] Vectashield, 1 µg mL-1 DAPI in 100% PBS [pH 9]). Pure
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cultures were then maintained in 25 mL MCBHB in static pharmacological glass culture
flasks at 20 °C.

2.3

DNA extraction

DNA was extracted from the cultures in order to perform molecular identification by
amplifying the 18S rDNA. For this, a modified method of Tillett and Neilan (2000) [277]
was used. To begin, 10 mL of culture was centrifuged at 2600 x g for 10 min. Pellets
were washed once using 1.5 mL of TE buffer (1 M Tris-HCl [pH 7.4]; 0.5 M EDTA [pH
8]) and then re-suspended in 750uL of XS buffer (1% potassium ethyl xanthogenate;
100mM Tris-HCl [pH 7.4]; 20mM EDTA [pH 8.0]; 1% SDS; 800 mM ammonium
acetate). Cell suspensions were then incubated for 30 min at 70 °C, vortexed for a few
seconds and then incubated on ice for 30 min prior to centrifugation at 17000 x g for 10
min at 4 °C (Micro Star 17R VWR, US). The supernatant was removed into a clean tube
containing 750 µL of DNA precipitation solution (80% isopropanol; 20% 3M sodium
acetate). The tubes were stored overnight at –20 °C and then centrifuged for 30 minutes
at 17,000 x g at 4 °C to pellet the DNA. DNA pellets were washed once with ice-cold
70% ethanol and air-dried for 20 min using a vacuum chamber. DNA was re-suspended
in 50 µL TE buffer and stored frozen at –20 °C for subsequent analysis. The recovery of
DNA was confirmed by gel electrophoresis, as described in section 2.7.

2.4

Amplification of the 18S rDNA gene by the polymerase chain reaction

Amplification of the 18S rDNA gene was performed using the polymerase chain reaction
(PCR). Primers FA1 and RA3 (Table 1.3) were used as described in Mo et al. (2002)
[31]. Briefly, 1 µL of genomic DNA was added in a 25 µL PCR reaction tube containing
0.2 µM of each primer (Integrated DNA Technologies, UK), 0.8 µg µL-1 bovine serum
albumin (New England Biolabs, UK), 0.2 mM of each of dATP, dCTP, dGTP and dTTP
(Applied Biosystems, UK), 1 U µL-1 of Easy-A Hi-Fi Cloning Enzyme (Aligent
Technologies, UK), and 1X of Easy-A buffer (Aligent Technologies, UK). Nuclease free
water (Fisher Scientific, UK) was added to reach a final volume of 25 µL. PCR
amplification was performed using an Applied Biosystems® Veriti® Fast Thermal
Cycler (Life Technologies, USA). After an initial denaturation step at 95 ˚C for 15 min,
the following program cycle was used: 1 min at 95 ˚C, 1 min at 58 ˚C and 1 min at 72 ˚C,
for 35 cycles, followed by a 10 min final extension at 72 ˚C. PCR amplification was then
checked by gel electrophoresis, as described in section 2.7.
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2.5

Cloning of 18S rDNA PCR amplicons

PCR amplicons were ligated in plasmid cloning vectors, which were then transformed
into competent E.

coli cells by using a StrataClone PCR Cloning kit (Aligent

Technologies, UK) following the manufacturer’s instructions. Briefly, a ligation reaction
was prepared which contained 3 µL StrataClone Cloning Buffer, 2 µL of 1:10 diluted
PCR product, and 1 µL of StataClone VectorMix amp/kan. The reaction was incubated
for 5 minutes at room temperature and then placed on ice. A 1 µL aliquot of the
recombinant plasmid solution was added to an aliquot of StrataClone SoloPack competent
E. coli cells (Aligent Technologies, UK) and then incubated for 20 minutes on ice. After
a flash heat-shock treatment at 42˚C for 45 sec, the aliquot was further incubated on ice
for 2 min. Prior to incubation at 37 ˚C for 1 h on a rotary shaker, 250 µL volume of prewarmed (42 ˚C) Lysogeny broth medium was added to the aliquot. Either 5 µL or 100
µL of the recombinant cells were then spread onto LB-ampicillin agar plates (previously
spread with 40 µL of 2% X-gal) and incubated overnight at 37 ˚C. White colonies were
then picked and sub-cultured in 5 mL LB medium for subsequent plasmid DNA
purification.

2.6

Plasmid purification and digestion

Plasmid purification was performed using the GeneJET Plasmid Miniprep Kit
(ThermoFisher Scientific, UK). Following the manufacturer’s instructions, cell pellets
were obtained by centrifugation of 5 mL of recombinant cell culture. Pelleted cells were
re-suspended in 250 µL of the manufacturer’s resuspension solution and then transferred
to a microcentrifuge tube. After the addition of 250 µL of lysis solution, bacterial lysates
were neutralised by adding 350 µL of neutralization solution. After centrifugation at
12,000 g for 5 minutes, the resultant supernatant was transferred to the supplied GeneJET
spin column and centrifuged for 1 minute. The flow-through was discarded and the spin
column washed twice by adding 500 µL of wash solution. The plasmids were eluted into
a fresh microcentrifuge tube by adding 50 µL of elution buffer to the spin column,
incubating for 2 min and centrifuging for 2 min. The presence of plasmids was then
checked by gel electrophoresis.
Recombinant plasmids were verified for the presence of the inserted gene by using EcoRI
restriction enzyme. For this, a 20 µL digestion reaction mixture containing 1U of EcoRI
enzyme, 2 µL of 10 x EcoRI buffer, 3 µL of purified plasmid DNA and 14 µL of DNA
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free water was used. The digestion step was performed in a fast thermal cycler as follows:
a digestion step of 3 h at 37 ˚C, followed by an enzyme deactivation step of 15 sec at 75
˚C. Plasmid digestion was checked by gel electrophoresis, as described in section 2.7.

2.7

Gel electrophoresis

Gel electrophoresis was used to confirm the isolation of DNA, the amplification of the
18S rDNA gene by PCR, or for the recovery of plasmids from the methods described
above. This was performed employing 1% agarose gels in TAE buffer (40 mM Tris, 20
mM acetic acid, and 1 mM EDTA). Lambda DNA-Hind III marker (Life Technologies,
UK) or HyperLadder™ 1kb (Bioline, UK) were used as markers, and DNA Gel Loading
Dye (1X) (Life Technologies, UK) was used for visual DNA tracking. Ethidium bromide
was used as a fluorescent tag for final visual observation of DNA bands.

2.8

Construction of phylogenetic trees

18S rDNA gene containing plasmids were then sequenced using the universal plasmid
primers

M13R3

(5′-CAGGAAACAGCTATGAC-3′)

and

M13F1

(5’-

GTAAAACGACGGCCAG-3’), and with also FA2, FA3, RA1, RA2 [31] as additional
internal primers, as described in Table 1.3 to ensure the entire length of the gene was
sequenced with at least one overlap. Sequencing was performed by the Edinburgh
Genomics Pool using the Sanger sequencing method. DNA sequencing chromatograms
were analysed and manually curated using the software Sequencher v5.3 (Gene Codes,
USA), and a BLASTn analysis of the consensus gene for each strain was performed to
determine closest relatives to other thraustochytrid sequences on GenBank (NCBI, USA).
The 18S rDNA gene sequences for strains of Caledonichytrium matryoshkum were
deposited in GenBank under the following accession numbers: strain SW4T2A
(KY783921), SW4T2B (KY783922), SW4T8A (KY783923), OL5TA (KY783924),
SW7T4C1 (KY783925), SW7T4C6 (KY783926), SW7T7C (KY783927), and TL18
(KY783928). In total 74 sequences were aligned using the SILVA Incremental Aligner
(SINA) online software [278]. The alignment was imported to the software Arb [279]
and added to a tree template of the database SSU_NR99_123_SILVA_12_07_15 using
the Quick Parsimony Arb algorithm and the pre-programmed ssuref:eukarya filter. Based
on the multiple alignment of the 74 sequences, several trees were generated in Arb using
different algorithm packages in order to evaluate the topological of the trees generated
and the position of the sequences.
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An initial tree was built using the Arb Neighbour-Joining algorithm package (distance
matrix methodology) applying 1000 bootstrapping which provided a first understanding
of the main cluster of organisms. A second tree was constructed using the PHYLIP
DNAPars v3.6a3 programme package based on the Parsimony method, with a
bootstrapping value of 1000. The Parsimony method produced a tree with the least
branching possible based on the alignment provided, without taking into account
evolutionary changes. This type of tree is useful when comparing similar microorganism,
as evaluated in this study. A third tree was built based on the Maximum Likelihood
method using RaxML (DNA) packaged v7.7.2 in Arb choosing the “new rapid hill
climbing” algorithm and the generalised time reversible (GTR) model using a Gamma
distribution (GTRGAMMA rate distribution model), a bootstrap value of 100, and the
previous Parsimony generated tree as a base tree.

2.9

Light microscopy to study life cycle

A modified version of the Gabridge incubation chamber was set up for continuous
observation of the life cycle of strain OL5TA [280]. Briefly, the vessel comprised a metal
base plate fitted with a central well in which an incubation chamber was set up. Briefly,
this was created using two 30 mm diameter and 0.13 mm thick round cover slips (VWR,
UK) separated by a FDA grade 1 mm thick and 60 shore hardness type A flat silicone
ring (Polymax, UK), which were firmly sealed by a screw metal O-ring. The chamber
had additional holes on the side allowing for 0.40 mm diameter FINE-JECT needles
(VWR, UK) to pierce the silicone ring, which provided an entry and exit ports for the
flow of a laminar sterile seawater stream. The laminar seawater flow (600 µL h-1) was
created using a NE-1000 syringe pump (Pump Systems Inc., USA) mounted with a 50
mL sterile plastic syringe (BD Medical, UK) containing autoclaved sterile seawater.
Silicone tubes were used to connect the syringe pump to the Gabridge chamber. All parts
were heat-autoclaved separately and mounted under an aseptic environment in a presterilised (UV irradiated) laminar flow cabinet. Prior closing off the incubating chamber,
10 µL of OL5TA, previously cultivated for 3 days on seawater/pine pollen culture, was
aseptically added to 590 µL of sterile seawater. When MCBHB was used as the chamber
culture medium, no continuous flow was used. The set up was then observed on an Axio
Scope.A1 (Zeiss, Germany) microscope and image acquisition was performed using
either an Axiocam ERc 5s (Zeiss, UK), an Axiocam MRm Rev.3 (Zeiss, UK), or a EOS
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60D (Canon, Japan) microscope. Images were processed using the open source image
processing software Fiji (ImageJ, US).

2.10 Transmission and scanning electron microscopy
Strain OL5TA was grown in MCBHB and H culture media for transmission electron
microscopy. Cells were grown in 50 mL conical flasks in H and MCBHB media until the
mid-arithmetic phase (ca. 3 days) was reached. Additionally, a sample from cells grown
in pH-auxostat 5L batch reactor in MCBHB medium at mid-arithmetic phase, as
described in section 2.17, was also used. This was carried out in order to observe
differences in the ultrastructure cell organisation and life cycle stages between the
medium types, as the MCBHB is a richer nutrient medium than H medium, and between
two culture strategies, the latter in 5L bioreactor promoting active cell growth. Cells were
harvested by centrifuged employing a low speed (128 x g for 3 min) to prevent any cell
damage. Cell pellets were washed twice with PBS buffer at pH 7.0 (137 mM NaCl, 3
mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4) to remove residual culture medium. Cell
pellets were transferred and fixed in 2.5% Glutaraldehyde in 0.2M sodium cacodylate
buffer containing 2 mL storage vials. Samples were kept at 4 °C and then sent for further
processing and analysis at the Centre for Environment, Fisheries and Aquaculture Science
(CEFAS) Laboratory (Weymouth, UK). Briefly, post-fix samples were washed twice
with 0.2 M sodium cacodylate buffer before being placed in a solution of 1% osmonium
tetroxide and 0.2 sodium cacodylate buffer for 1 h. Samples were gradually dehydrated
in acetone (10%, 30%, 50%, 70%, 90% and 100%), and complete dehydration was
ensured by rinsing the fixed cell samples at least 3 times with 100% acetone. A graded
epoxy resin 100 (pre-mix kit 100 Agar Scientific, UK) series was then used to completely
remove the acetone, and samples embedded in resin were incubated overnight at 60 ˚C to
allow polymerization. Polymerised resin blocks were cut using an ultra-microtome fitted
with a glass knife, and 1 µm thick of semi-thin sections were produced. Semi-thin
sections were stained with 1% aqueous Toluidine Blue in Borax Carmine Grenacher
solution (1% Carmine, 1% Borax) for 1 min, dried at 60 ˚C for 1 h and then examined to
determine areas of interest. Following this, ultra-thin sections (70-90 nm) were cut and
transferred onto a copper grid, washed twice with distilled water and air-dried. Lastly,
ultra-thin sections were stained in 2% aqueous uranyl acetate solution and then in
Reynolds lead citrate solution (in a CO2 free environment) with two rinse steps in distilled

55

water between each staining procedure. Once air-dried, sections were examined using a
JEOL 1210 transmission electron microscope.
For scanning electron microscopy, strain OL5TA was grown in an Erlenmeyer flask
containing MCBHB medium, and the cells then harvested and treated in the same manner
as above. The exception to this was that the osmolarity of the PBS buffer was adjusted
from 313 osmoles to 800 osmoles by adding sucrose to a final concentration of 500 mM
to keep the same osmolarity of MCBHB culture media and avoid cell shrinkage. Cell
were then fixed in a freshly made formaldehyde fixative solution (4% paraformaldehyde
in 500 mM sucrose supplemented PBS dissolved at 60 °C, [pH 7.2]) and incubated at 4
˚C for 3 days. The cells were then washed twice in the same conditions, but using
fructose-free PBS buffer in order to remove the fructose coating on the surface of the
cells. Fixed samples were sent for scanning electron microscopy at the Open University
of Milton Keynes.

When received, samples were air-dried on an aluminium stub

overnight and processed using a field emission gun scanning electron microscope (FEGSEM ZEISS Supra; 55-VP; Zeiss Microimaging, Gottingen, Germany), which was
operated with an accelerating voltage of 2-15 kV.

2.11 Culture conditions for fatty acid analysis
The fatty acid profiles for each strain were evaluated in MCBHB, as previously described
by Rosa et al., (2011) [78], as well as using a modified version of the GYP media of Lee
Chang et al., (2013) [138]. Artificial sea salts used in both of these media was replaced
by a 1:1 mixture of natural seawater:distilled water – a detailed list of media composition
is given in Table 2.2.
Inocula were prepared from axenic cultures maintained in MCBHB, with 1 mL of culture
transferred to 20 mL (5% v/v) MCBHB or modified GYP (depending on the type of
medium to be used fatty acid analysis) in static pharmacological glass culture flasks and
incubated at 20 °C for two weeks. Each strain was inoculated at 3 % (v/v) into six 250
mL conical flasks for each medium (100 mL culture volume) and incubated on a rotary
shaker (Sanyo Gallenkamp modele IOC400, UK) at 21 °C and 100 rpm. Optical density
(OD) was measured at 600 nm using a Genesys 20 spectrophotometer (ThermoScientific,
UK). Due to the low final optical cell density (approx. 0.8-0.9 OD) obtained and low
final biomass (approx. 0.8 g/L), no correlation between dry cell weight and OD was
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determined. Using the methodology of pre-weighed glass fibre filters [281], a minimal
culture volume of 1 L in a 2.5 L conical flask would have been required to allow a minimal
daily sampling volume of 10 mL to 15 mL over a period of 7 to 10 days (total sampling
volume must not exceed 10 % of total culture volume and a minimum detectable mass of
0.005 g Dmass), which posed technical challenges at the time of the experimental design.
Table 2.2 Composition of the media employed for the screening of DHA production of
the thraustochytrid strains
Components (% w/v)

MCBHB

modified GYP

Glucose

0.10 %

2%

Yeast Extract

0.05 %

0.50 %

Peptone

0.05 %

0.20 %

Gelatine hydrolysate

0.10 %

-

Corn steep liquor

0.05 %

0.10 %

Monosodium glutamate

0.05 %

0.20 %

Brain-Heart Broth

1.75 %

-

Vitamin stock solution*

-

0.10 %

Metal stock solution*

-

0.10 %

*Concentration expressed as (% v/v). Stock solutions were filter-sterilised and added after autoclaving
with the rest of the media components. The vitamin stock solution was composed of (expressed as % w/v)
pyridoxine hydrochloride (0.02 %), Thiamin hydrochloride (0.01 %), calcium pantothenate (0.01 %), paminobenzoic acid (0.01%), riboflavin (0.01 %), nicotinic acid (0.01 %), biotin (0.004 %), folic acid (0.004
%) and cobalamin (0.0002 %). The metal stock solution was composed of (expressed as % w/v) potassium
dihydrogen phosphate (10 %), sodium bicarbonate (5 %), manganese chloride tetrahydrate (0.43 %), iron
ferric chloride hexahydrate (0.15 %), zinc sulfate heptahydrate (0.065 %), cobalt chloride hexahydrate
(0.015 %) and copper sulfate pentahydrate (0.01 %).

At the end of arithmetic phase, 3 of the 6 flasks were terminated; the remaining 3 flasks
were incubated for a further 4 days to reach late stationary phase. Cells were centrifuged
(2600 x g for 10 min) in 50 mL Falcon tubes and washed twice with 20 mL of 0.01 M
PBS at pH 7.2. Cell pellets were stored at – 20 °C and then freeze-dried for subsequent
fatty acid analyses.
To compare performance of cold northern European waters strains, an additional Japanese
sub-tropical strain was included for this screening study of fatty acid profiles. The strain
Sicyoidochytrium sp. NBRC 102979 was received from the National Biological Resource
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Centre (NBRC) culture collection of the National Institute of Technology and Evaluation
(NITE, Japan) and revived in H agar and liquid medium [25] in half-strength seawater.
Cultures were maintained and treated under the same condition as the Scottish isolates,
as described at the end of section 2.2.

2.12 Direct transesterification of biomass for fatty acid methyl esters
Freeze-dried cell pellets were directly transesterified to produce fatty acid methyl esters
(FAME) as described by Lee Chang et al., (2011) [282]. Freeze dried pellets were
transferred into tared capped Pyrex® test tubes and weighed. To each tube, 3 mL of
methanol:chloroform:hydrochloric acid (10:1:1, v:v:v) were added, and then the tubes
were heated to 80 °C in a water bath for 1 h. After cooling to room temperature, 1 mL of
MilliQ water was added, and the mixture was extracted by the addition of 2 mL of
hexane:chloroform (4:1). After vortexing and centrifugation at 400 x g for 5 min, the
upper non-aqueous layer of each sample was transferred to a clean test tube using a glass
Pasteur pipette. Each mixture was extracted three times, and the combined extracted
phases were then concentrated by blowing down under a stream of nitrogen gas until the
volume was approximately 1 mL. The mixture of FAME was then transferred to a 2 mL
amber glass vial (Agilent Technologies, UK) for subsequent fatty acid analysis. The
method used freshly prepared reagent, and superpure HCl was utilised. The GC/GC-MS
analyses did not show free fatty acids (see section 2.13). This methodology had been
previously evaluated against the standard methodology of extraction of FA followed by
transesterification using thraustochytrid strains ACEM 6063 and ACEM A [283]. The
results showed higher TFA recovery using the direct transesterification method than the
extraction-transesterification methodology with no selective extraction between SFA and
PUFA. This was confirmed by the author P. D. Nichols (personal communication) and
Burja et al., [284] when using 6 mL of extraction mixture for 20 mg of freeze dried
biomass of Thraustochytrium sp. ONC-18.

2.13 Determination of fatty acids profile
FAME were analysed using gas chromatography (GC) to determine fatty acid
composition, as described by Lee Chang et al. (2014) [171]. For this, samples were blown
down under nitrogen gas to remove residual solvent.

A known volume of

dichloromethane (DCM) containing the internal injection standard (19:0 FAME) was then
added to each sample vial. GC was performed on an Agilent Technologies 7890A GC
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(Palo Alto, CA, USA) equipped with a nonpolar Equity-1™ fused silica capillary column
(15 m × 0.1 mm i.d., 0.1 mm film thickness), flame ionization detector, and split/splitless
injector. Samples were injected in splitless mode at an oven temperature of 120 °C, and
after injection, the oven temperature was increased to 270 °C at 10 °C min-1 and then to
310 °C at 5 °C min-1. Peaks were quantified with Agilent Technologies ChemStation
software (Palo Alto, CA, USA).
Confirmation of component identification was performed by GC-mass spectrometry (GCMS) on a ThermoScientific 1310 GC coupled with a TSQ triple quadrupole. Samples
were injected using a Tripleplus RSH autosampler into a non-polar HP-5 Ultra 2 bondedphase column (50 m x 0.32 mm i.d. x 0.17 µm film thickness). The HP-5 column was
of similar polarity to the column used for GC analyses. The initial oven temperature of
45 °C was held for 1 min, followed by temperature increase at 30°C per min to 140 °C,
then at 3°C per min to 310 °C which was held for 12 min. Helium was used as the carrier
gas. Mass spectrometer operating conditions were: electron impact energy 70 eV;
emission current 250 µA, transfer line 310 °C; source temperature 240 °C; scan rate 0.8
scan s-1 and mass range 40-650 Da. Mass spectra were acquired and processed with
Thermo Scientific XcaliburTM software (Waltham, MA, USA). Results are presented as
the mean of area percent (%); mg g-1 biomass ± standard deviation (SD); and as mg L-1
of culture. All samples were prepared in triplicate.

2.14 Determination of quality of the microbial oil for biodiesel production
Qualitative properties of the samples for potential use as biodiesel were determined
according to the fatty acid profiles obtained from cells grown to the arithmetic phase in
MCBHB medium (section 2.11) followed by assuming a winterization process or by
leading to the removal of LC-PUFA. This mathematical analysis was carried out to
investigate potential use of the oil by-product remaining after the purification of the
thraustochytrid non-purified oil, primarily aimed at production of omega-3 for
commercial application. The saponification value (SV), iodine value (IV), and cetane
number (CN) were calculated using the following equations (1), (2), (3) respectively, as
described in Francisco, et al., (2010) [285]:
𝑆𝑉 =

560𝑁 𝑀

(1)

𝐼𝑉 =

245𝐷𝑁 𝑀

(2)

𝐶𝑁 = 46.3 + (5458 𝑆𝑉) − 0.255×𝐼𝑉

(3)
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where N is the percentage of each fatty acid component, D the number of double bonds,
and M the molecular weight (amu) of the FAME. The molecular weights of FAME used
were listed by Møller (2011) [286].
The degree of unsaturation (DU), the long-chain saturation factor (LCSF) and the cold
filter plugging point (CFPP) were estimated by the equations (4), (5) and (6) [242]:
𝐷𝑈 = 𝑀𝑈𝐹𝐴 + 2×𝑃𝑈𝐹𝐴

(4)

𝐿𝐶𝑆𝐹 = 0.1×16: 0 + 0.5×18: 0 + 1×20: 0 + (1.5×22: 0) + 2×24: 0

(5)

𝐶𝐹𝑃𝑃 (℃) = 3.1417×𝐿𝐶𝑆𝐹 − 16.477

(6)

where MUFA and PUFA are the percentages of the monounsaturated fatty acids and
polyunsaturated fatty acids respectively; and 16:0, 18:0, 20:0, 22:0 and 24:0 the
percentage for these respective fatty acids.

2.15 Extraction of carotenoids
Strain OL5TA was grown and harvested employing the conditions as described in section
2.17. Briefly, 110-200 mg of freeze-dried pellets were placed into a 50 mL Quickfit glass
tubes

containing

300

µL

of

deionised

water.

A

15

mL

volume

of

tetrahydrofuran:methanol (20:1) was added and the tubes vortexed for 5 min.
Tetrahydrofuran was supplemented with 0.1% BHT to preserve carotenoids from
oxidation during extraction. The tubes were centrifuged at 340 x g for 10 min after adding
10 mL of iso-hexane and quickly mixed by vortexing. The liquid phases were transferred
to a new glass tubes and the samples were then blown to dryness under a stream of
nitrogen. The carotenoid extracts were re-dissolved in 5 mL of iso-hexane:acetone
(82:18) by vortexing, and approximately 2 mL of the samples were transferred to amber
glass vials for injection into the HPLC. All extractions were carried out in triplicate.

2.16 Determination of carotenoid profiles
The samples were analysed by high performance liquid chromatography (HPLC) to
determine carotenoid composition at Stirling University. HPLC was performed on a
Waters HPLC system fitted with a stationary phase Thames Restek ROC 5 µm silica
column (150 mm long × 4.6 mm i.d), Waters 717plus auto sampler and Waters 2487 dual
l absorbance detector at 470 nm. Samples (50 µL) were injected and processed at 25 °C
using an isocratic mobile phase of iso-hexane:acetone (82:18) that was run at a flow rate
of 1.2 mL min-1 and maximum pressure of 6000 psi. After an injection of iso-hexane to
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remove any residual particles, 3 injections of astaxanthin standard was carried out before
and after the samples were processed. Astaxanthin standard was prepared by dissolving
2 mg of crystalline astaxanthin (Royal DSM, Netherland) and 1 mg of BHT in 100 mL of
chloroform through ultrasonication for 15 min. A 10 mL volume of this mixture was
transferred to a volumetric flask and made up to a final volume of 100 mL with isohexane. Concentrations of astaxanthin standard were determined by multiplying the
absorbance recorded at 470 nm by the specific absorbance of astaxanthin in iso-hexane
equal to 2100. Peaks were quantified with Clarity software, version 7.0.0.258 (DataApex,
UK).

2.17 Fermentation in 5L Batch reactor
Fermentation parameters and culture media were optimised on the 5 L bench-top
bioreactor control system FerMac 320 (Electrolab, UK) using a 4 L working volume. The
vessel was fitted with temperature redox, pH, and dissolved oxygen probes (Broadley
James, USA), and data logging was performed with FermaTec software (Electrolab, UK).
Two trials (trial A and B) of this were performed.
For trial A, cells were grown in a modified version of MCBHB medium that constituted
2.5% glucose (Fisher, UK), 0.5% yeast extract (Sigma-Aldrich, UK), 0.5% bactopeptone
(Scientific Laboratory Suppliers, UK), 0.5% MSG (Sigma-Aldrich, UK), 0.5% peptone
from gelatine hydrolysate (Sigma-Aldrich, UK), 1.75% brain heart broth (Sigma-Aldrich,
UK) in a 1:1 mixture of natural seawater:distilled water. The glucose had been autoclaved
separately prior to its addition to the vessel after cooling (200 mL of a stock 50 g L-1
glucose stock solution). With this medium, temperature, agitation and air flow were
controlled at 25 °C, 150 rpm and 0.5 vvm, respectively.
For trial B, cells were grown in MCBHB as described by Rosa et al. (2011) [78], with the
exception that no corn steep liquor was added and half strength seawater was used.
Temperature, agitation and air flow were controlled in the same way as for trial A above,
and pH was regulated at pH 7.
Both trials A and B were performed in duplicate, and inoculated with 200 mL of 7-day
old seed culture (5% v/v) of strain OL5TA grown in the 3.8 L of the same respective
medium as the trial. Seed cultures were prepared by inoculating 300 mL flask culture at
10% (v/v) from a stock culture of OL5TA and grown at room temperature (21 °C) on an
orbital shaker at 150 rpm.
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For sampling, 10 mL volumes from the seed culture (Tseed), before inoculation (T0),
after inoculation (Ti) and every 24 h until day 6 (T1 to T6) were taken. Following optical
density measurements recorded at 600 nm, the samples were centrifuged at 2600 x g for
5 min, and the supernatant fractions transferred into 15 mL sterile Falcon tubes and kept
at -20 °C for subsequent biochemical analyses (sections 2.18, 2.19, 2.20). On day 6,
fermentation was stopped and 200 mL of cell culture was centrifuged at 2600 x g for 10
min in 50 mL Falcon tubes and washed twice with 20 mL of 0.01 M PBS at pH 7.2. Cell
pellets were stored at -20 °C and subsequently freeze dried. Pellets were later used for
carotenoid profile analysis (section 2.15, 2.16).

2.18 3,5-dinitrosalicylic acid (DNS) reducing sugar assay
Glucose depletion in the bioreactor vessel was monitored by the 3,5-dinitrosalicylic acid
(DNS) reducing sugar colorimetric assay [287]. Briefly, 500 µL of sample (diluted 1:5
or 1:50 depending of the glucose concentration of the culture medium) was added into a
glass test tube containing 1.5 mL of DNS reagent (1% 3,5-dinitrosalicylic acid, 0.2%
phenol, 0.05% sodium sulphite, 1% sodium hydroxide). The tubes were hermetically
screwed and incubated in a water bath at 95 ºC for 16 min. The reactions were then
stopped by adding 500 µL of 40% potassium sodium tartrate solution and then cooled
rapidly on ice. Absorbance was read at 575 nm on a Genesys 20 spectrophotometer
(ThermoScientific, UK). All samples were analysed in duplicate at the same time at the
end of each fermentation run and a standard curve was constructed each time using a
0.1% molecular grade glucose stock solution that was freshly made.

2.19 Free amino nitrogen assay
Analysis for free amino nitrogen (FAN) was measured using the ninhydrin colorimetric
assay, as described by the American Society of Brewing Chemists (2011) [288]. A 500
µL volume of ninhydrin reagent (10% Na2HPO4·12H2O, 6% KH2PO4, 0.5% ninhydrin,
0.3% fructose) was added into a test tube containing 1 mL of diluted sample (1:500). The
tube was hermetically screw-capped and incubated in a water bath for 16 min at 95 ºC,
and then rapidly cooled on ice. A 2.5 mL volume of dilution solution (0.2% potassium
iodate dissolved in distilled water: 96% ethanol (60:40)) was then added, and the
absorbance measured at 570 nm. All samples were processed in duplicate at the same
time after each fermentation run and a standard curve was constructed each time using 10
mg L-1 glycine stock solution.
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2.20 Protein assay
Protein concentrations were determined using the colorimetric Bradford assay [289].
Briefly, 1 mL of Bradford reagent (0.01 % of Coomassie Brilliant Blue G-250 in a mixture
of 96% ethanol: 85% phosphoric acid: distilled water (5:10:85)) was added to 200 µL of
sample, and the absorbance was measured at 595 nm. A standard calibration curve was
made fresh using a stock solution of 100 mg L-1 of bovine serum albumin (BSA) in 0.15
M NaCl, and samples were analysed in duplicate at the same time after each fermentation
run.

2.21 Determination of carbon source utilisation
To determine the spectrum of carbon substrates that may be utilised by the strains, the
PM1 Microplate Carbon sources Biologä Phenotype MicroArray (TechnoPath, Ireland)
was used.

This assay is based on redox dye reaction involving the reduction of

tetrazolium dye by NADH, forming a strong purple colour. NADH is formed when cells
respire actively, thus the stronger the colour the more active the cellular respiration.
Inocula for this was prepared from 50 mL of an arithmetic cell culture of OL5TA in
MCBHB that was centrifuged at 2600 x g for 5 min and the cells washed twice in sterile
seawater in order to remove residual medium ingredients. Cell pellets were re-suspended
in sterile seawater and the OD (600 nm) was adjusted to 0.5. Each well on the Biolog
plate was then inoculated with 120 µL of the prepared washed cell suspension. Plates
were left in the dark for 4 weeks and absorbance was recorded using the plate reader
SpectraMax M5 (Molecular Devices, USA) at 595 nm.

2.22 Enzyme activity determinations
Polysaccharide, protein and lipid degrading enzyme activities were determined using
methods employing agar plates and dyes to identify enzyme activities by zones of
clearance on the agar surface, resulting from the degradation of compounds. Briefly,
Japanese strains Schizochytrium sp. NBRC 102616, Sicyoidochytrium sp. NBRC 102979
and Parietichytrium sarkarianum NBRC 104108, all obtained from the National Institute
of Technology and Evaluation (NITE) Biological Resource Centre (NBRC, Japan), were
grown in H medium for 10 days at 20 ºC. Amylase, cellulase, chitinase, alginate lyase,
agarase, lecithinase, and ligninase activities were investigated in an agar base media
containing 0.02% yeast extract, 0.05% MSG and 1.2% agar in 75:25 seawater:distilled
water mixture, supplemented with either 0.2% glucose, 0.2% carboxymethyl cellulose,
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0.1% colloidal chitin, 0.2% sodium alginate, 1% agarose, 10% egg yolk emulsion (after
heat-autoclaving) or 0.4% lignin + 0.4% glucose, respectively. Agar solution for the
determination of caseinase activity was prepared by mixing an agar base medium (0.04%
yeast extract, 0.1% MSG, 5% NaCl, 2.4% agar) and 4% skim milk solution. The agar
base medium was autoclaved at 121 ºC for 15 min while the skim milk solution was
heated at 115 ºC for 10 min. After cooling, both solution were mixed together and then
pour in Petri dishes. Gelatinase activity was determined with an agar medium containing
0.4% bactopeptone, 0.1% yeast extract, 1.5% gelatine, 3% NaCl, and 1.5% agar. Elastase
activity assay was assessed in double-layer agar plate with the bottom layer made of
solution A (3.9% Columbia agar base, 2.5% NaCl) and the upper layer made of solution
B (3.9% Columbia agar vase, 0.3% Elastin, 2.5% NaCl). Plates were spot inoculated 5
times with 50 µL of a seed culture, and the activity for each enzyme was assessed in
triplicate. After a 7-day incubation period, amylase and agarase plate assays were flooded
with Lugol’s iodine, while cellulase and chitinase plate assays were flooded with 1%
Congo Red solution. Similarly, gelatinase, caseinase, and alginate lyase activities were
detected by flooding agar plates with a saturated solution of ammonium sulfate, a
concentrated solution of HCl and 0.5 M of H2SO4 followed by 0.5% cetylpyridinium
chloride solution for an hour, respectively. For the lignin-containing agar plate activity
assay, the plates were flodded with a solution of 0.5% ferric chloride and 0.5% potassium
ferricyanide. Detection of chitinase and elastase did not require any solution as the
development of a halo around colonies (indicative of degradation) were visible, while
zones of precipitation were observed for the detection of lecithinase. Arthrobacter agilis,
Pseudoalteromonas aliena, Cellulophaga fucicola, Streptomyces koyangensis, Lentinula
edodes were used as positive controls.
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Chapter 3: Caledonichytrium matryoshkum gen. nov., sp. nov., a novel
genus of thraustochytrid isolated from Scottish coastal water

3.1

Abstract

A newly discovered genus of thraustochytrid, designated strain OL5TA, was isolated
from the coastal environment of Scotland. The new genus showed a similar life cycle as
the genera Schizochytrium, Aurantiochytrium and Oblongichytrium, but differed in a
number of significant characteristics warranting its description as a novel genus of
thraustochytrid. Phylogenetic tree construction using different algorithms revealed the
strain to be a distinct lineage of thraustochytrid. In addition, a new mode of reproduction
showed mitotic division of secondary cells within the vacuole of a primary cell, which
differs from the zoosporangia step that is well known in other genera where zoospores
divide within a common cell wall. A distinctive and unique PUFA profile is observed for
the strain, which consisted of high relative levels of DHA, omega 3 and omega 6 DPA
levels corresponding to a DPAw3:DPAw6 ratio of 1.5 ± 0.5, and low, although detectable
production of DTA, while showing no production ARA. The EN is well developed,
which is unlike that for Aurantiochytrium, and colonies of the strain on agar showed a
distinctive fried egg-like shape with a brownish colour in the centre. Based on 18S rDNA
sequence comparisons, its mode of reproduction and biochemical features, strain OL5TA
represents a novel genus, for which the name Caledonichytrium matryoshkum is
proposed.

3.2

Introduction

Thraustochytrids are marine unicellular eukaryote organisms, well known for their ability
to produce and accumulate LC-PUFA, in particular omega-3 and omega-6 LC-PUFA.
Hitherto, 13 genera are recognized as belonging to the Thraustochytrida order [30]:
Thraustochytrium, Schizochytrium, Aurantiochytrium, Oblongichytrium, Ulkenia,
Sicyoidochytrium,

Botryochytrium,

Parietichytrium,

Japonochytrium,

Althornia,

Diplophrys, Amphifila and Sorodiplophrys. Currently, a mycological taxon coexists with
a protistological one. The main differences reside within the suffix used and the Linnaean
ranking order adopted. The last species reported was Oblongichytrium porteri isolated
from the sea star Pisaster ochraceus [69]. In the last decade, very few thraustochytrids
have been reported associated with animals, and only one showed parasitic relationships.
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Indeed, Thraustochytrium caudivorium was the only recent species described, and found
to be parasitic of the free-living flat worm Macrostomum lignano [73]. However,
although the pathological effects of T. caudivorium were extensively reported, the
identification as a new species mostly relied on the 18S rDNA marker on which
phylogenetic analysis was based.

No biochemical taxonomic markers or a full

understanding of the life cycle were included in the study.
To fully characterise a new thraustochytrid isolate and determine whether it belongs to a
novel genus, three aspects must be taken into consideration, while at least one of them
should clearly stand out without ambiguity. Firstly, the 18S rDNA gene must be
sequenced entirely and must be unique [21] – i.e. with a commonly accepted threshold of
<95% sequence identity to potentially consider the strain as a novel genus [290]. Further
to this point, the phylogenetic association of the newly sequenced 18S rDNA must have
a unique lineage not reported previously [45], [69]. Secondly, the PUFA and carotenoid
composition must show a unique and distinct profile from previous reported strains [28],
[33]. Lastly, unique life cycle features and/or morphological ultrastructure traits should
also be observed [53], [54]. In this chapter, a polyphasic approach was undertaken to
provide a full phylogenetic and taxonomic description, herein using all three marker traits,
to describe a novel genus of thraustochytrid isolated from the Scottish coastal
environment with parasitic association reported with octopi and trout. The strains were
all isolated from skin lesion of octopi and trout on the east and west coast of Scotland,
and showed striking genetic and morphological features between them.

The

representative strain, OL5TA, is reported here and represents a novel genus for which the
name Caledonichytrium matryoshkum is proposed. This work adds to improving our
knowledge on the diversity of thraustochytrids in the marine environment, and opens new
ground for studying the ecological role and biotechnological potential of these organisms.

3.3

Material and Methods

The origin of the strains, as well as the isolation, cleaning and revival steps are described
in sections 2.1 and 2.2. The molecular identification and phylogenetic analysis were
carried out according to the following methodology explained in sections 2.3, 2.4, 2.5,
2.6, 2.7, 2.8. The life cycle and morphological traits were observed according to the
methodology described in sections 2.9 and 2.10. The biochemical signatures of the strains
were revealed through the PUFA and carotenoids profiles, as described in sections 2.15,
2.11, 2.12, 2.13.
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3.4
3.4.1

Result and Discussion
Morphological characteristics and life cycle

The life cycle of Caledonichytrium matryoshkum was observed in seawater and pine
pollen culture as well as in MCBHB medium, since different morphologies have been
observed with other thraustochytrids using nutrient-enriched media when compared to
seawater/pine pollen culture. As shown in Figure 3.1, in seawater/pine pollen culture the
life cycle is somewhat similar to the genera Schizochytrium, Aurantiochytrium and
Oblongichytrium, whereby successive bipartition occurs as described by Goldstein and
Belsky (1964) [22]. Briefly, a single trophic cell would settle on a pine pollen grain and
then subsequently divide by mitotic division, either latitudinal or longitudinally, to form
cell diads and then tetrads. The continuation of this successive bipartition would lead to
the formation of a cluster of cells (sorus). Secondary young trophic vegetative cells, nonflagellated and hence non-motile appeared presumably either by dissociation of the sorus
or by a secondary mechanism of cellular division involving the rupture of the cell
membrane of a primary cell and the release of secondary cells. This second mechanism
is unique to this genus and is further detailed in section 3.4.2. Secondary cells settled
down and underwent successive bipartition leading to the formation of a larger sorus
consisting of several sori merging together. No release of biflagellate zoospores was
observed in seawater/pine pollen after 72 hours of continuous cell culture. A second
example of the life cycle is shown in Appendix B.
The EN element emerging from these sori in seawater/pine pollen culture was very well
developed with branched extensions, over 100 µm in radius (Figure 3.2). This differs
from the genus Aurantiochytrium which do not develop a large EN unlike Schizochytrium
and Oblongichytrium which showed extensive ramification of the EN [28].
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Figure 3.1 Light micrograph showing the life cycle of strain OL5TA in seawater/pine
pollen culture, which proceeds by binary partition of the cells until final fragmentation of
the sorus. a–b, a young single cell settles on a pine pollen grain (white arrow). c, binary
partition occurs along the longitudinal plan (black arrow). d–f, binary partition along the
latitudinal plan (black arrow). g-j, release of non-motile secondary cells settling next to
the cluster of cells diving (sorus) and repeating life cycle. k–l, further division and
dissociation of the sori.
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Figure 3.2 a-c, Light micrographs of strain OL5TA EN element radiating from sori (black
arrow).

In MCBHB flask culture, pale orange, grainy and sand-like colonies could be observed,
while culture medium was highly turbid. However, cells would form a small white balllike shape under low inoculation conditions without dispersion into the culture medium
(no turbidity). Scanning electron micrographs of this aggregation (Figure 3.3) showed
young trophic cells of 2-3 µm forming a sorus. The cells are embodied within a wrinkly
capsule, which presumably could be either desiccated EN or EPS, and its appearance may
be an artefact of the air-dry procedure that maintained the cell together before
dissociation.

Figure 3.3 FEG-Scanning electron micrograph of cell aggregates of strain OL5TA
cultured in MCBHB medium.
Similarly, a larger creamy ball would also form in very late stationary phase of growth,
which could be due to an excess production of EPS or EN that traps each individual cell
in the late phase of growth. In the case of culture flasks that had been incubated standing
without shaking, cell precipitation would form a layer of cells at the bottom of the flask.
Unlike in seawater/pine pollen culture, in MCBHB the cells were dispersed and fewer
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and smaller sori were observed, while numerous freely-swimming heterokont cells were
present. Cell size of trophic cells varied between 3-5 µm (4.25 µm ± 0.42 µm, n = 104)
for young vegetative cells after separation of the sorus, while the size of mature cells
ranged between 6-13 µm (7.02 µm ± 2.24 µm, n = 38); larger cells were also observed
and reached up to 26 µm in diameter. Swimming heterokont cells were also observed
and their size ranged between 4.7-8.8 µm x 3.5-5.4 µm, while their shape varied from
saddle-like (hyperbolic paraboloid) to obovate, ovate, elliptic and reniform. Despite the
unresolved development of heterokont cells, it was presumed that flagellate formation
occurred after mitotic division of vegetative cells (movie 1) followed by a quiescent
phase. Indeed, the mitotic division leads to the formation of a round trophic cell and a
hyperbolic paraboloid saddle shape-like cell without flagellates, but very similar to the
freely-swimming heterokont cells observed (movie 2). Hence, if the formation of
flagellates occurred after a quiescent phase, heterokont cells could also be formed after
the release of secondary cells from the vacuole of a primary cell (see section 3.4.2 for
further details on this mechanism of reproduction).

An amoeboid stage was only

observed twice, leading to the presumption that this stage is rare, and induced in only
certain conditions, hence not being an important part of the life cycle (Figure 3.4).
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Figure 3.4 Light micrographs of strain OL5TA showing amoeboid cells when cultured
in MCBHB medium. a, flagellate vestige (arrow); b–f, naked protoplast and visible
internal vesicle movement (arrow).
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3.4.2

Ultrastructure characteristics

Transmission electron microscopy of strain OL5TA provided a better understanding on
the cellular division (Figure 3.5) and internal organisation (Figure 3.8) on the cell
structure of the organism.

a

b

c

e

d

Figure 3.5 a-d Transmission electron micrographs of life cycle stages of strain OL5TA
showing a new mode of reproduction in thraustochytrids based on the division of
secondary cells inside the vacuole of a primary cell during cultivation in rich nutrient
MCBHB medium; zone of cleavage is indicated by black arrows. a-c, cells after cellular
division inside the vacuole of a larger primary cell and progressive rupture of the cell wall
until release of young vegetative cells; d, incomplete plasmotomy of three cells during
rupture of the primary cell wall; e, cells showing successive bipartition in low nutrient H
medium. Bar in all micrographs = 2µm.
Unlike other thraustochytrid species, the presence of zoosporangia releasing zoospores
was not observed for strain OL5TA. Indeed, this new genus did not show any evidence
of zoospores within a common zoosporangial cell wall, but instead its presence was
observed for cells inside the vacuole of a primary cell (Figure 3.5). Zoosporangiumforming species, such as Ulkenia visurgensis [44], Thraustochytrium sp. [15], [71], or
Aurantiochytrium limacinum [25], clearly showed the development of zoospores by
mitotic division and invagination of the membrane, leading to the formation of a
zoosporangium. Zoosporangia of thraustochytrids could be described as several smaller
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cells (zoospores), biflagellate or not, encapsulated within a common cell wall, and
sometimes resting on one or several large persistent body [15], [71]. However, to our
knowledge, this is the first report of cells dividing inside a vacuole and encapsulated
within the cell membrane (at the opposite of the cell wall) of a primary cell. As shown
in Figure 3.5, cells underwent mitotic division leading to the formation of up to 6
secondary cells inside the vacuole.

The cell membrane ruptured and released the

secondary cells.

Figure 3.6 Light micrographs of semi-thin (1 µm) sections of OL5TA stained with 1%
aqueous Toluidine Blue in Borax Carmine Grenacher solution. Primary, secondary and
tertiary cell organisation is shown by black arrows. Heterokont cells showing the long
tinsel (grey arrow) and short whiplash (white arrow). Cells stained as dark blue are young
vegetative cells

During active cell growth in rich medium (MCBHB), the formation of secondary cells
within the vacuole of a primary cell seemed to be the preferred mode of division. On rare
occasions, a ‘frantic’ cell division was observed leading to a tertiary cell present within
the vacuole of a secondary cell, leading to the formation of a cell within a cell within a
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cell (Figure 3.6). In contrast, in seawater/pine pollen or H culture medium successive
bipartition was the main mode of division (Figure 3.5e).

a

b

c

Figure 3.7 Transmission electron micrograph showing the ultrastructural organisation of
scales by strain OL5TA. a, layers of scale forming cell wall; b, migration of scales
through the vacuole to form cell wall; c, scale pocket vesicle. Scales, S (dark arrows);
scale pockets, SP (black triangles). Bar = 500 nm.

The ultrastructural organisation of Caledonichytrium matryoshkum strain OL5TA is very
similar to Aurantiochytrium [28], as evidenced in Figure 3.8. The cell wall is thin and
composed of a single or only a few layers of scales (Figure 3.7), while a large vacuole
rests against one of the sides of the cell, leaving a thin stretch of cell membrane on one
side which dominates the cell structure. Normally uni-nucleate, some cells can appear
poly-nucleate as the karyokinesis occurs well before cytoplasmic cleavage (plasmotomy).
Presence of fine structures of kinetosomes provides evidence of cross sections of
undulipodia (eukaryotic flagella) (Figure 3.8b and c). This was further supported by cross
section of microtubules in opposite directions (Figure 3.8d), characteristic of heterokont
thraustochytrid cells, as showed in Figure 3.6. The Golgi apparatus can adopt various
morphologies while dividing mitochondria were also observed (Figure 3.8e and f). Scales
migrate through the vacuole or scale pocket vesicles and become deposited as 1 to 4 layers
to form the cell wall, as shown in Figure 3.7.
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Figure 3.8 Ultra-thin TEM section of strain OL5TA. a, Vegetative cell showing single
nucleolus (n) inside a nucleus (N), multiple mitochondria (M), Golgi apparatus (G),
kinetosomes (K, dark triangle), vacuole (V) and cell wall (W, dark chevron) consisting
of layers of scales (S, black arrows); Bar = 2 µm. b, Kinetosomes formed of 9 triplets
(black arrows) representing the basal ultrastructure of heterokont flagellates in opposite
direction; Bar = 500 nm. c, Pair of kinetosomes; Bar = 500 nm. d, Microtubules (M,
dark arrows), vestiges of the basal structure of the whiplash and tinsel undulipodia in
opposite directions; Bar = 500 nm. e-f, Golgi apparatus in circular, half-circular or
straight organisations; Bar = 500 nm.
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3.4.3

Phylogenetic analysis

The overall tree topologies, as evaluated using Phylip DNA Parsimony, Randomized
Accelerated Maximum Likelihood (RAxML), and Arb Neighbour-Joining package
algorithms, were similar to each other with only minor differences. Phylogenetic analysis
showed a clear distinct lineage for all the Scottish strains as they clustered on a single
branch supported at a bootstrap value of 99% (Figure 3.10) when analysed against other
taxonomically validated genera. This was expected as ambiguities and disagreements of
base pairs counted between 0.01% and 2% dissimilarity when 18S rDNA genes were
manually aligned and analysed in Arb (data not shown). The closest established genus to
strain OL5TA was Aurantiochytrium sp. AR-4a (ascension number AB810944), which
shared 84% 18S rDNA gene sequence identity. Whilst strain OL5TA shared some
common morphological features with Aurantiochytrium, there were other features that
were distinct, and furthermore phylogenetic analysis, based on the 18S rDNA gene,
distinguished strain OL5TA from Aurantiochytrium and, hence, can be classified as a
novel genus. The strain OL5TA is proposed as the Type strain of the novel genus
Caledonichytrium.

3.4.4

Biochemical signatures: PUFA and carotenoids profile

No significant differences of the PUFA profile was identified for strain OL5TA when
grown in MCBHB and modified GYP media. Hence, in this study we present only the
fatty acid profile in modified GYP at the end of the arithmetic phase (Figure 3.9) for
comparison with other studies using the same or very similar media. All Scottish strains
showed a similar fatty acid profile between them, with high relative levels of DHA (80%
of PUFA on average), while showing low relative levels of ARA (1.9% of PUFA) and
EPA (7.5% of PUFA) on average. The relative levels of DPAw3 and DPAw6 ranged
between 2% and 6%, and always followed the same trend, with an average ratio of
DPAw3:DPAw6 of 1.5 ± 0.5. The percent abundance of DTA was very minor (1.5% on
average), but always present. This PUFA profile is unique to OL5TA and the other
Scottish strains, as no other members of the genera described in previous studies showed
a similar FA signature [32]. Indeed, when compared to the three morphologically close
genera, Yokoyama and Honda (2007) [28] showed that the Schizochytrium PUFA profile
was characterised by the presence of 20% on average of ARA, the Oblongichytrium
PUFA profile was characterised by 20% of DPAw3, and the Aurantiochytrium PUFA
profile showed between 10% and 20% relative level of DPAw6 with no production of
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DPAw3. Only Aurantiochytrium sp. SEK217, which already stands out from other
members belonging to the genus Aurantiochytrium, could have a somewhat similar FA
signature, but it showed no production of DTA and a slightly lower relative level of DHA
(around 70% of PUFA) than the Scottish strains (80 to 85% of PUFA).
Hence, the new Scottish strains described here showed a unique PUFA profile signature,
which has not been previously described, and hence further supporting their classification
as a novel genus.

TL18
SW7T7C1
Strains

SW7T4C6
SW7T4C1
OL5TA
SW4T8A
SW4T2B
SW4T2A
0%
ARA

20%
EPA

40%
60%
% of PUFA
DTA

DPA⍵6

80%
DPA⍵3

100%
DHA

Figure 3.9 Polyunsaturated fatty acid composition (as % total polyunsaturated fatty acid)
of Scottish thraustochytrid strains.

The carotenoid profile showed that strain OL5TA, chosen as a representative strain of the
Scottish isolates, produces astaxanthin, phoenicoxanthin, canthaxanthin, echinenone, and
β-carotene (Table 3.1). This profile is similar to that of the strains Aurantiochytrium sp.
SEK 217 and Thraustochytrium striatum ATCC 24473, but distinct from the seven other
genera, in particular Schizochytrium and Oblongichytrium which shared similar
morphological features (division by successive bipartition). This further supports these
new Scottish strains as distinct to closest relatives and all other genera reported in the
literature.
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Figure 3.10 Phylogenetic tree of the Labyrinthulea based on the 18S rDNA gene and
constructed using the Phylip Parsimony DNA package. The numbers at each branch
intersection show the bootstrap values (%) for the node calculated from 1000 replications.
Bold names represent the strains investigated in this study, forming a single clade
supported at 99% bootstrap value. Ochromonas danica and Bacillaria paxillifer were
used as the outgroup to root the tree.
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Table 3.1 Comparison of carotenoid profiles between strain OL5TA and representative
strains from eight genera. The symbol ‘+’ represents the production of carotenoids by

Astaxanthin

Phoenicoxanthin

Canthaxanthin

Echinenone

β-Carotene

the strain, while the symbol ‘-’ represents the absence of carotenoid production.

References

Strain OL5TA

+

+

+

+

+

This study

Aurantiochytrium sp. SEK 217

+

+

+

+

+

[28]

Schizochytrium sp. SEK 345

-

-

-

-

+

[28]

Oblongichytrium sp SEK 347

-

-

+

+

+

[28]

+

+

+

+

+

[28]

Ulkenia ameboidea SEK 214

+

+

-

+

+

[33]

Sicyoidochytrium sp. SEK 361

-

-

+

+

+

[33]

Parietichytrium sp. SEK 211

-

-

+

-

+

[33]

Botryochytrium radiatum SEK 353

-

-

+

+

+

[33]

Thraustochytrium striatum
ATCC 24473

3.4.5

Taxonomy summary

The following classification followed the taxonomy revision as defined by Anderson &
Cavalier-Smith (2012) [30].
Class: Labyrinthulea, Olive (1975) ex Cavalier-Smith (1986) [17], [18]
Order: Thraustochytrida, Sparrow 1973 [10]
Family: Thraustochytriidae, Sparrow ex Cejp 1959
Type Genus: Caledonichytrium gen. nov, Fossier Marchan L. & Gutierrez T.
Diagnosis: Vegetative cells of Caledonichytrium matryoshkum were globose and nonmotile. Successive binary fission of cells leads to the formation of a cluster of cells
(sorus) and release of secondary cells by dissociation of the sorus or by release from the
vacuole of a primary cell. Heterokont biflagellate cells were observed freely swimming
only during active cell division in the arithmetic phase. Biflagellate cells acquired their
flagella after a quiescent phase and were observed in particular during active cell growth
in the arithmetic phase, but less frequently under conditions of slow growth (as when
cultured on pine pollen and seawater). They are mostly of a saddle-like shape (hyperbolic
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paraboloid), but can adopt various shapes from obovate, ovate, elliptic to reniform. In
the lag and stationary phases of growth, all cells were round and non-motile. EN was
well developed. Presumption of rare amoeboid stage observed in rich media. The
organisms produced 80% of DHA of total PUFA, and the ratio DPAw3:DPAw6 ranged
between 1.0-2.5 %. Cell pellets were orange and possessed canthaxanthin, astaxanthin,
phoenicoxanthin, echinenone, and β-carotene.
Etymology: The genus epithet, Caledonichytrium, arose from the prefix Caledonia, which
means Scotland in Latin where the strains were all originally isolated, and the suffix chytrium, as the historical affix given to these chytrid-like microorganisms.
Type Species: Caledonichytrium matryoshkum sp., nov.

Fossier Marchan, L. &

Gutierrez, T.
Diagnosis: With characteristics of the genus as defined above. Diameter of vegetative
non motile cells ranges from 6 to 13 µm (7.02 µm ± 2.24 µm, n = 38); some cells may
reach up to 26 µm in diameter, while young vegetative cell sizes ranged between 3-5 µm
(4.25 µm ± 0.42 µm, n = 104). The size of the heterokont biflagellate cells during active
cell division ranged between 4.7-8.8 µm x 3.5-5.4 µm (length x width).
Etymology: The species epithet matryoshkum is in reference of the unique mode of
division of a cell within a cell (and sometimes within a third cell), which is reminiscent
of Russian nesting dolls called Матрёна in Russian (“matrëška” or matryoshka doll in
English), with its origin from Latin mātrōna (“matron”).
Holotype: Caledonichytrium matryoshkum gen. nov., sp. nov. Fossier Marchan, L. &
Gutierrez, T.
Type strain: OL5TA, 18S rDNA accession number KY783924.
Type locality: Firth of Forth, Scotland, UK, 56°10′N 2°45′W.
Presumptive parasitic association of Caledonichytrium matryoshkum OL5TA with
octopus Eledone cirrhosa, whereas strain TL18 has a presumptive parasitic association
with rainbow trout Oncorhynchus mykiss.
Life cycle: The proposed life cycle for Caledonichytrium matryoshkum is shown in
Figure 3.11.
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Figure 3.11 Proposed life cycle for Caledonichytrium matryoshkum gen. nov. sp. nov. 1Premature vegetative cell with nucleus (dark dot) and vacuole (open irregular circle)
grows into a mature cell. 2- Nuclear division and partial invagination of cytoplasm by the
vacuole. 3- Nuclear division and invagination of cytoplasm completed. 4- Invagination
of secondary cell, with formation formation of vacuole, completed inside vacuole of the
primary cell. 5- Cellular division of secondary cell via mitosis, or 4’- Secondary cell
divides as in steps 2, 3 and 4. 5’- “Matryoshka” formation of a cell within a cell within a
cell. 6- Mitosis completed, resulting in two cells within the vacuole of a primary cell; this
step could occur several times sequentially leading to the formation of up to 6 cells. 7&7’Primary cell bursts open to release daughter cells. 8- Premature vegetative cells restart
the cycle of the ‘matryoshka’ morphological cell division cycle, or a- Premature
vegetative cell divides by mitosis. y- Binary fission continues leading to a larger sorus.
b&b’- Cytokinesis. c- Separation of the cells and quiescent phase. d- Formation of short
posterior and long anterior flagella. e- Heterokont cell swims away and eventually settles
down and the cycle restarts.

3.4.6

Conclusion

In summary, the phylogenetic analysis confirmed that the Scottish strains, represented by
the proposed Type strain OL5TA, belong to the group thraustochytrid, but forming a new
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lineage. Based on the polyphasic approach for taxonomic classification employed in this
study, these strains are distinguishable from their closest relatives, in particular from
Schizochytrium, Aurantiochytrium and Oblongichytrium, though they shared some
common morphological traits. Specifically, the mode of reproduction by mitotic division
within the vacuole of a primary cell is unique to this novel genus of Caledonichytrium –
this mode of reproduction is distinct from a zoosporangium releasing zoospores, as this
happen within a common cell wall; it is revealed in this study that this involves the tearing
of the cell membrane, which leads to the release of secondary cells from the vacuole.
Whilst the carotenoid profile of the Scottish strains is similar to that for members of
Aurantiochytrium and the species Thraustochytrium striatum, it is distinct from all the
other genera.

The PUFA profile is unique (DHA represent 80% of PUFA;

DPAw3:DPAw6 ratio of 1.5 ± 0.5) and constant within these Scottish strains and distinct
from all the other genera, including Aurantiochytrium. Hence, the combined evidence
supports the classification of these newly discovered Scottish strains as a novel genus,
here represented by the proposed Type strain Caledonichytrium matryoshkum gen. nov.,
sp.nov., within the thraustochytrid group.
The following chapter investigates the biotechnological potential of this new genus, in
particular for omega-3 and biodiesel production because these organisms are recognised
as oleaginous.
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Chapter 4: Screening new Scottish thraustochytrids for
docosahexaenoic acid production

4.1

Abstract

Thraustochytrids isolated from hot tropical and sub-tropical waters have been wellstudied for DHA and biodiesel production in the last decades. However, little research
has been performed on the oils of cold-water thraustochytrids, in particular from the North
Sea region. In this study, thraustochytrid strains from Scottish waters showed high
relative levels of omega-3 LC-PUFA, including DHA, 22:6ω3. The relative levels of
DHA (as % of total fatty acids, TFA) in the different Scottish strains are hitherto amongst
the highest recorded from any thraustochytrid screening study, with strain TL18 reaching
up to 67% DHA in modified GYP medium. At this screening stage, low final biomass
and fatty acid yield were observed in modified GYP and MCBHB, while PUFA profiles
(as % of PUFA) remained unaltered regardless of the culture medium used. Hence,
optimizing the medium and culture conditions to improve growth and lipid content,
without impacting the relative percentage of DHA, has the potential to increase the final
DHA concentration. With this in mind, three strains were identified as promising
organisms for the production of DHA. In the context of possible future industrial
exploitation involving a winterization step, we investigated the recycling of the residual
oil for biodiesel use. To do this, a mathematical model was carried out to assess the
intrinsic properties of the by-product oil. The results showed the feasibility of producing
primary DHA rich oil, assuming optimized conditions, while using the by-product oil for
biodiesel use.

4.2

Introduction
Thraustochytrids are heterotrophic heterokonts or stramenopiles, certain strains of

which are recognized for their ability to produce substantial amounts of omega-3 fatty
acids, a high percentage of which is DHA [171], [137]. DHA is a major structural lipid
which can be found as a constituent of phospholipids or triacylglycerols, or as free fatty
acids in animals. It also has a key role in cell signaling, cell interaction and membrane
fluidity [178]. DHA plays an important role in human health, in particular during the
early stage of foetal and post-natal neuronal, retinal and immune system development
[180]. There are positive correlations between DHA consumption and reduced disease,
82

particularly in the prevention of cancers and cardiovascular diseases, improvement of
inflammation response systems, and maintenance of brain and learning functions [181],
[245]. This knowledge has led to a growing demand for omega-3 supplemented food and
other products. In fish, DHA has also been reported as essential for the normal growth
and development of the animal, thus making it an indispensable component in aquaculture
feeds [225].
Currently, the production of omega-3 rich oils for human and animal diets relies
primarily on wild-harvested fish and other marine animals such as krill [291].
Paradoxically, this makes the expansion of the aquaculture industry directly limited by
the global fishing capacity and its supply of DHA. However, with global fishing capacity
reaching maximum levels since the early 1990s, aquaculture has overtaken the traditional
wild-harvest fishing industry to meet the demand for fish and has become the fastest
growing animal-food producing sector [292]. Hence, the supply of wild fish, and
therefore omega-3 oils, is becoming tighter, emphasising the need for alternate, renewable
and sustainable sources of DHA [291].

To meet this demand, the potential of

thraustochytrids as DHA producers has been recognized [38], and some examples of the
omega-3 oils they produce have since been developed into commercially available bioingredients, such as Life’s DHA™ from DSM and DHAid™ from Lonza [142].
Nevertheless, further work is still needed to improve DHA yields from thraustochytrids,
including the isolation and screening of new strains, together with their optimization
using established or new fermentation strategies for production and the investigation of
new substrates for even more cost-effective thraustochytrid growth.
In addition to the growing volume of research and development on the use of
thraustochytrid oil in human and animal nutrition, there is also interest in the potential of
these organisms for producing biodiesel [76]. With global economies depending almost
entirely on fossil fuel resources, and taking into account the global depletion of natural
reserves and the inextricable link between fossil fuel use and global warming, there is a
need for sustainable alternatives to fossil fuel [293]. As a result, biodiesel has been
promoted as an alternative to diesel fuel [294], [295], and regulations for standardization
of biodiesel were introduced, such as European standard EN 14214, and the ASTM
D6751 in the USA and Canada. Since field crop-based biodiesel is associated with major
socio-economic and environmental limitations, research focusing on single-cell oil-based
biodiesel, including from thraustochytrids, has expanded [184]. A major limitation to the
implementation of thraustochytrid-derived oil is that the production of fish- or cropderived oils remains more cost effective, as a short-term application.
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Most of the research on DHA from thraustochytrids to date has been performed
with sub-tropical strains, many of which have been isolated from Malaysian, Japanese
and Chinese coastal waters [131], [246], [247], [256], [296]. Other work has been done
on isolates from temperate regions such as southern Australian waters and cold temperate
waters of Canadian littoral [76], [144]. Here, we present the first detailed investigation
on the oil composition and content of several new thraustochytrid strains isolated from
Scottish waters. We investigated the DHA content and the qualitative properties of fatty
acid profiles of these strains, with a view for potential applications in animal and human
nutrition. We also performed a mathematical analysis based on the assumption that a
winterization or other separation/fractionation step could be used for the purification of
the DHA-rich oil, in order to investigate the potential use of the remaining by-product oil
for biodiesel application.

4.3

Material and Methods

Scottish thraustochytrids strains were grown in rich and low culture media (described in
section 2.11) for lipid analysis to determine the effects of culture media and time of
harvest (end of arithmetic phase versus late stationary phase of growth) on their fatty acid
profile. The DHA production performance of the Scottish strains isolated from cold
northern seawater were also compared with the sub-tropical isolated Japanese strain
Sicyoidochytrium sp. NBRC 102979 when grown under the same conditions.
Sicyoidochytrium sp. was selected as the reference strain because this genus is regarded
as showing the highest relative levels of DHA (over 65 % of PUFA) by thraustochytrids
[33]. Fatty acids were extracted and analysed as described in sections 2.12 and 2.13. The
potential of the strains for omega-3 production, in particular DHA, was investigated as
well as the quality of the oil for biodiesel application based on the fatty acid composition,
as described in section 2.14.

4.4
4.4.1

Results and Discussion
Effect of growth phase and medium on fatty acid composition, final biomass
and total fatty acid yields

The growth phase very clearly impacted the fatty acid composition (expressed as % of
TFA) in both MCBHB and modified GYP media, as shown in Table 4.1 and Table 4.2,
respectively. In general, the relative levels of PUFA in both media increased during the
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stationary phase, while the proportion of SFA and MUFA decreased. When grown in
MCBHB medium, only strain SW7T8C showed a slight increase in the proportion of SFA
and MUFA in the stationary phase, from 38.2% to 40.6% and 1.8% to 2.5% of TFA,
respectively.
In thraustochytrids, the biosynthetic pathways involved in the production of PUFA are
the conventional fatty acid synthase route alongside that for polyketide synthase (PKS).
The former is considered as the aerobic pathway and involves elongation of the carbon
chain and formation of double bonds through a succession of elongase and desaturase
enzymes [297]. In contrast, the PKS is sometimes described as the anaerobic pathway
and, although not yet fully understood, it involves a “block building” system using the
condensing enzyme 3-ketoacyl synthase among others.

In both cases, LC-PUFA

synthesis uses SFA and MUFA as precursors [157]. Therefore, whichever of these
pathways is primarily used by these microorganisms, the synthesis of LC-PUFA as an
end product over time will result in a decrease of the precursors, which was observed as
lower relative levels of SFA and MUFA and higher levels of LC-PUFA in the stationary
phase of growth. In addition, the increase of PUFA in the stationary phase of growth can
be partially explained by the decreased total fatty acid yields in the same phase by almost
all strains (Figure 4.1). This can result in higher relative levels of PUFA due to lower oil
content. However, this is not true for all strains, such as the strains SW7T7C and
Sicyoidochytrium sp., which showed both higher total fatty acid yields and relative levels
of PUFA in stationary phase.
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Table 4.1 Fatty acid composition (as % of total fatty acids) of ten Scottish thraustochytrid
isolates and Sicyoidochytrium sp. (NBRC 102979) grown in MCBHB medium in shake
flask culture and harvested at the end of the arithmetic phase and late stationary phase.
Values represent mean±standard deviation (n=3)
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Table 4.1 continued
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Table 4.2 Fatty acid composition (as % of total fatty acids) of ten Scottish thraustochytrid
isolates and Sicyoidochytrium sp. (NBRC 102979) grown in modified GYP medium in
shake flask culture and harvested at the end of the arithmetic phase and late stationary
phase. Values represent mean±standard deviation (n=3).

88

Table 4.2 continued
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Higher biomass concentrations (Figure 4.2) and fatty acid yields (Figure 4.1) were
reached in MCBHB medium for all strains regardless of the growth phase, with the
exception of Sicyoidochytrium sp. NBRC 102979 for which a higher biomass was
observed in modified GYP at the late stationary phase of growth.
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Figure 4.1 Fatty acid yields (mg g-1 of DCW) of ten Scottish isolates compared to that
for the reference strain Sicyoidochytrium sp. (NBRC 102979) grown in MCBHB (grey)
and modified GYP (white) media at (a) end of the arithmetic phase and (b) late stationary
phase. Values represent mean±standard deviation (n=3)

However, in these screening media, the total lipid contents observed for the Scottish
isolates were low, ranging from 1.6% to 7.5% of DCW regardless of the type of medium
used.

Hence, most of the fatty acids extracted is likely derived from membrane

phospholipids rather than triacylglycerols. Similar results were obtained by Bowles et al.
(1999) [150], who showed that cold temperate strains (isolated from 59-61 °N) only
accumulated lipids to between 2.0% to 7.1% of DCW, while cool temperate isolates (5051 °N) showed a lipid content between 1.6% to 13.6% of DCW. Burja et al. (2006) [144]
also observed less than 10% of total lipid in DCW, for most of their isolates from cool
Atlantic Canadian waters (from 40-50 °N). For industrial applications, the total fatty acid
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yields must be improved to be commercially viable for use in the food and aquaculture
industries. However, a higher glucose concentration (2% in modified GYP compared to
0.1% in MCBHB) did not induce a higher final biomass concentration, nor a higher
accumulation of total lipids. This may be attributed either by the nutrient limitation in
GYP (nitrogen or micronutrient insufficiency), or by an excess of glucose affecting
growth in MCBHB.
Alternatively, the Scottish thraustochytrids may be unable to utilize glucose and utilize
another carbon source, such as amino acids. If this is the case, it implies that the higher
biomass reached in MCBHB was due to other nutrients present such as peptones, yeast
extract and brain heart broth that are complex nitrogen and carbon sources. Indeed, the
total nitrogen and total carbon content in MCBHB were estimated to be 0.26% and 0.08%
(ratio C:N equal to 0.3) respectively, whereas for modified GYP the total nitrogen content
was estimated to be 0.11% and total carbon 0.8% (ratio C:N equal to 7.45). Therefore, a
higher nitrogen content and possibly a carbon source derived from amino acids, was more
beneficial for thraustochytrids growth than a high concentration of glucose.
Among the Scottish isolates, the highest fatty acid yields were achieved in MCBHB by
strain SW7T8C (73 mg g-1 DCW) at the end of the arithmetic phase (Figure 4.1), while
the maximal biomass concentration at stationary phase of growth was found with strains
OL5TA and SW7T4C6 (ca. 0.78 g L-1) (Figure 4.2). Only strain TL18 showed higher
fatty acid yield in modified GYP, which was achieved at the end of the arithmetic phase
of growth (45.2 mg g-1 DCW in modified GYP compared with 25.1 mg g-1 DCW in
MCBHB) (Figure 4.1).
Hence, under the growth conditions used in this study, MCBHB was generally found to
be a more suitable growth medium, because higher fatty acid yields and biomass
concentrations were achieved. However, we note that in terms of yield, none of the strains
out-performed Sicyoidochytrium sp. NBRC 102979.

Again, similar final biomass

concentrations were found by Bowles et al. (1999) [150] and Burja et al. (2006) [144] for
strains isolated from other cold water environments. In both studies, a medium containing
0.5% glucose was used, and final biomass concentrations achieved ranged between 0.1 g
L-1 and 1.5 g L-1 during the initial screening stage. Therefore, the performance of the
Scottish strains was similar to strains that had been isolated from cold Atlantic waters
with similar biomass and total fatty acid yields obtained at the screening stage. Since
lipid accumulation does not appear to be enhanced by an increased glucose concentration,
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an approach to achieving more competitive biomass concentration and total lipid yields
may require development of an optimised MCBHB medium containing different nutrients
such as complex carbon and nitrogen sources. Therefore, higher yields are also likely to
be achieved, possibly by changing other aspects of the medium and/or growth conditions.
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Figure 4.2. Biomass concentration (g L-1) of ten Scottish isolates and reference strain
Sicyoidochytrium sp. (NBRC 102979) grown in MCBHB (grey) and modified GYP
(white) media at (a) end of the arithmetic phase and (b) late stationary phase. Values
represent mean±standard deviation (n=3)

4.4.2

Effect of medium on PUFA profiles

The total PUFA composition in the stationary phase across all the strains studied ranged
from 47.9% to 75.1% of TFA in MCBHB medium (Table 4.1), and from 48.8% to 76.5%
of TFA in modified GYP medium (Table 4.2). In MCBHB medium, the highest DHA
levels of 63.2% and 60.7%, respectively, of the TFA were produced by strains OL5TA
and TL18, while maximum DHA levels in modified GYP medium were produced by
strains SW7T8C, TL18 and OL5TA at 66%, 67% and 60% of the TFA. Overall, the
medium type had little effect on the PUFA profile of the strains in the stationary phase of
growth (Figure 4.3); the production of omega-3 fatty acids prevailed over the production
of omega-6 fatty acids in all cases, with DHA as the predominant PUFA component. The
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only exception was that a greater relative level of DPAω6 was observed for strains
SW7T4C1 (10% of PUFA) and SW7T4C6 (11% of PUFA) in MCBHB medium (Figure
4.3), with lower relative levels of DPAω6 produced in modified GYP (4% and 5% of
PUFA respectively).
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Figure 4.3. PUFA profiles expressed as % of total PUFA of ten Scottish thraustochytrid
isolates and reference strain Sicyoidochytrium sp. (NBRC 102979) grown in (a) MCBHB
and (b) modified GYP medium in late stationary phase of growth. Values represent mean
of triplicate (n=3)

Thus, the fatty acid composition of the Scottish isolates showed a comparable PUFA
profile in modified GYP and in MCBHB media, with a high DHA level (average 83% of
total PUFA), and low levels of EPA (average 7% of total PUFA) and DPAω6 (average
5% of total PUFA). These results are in agreement with those of Huang et al., (2003)
[32] who observed no change in PUFA profiles of strains collected in coastal areas of
Japan and Fiji when using different media containing different glucose concentrations.
From these data, the Scottish strains could potentially be of commercial interest for
omega-3 oil production, as the DHA level (expressed as % TFA) is, to the best of our
knowledge, among the highest recorded to date from an initial screening study. The
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highest level of DHA production by a thraustochytrid previously reported during a
screening study was 61% of TFA by Aurantiochytrium sp. TC-39 [76]. As discussed
below, further work to optimise DHA yields is warranted in order to explore the
biotechnological potential of these strains.

4.4.3

DHA concentrations

As described in section 4.4.1, thraustochytrid strains grown in MCBHB medium showed
higher fatty acid yields and biomass production compared to growth in modified GYP
medium, while relative (% TFA) levels of PUFA were higher in the stationary phase.
Therefore, the concentration of DHA in mg L-1 in MCBHB medium at stationary phase
was examined. Among the Scottish isolates, strains SW7T4C1 and TL18 showed the
highest production with DHA concentration reaching 16 mg L-1 on average (Figure 4.4).
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Figure 4.4. DHA content in mg L-1 of the ten Scottish strains compared to the reference
strain Sicyoidochytrium sp. (NRBC 102979) when grown in MCBHB medium to the late
stationary phase of growth. Values represent mean±standard deviation (n=3)

These yields were lower than for the reference strain Sicyoidochytrium sp. NBRC 102979
(24.6 mg L-1) and considerably lower than concentrations reported in other screening
studies, with for instance, Aurantiochytrium mangrovei FB3 which achieved a DHA
concentration of 2.5 g L-1 [298].

However, as described in 4.4.1, the low DHA
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concentrations achieved with the Scottish strains can be mainly attributed to a low final
biomass concentration reached in MCBHB, largely as a result of low-glucose
concentration in the medium. Indeed, when proportional levels of DHA were compared,
the Scottish strains exhibited the highest values (up to 63% DHA of TFA in MCBHB)
(Table 4.3). These observations suggest that in a more suitable medium, higher levels of
biomass and DHA concentrations could be achieved. For instance, for the organism
Aurantiochytrium sp. TC-20, Lee Chang et al. (2012) [76] reported a similar low DHA
concentration (40 mg L-1), final biomass concentration (1 g L-1), total fatty acid content
(7.8%) and a relatively high level of DHA (52% of TFA) during initial screening of this
strain.

Nonetheless, in subsequent studies with the same organism using further

optimized culture conditions (fed-batch bioreactor with glycerol and varying nutritional
supplements), the biomass reached 71 g L-1 and the DHA concentration was improved to
14 g L-1 of culture medium, while the relative proportion of DHA decreased slightly to
39% of TFA [138]. Thus, it was demonstrated that it was possible to greatly increase the
final biomass by optimizing culture conditions and culture strategy, whilst having only a
moderate effect on the relative levels of DHA, hence allowing for considerable
improvement in the culture DHA concentration. Taken collectively, Scottish strains show
considerable potential for achieving higher DHA concentrations, due to their high relative
levels of DHA coupled with the scope for improvement in final biomass concentrations
and thereby fatty acid yields.

4.4.4

Mathematical model to assess the by-product oil for use as biodiesel

To maximise the possible future industrial potential of the Scottish thraustochytrid strains,
a post-fermentation winterization or other separation/fractionation step was assumed.
Briefly, the winterization (or other) process is a physical process that enables the
separation of oils (generally composed of LC-PUFA) from fats (generally composed of
SFA) according to their melting point by means of cooling and filtration. During the
cooling step, SFA which have higher melting points than LC-PUFA, will solidify first
(stearin) while LC-PUFA will remain liquid (olein), thus allowing their separation and
purification by subsequent filtration.
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Table 4.3 Comparison of relative levels (as % TFA) and culture concentrations of DHA

at the screening stage for different thraustochytrid strains

Therefore, this process has the specific objective to increase the content of omega-3, and
thus DHA, of the primary oil by removing SFA and MUFA. Meanwhile this could
potentially also enable the co-production of microbial biodiesel from the residual stearin
[245].
To assess this, relative levels of SFA and MUFA from cultures grown in MCBHB
medium and harvested at the end of the arithmetic phase, were re-calculated assuming
that LC-PUFA were removed from the lipid phase by winterization leaving MUFA and
SFA as the predominant fatty acids (Table 4.4). Indeed, shorter chain (SC, ≤ C18) fatty
acids and a high degree of saturation are often seen as more suitable for optimal biodiesel
properties [245].
The qualitative properties of the thraustochytrid residual oil for potential biodiesel
application, based on the fatty acids profiles after winterization, are reported in Table 5.
The saponification values ranged from 109 to 183, showing disparity of the average fatty
acid chain length of the Scottish strains. The iodine values ranged from 3 to 21, showing
different oxidative stability profiles. For instance, the high iodine value of strain OL5TA
(21) and SW4T2B (18) could be explained by the high level of MUFA (23.6% and 20.2%
of TFA, respectively), in particular of 18:1ω7c, thus reflecting a richness in double bonds
of the oil. On the other hand, SW7T4C1 and SW7T4C6 showed a lower iodine value (3
and 6, respectively) due to their lower levels of 18:1ω7c (1.4% and 1.3% of TFA,
respectively), and high levels of SFA (88.9% and 84.8% of TFA, respectively). This
feature is confirmed by the value for the degree of unsaturation, which is directly
proportional to the relative level of unsaturated fatty acids. Good ignition properties are
achieved with a fatty acid profile rich in SC-SFA, which implies low iodine and
saponification values and therefore a high cetane number. The strains SW4T2B, OL5TA
and SM01 exhibited the highest cetane numbers (90, 91 and 93 respectively).
Nonetheless, the remaining strains still showed a high cetane number ranging from 73 to
86. The LCSF is a good indicator of the richness of an oil in LC-SFA, which are
undesirable for biodiesel as they have high melting points.

Indeed, for biodiesel

application, the oil must remain liquid at low temperatures to avoid clogging of engines
and fuel lines.
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77.3±0.1

1±0.1
29.7±0.1
0±0
0.6±0.1
17.2±0.1
1.2±0.2
2±0.3
28.5±0.2
1±0.2
5.2±0.1
0.8±0.1
0.3±0.9

0±1.7

SM01

10±0.1

76.4±0.1

1.5±0.1
6.9±0.2
0±1.7
3.3±0.2
64±0
0.7±0.3
0.1±0.9
3.2±0.1
1.4±0.4
4.5±0.2
0.8±0.1
0±0.9

0±0

102979

Table 4.4 Theoretical fatty acid profile of oil derived from Scottish thraustochytrids

cultured in MCBHB medium and harvested at the arithmetic phase of growth followed

by a theoretical winterization process

Table 4.5 Qualitative properties of biodiesel for ten Scottish thraustochytrid strains and

SW4T2A

SW4T2B

SW4T8A

OL5TA

SW7T4C1

SW7T4C6

SW7T7C

SW7T8C

TL18

SM01

102979

reference strain Sicyoidochytrium sp. based on their fatty acid profiles in Table 4.4

SV

183

114

131

109

154

156

149

182

159

111

159

IV

14

18

9

21

3

6

10

9

8

9

9

CN

73

90

86

91

81

80

81

74

79

93

78

DU

30

39

20

46

6

13

22

21

17

20

20

LCSF 2.0

3.8

1.8

1.8

5.4

3.5

3.0

2.4

5.1

2.1

6.8

-5.5

-6.9

-9.0

-0.5

-9.8

4.9

CFPP -10.1 -4.5

-10.8 -10.9 0.4

SV: saponification value is correlated with the average chain length (molecular weight) of the fatty acids
profile, IV: the iodine value represents the oxidative stability by evaluating the total unsaturation of the
fatty acid profile, CN: the cetane number represents the ignition property, DU: denotes the degree of
unsaturation of the fatty acids which represents the oxidative stability during long term storage, LCSF: a
high long chain saturation factor indicates an oil rich in LC-SFA and therefore more sensitive to
crystallization, CFPP (°C): the cold filter plugging point is the temperature at which the biodiesel tends to
crystallize which can clog the filters and fuel lines [299].

Thus, a low LCSF value will result in a low CFPP, which is a good intrinsic property for
biodiesel. In the present study strains SW4T2A, SW4T8A, OL5TA and SM01 showed
very low CFPP values of -9.8 °C or below, while strains SW7T4C1 and TL18 showed
the highest CFPP of 0.4 °C and -0.5 °C, respectively.
As shown in Table 4.6, Scottish thraustochytrids under the growth conditions used in this
study, and after a winterization process, could meet the reference standard criteria for
biodiesel application according to the European Standard EN 14214 and ASTM
International standard D6751. All of their cetane numbers are above 51 and iodine values
below 120, mainly due to their high SFA composition. In comparison, Byreddy et al.
(2015) [246], in a similar sub-study on biodiesel, found that full crude oil extracted from
Schizochytrium sp S31 and Thraustochytrium sp AMCQS5-5 did not meet the biodiesel
standard requirement due to the high relative level of LC-PUFA contained in both strains.

99

100

>47

49
47
44
91
93
57
56
50
61
-

ASTM D6751

Schizochytrium sp. S056

Schizochytrium sp. S31

Thraustochytrium sp. AMCQS5-5

Scottish thraustochytrid OL5TA

Scottish thraustochytrid SM01

Chlorella

Phaeodactylum

Sunflower

Palm

Microcystis aeruginosa NPCD-1

Trichormus sp.CENA77

Abbreviation see Table 4.5

>51

EN 14214

CN

68

57

57

132

59

65

9

21

157

99

118

-

<120

IV

213

210

(205)

(193)

217

225

111

109

165

234

-

-

SV

10

-3

-12.3

-4.6

-9.8

-10.9

1.9

4.5

7.5

-

-

CFPP

70

61

-

-

53

71

20

46

70

63

-

-

DU

5

5.7

-

-

1.3

3.8

2.1

1.8

5.8

3.8

-

-

LCSF

[300]

[300]

[242], [323]

[242], [323]

[285]

[285]

This study

This study

[246]

[246]

[247]

References

Table 4.6 Intrinsic properties calculated from fatty acid profiles of oils from

thraustochytrids and other sources for potential biodiesel application

Nonetheless, Schizochytrium sp. S056 almost met the EN 14214 standard [247], showing
that thraustochytrid crude oil rich in palmitic acid could potentially be used for biodiesel
exploitation directly without requiring a winterization step. However the CFPP (7.5 °C)
was higher when compared to the findings of this study (as low as - 10.9 °C) which would
be a disadvantage (Table 4.6).

Crude oil from other microorganisms, such as

phototrophic microalgae and cyanobacteria also have shown potential for biodiesel
application with low CFPP values, but higher SV and DU values were observed,
suggesting higher content in LC-PUFA, thus showing the importance of the winterization
step to remove these [285], [300].

Lee Chang et al., (2015) [249] showed that

thraustochytrid cultivation for hydroprocessed biodiesel production could be viable using
agro-industrial by-products (e.g. molasses or glycerol) as sole carbon source. However,
transesterified biodiesel had a low energy return on energy invested factor of 0.43
(meaning that for 1 unit of energy produced, 2.32 units of energy are needed). As a result,
additional research would still be required to improve growth conditions, fatty acid profile
and yield for biodiesel production from thraustochytrids. The most promising way
forward may rather see a primary objective of optimising PUFA production by
thraustochytrids with by-product oil lacking PUFA also being available for biodiesel
application.

4.5

Conclusion

This initial screening study of new Scottish thraustochytrid strains, based on their fatty
acid profiles following growth in low-glucose and complex nitrogen source-rich medium
MCBHB, showed that they have potential for DHA production, particularly strains TL18
and SW7T4C1 (highest culture DHA concentration) and strain OL5TA (highest relative
proportion of TFA as DHA). Further work is now required to optimize culture conditions
(including further investigation of different carbon and nitrogen sources in the medium)
to increase the biomass and fatty acid yields of these Scottish strains in order to generate
competitive levels of production. In addition, a mathematical analysis of residual fatty
acids after a theoretical winterization step, revealed that the by-product oil could be
potentially suitable for biodiesel production. In the next chapter, a modified version of
MCBHB using strain OL5TA was explored to improve biomass yields, and thus also
DHA yields in a 5L control batch reactor. Carotenoid production was also investigated
as another biotechnological potential.
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Chapter 5: Investigation of culture medium optimisation and
carotenoid production by Caledonichytrium matryoshkum sp.
strain OL5TA
5.1

Abstract

The optimisation of culture media and growth conditions for Caledonichytrium
matryoshkum sp. strain OL5TA was investigated. Two trials were performed in 5-L batch
reactor under controlled temperature, agitation and air flow. In the first trial, a revised
version of MCBHB enriched in carbon and nitrogen source was investigated in order to
increase biomass and lipid content. In the second trial, in the absence of final biomass
concentration improvement, we investigated the impact of a pH-controlled fermentation.
Briefly, over a period of 6 days, biomass, glucose and free amino nitrogen (FAN)
concentrations were monitored alongside dissolved oxygen, pH and redox values. In both
operated conditions, the consumption of glucose and FAN did not occur, while final
biomass concentration did not increase in the high glucose treatment or in the pHcontrolled treatment. Hence, no lipid analysis was performed as DHA yields would have
remained the same, as previously described (see Chapter 4).

Thus, this study

demonstrated that Caledonichytrium matryoshkum OL5TA did not assimilate glucose,
nor higher concentrations of complex carbon and nitrogen sources, and also pH regulation
did not improve final biomass yields. Therefore, other specific types of carbon and
nitrogen sources should be investigated. Whilst no conclusive results were obtained to
determine carbon source utilisation by strain OL5TA using the Biolog assay method, a
preliminary analysis of enzyme activities in Japanese and Malaysian strains showed
active protease, lecithinase and agarase activities, but two strains failed to degrade starch.
Whilst these results are preliminary, it was hypothesised that other carbon sources, such
as galactose, fructose, as well as lipid compounds (i.e. surfactants), hydrocarbons and
proteins could be potential nutrient sources and should be further investigated. We also
investigated the carotenoid profile of strain OL5TA. Since little impact of the carbon
source in the culture media was observed, we deduced that differences in the carotenoid
profile were due to different phases of growth reached during harvest. Indeed, higher
content of the precursors canthaxanthin and phoenicoxanthin were observed when cells
were harvested in early stationary phase, in trial A, (33 % and 22 % of total carotenoids,
respectively) while, higher level of the last metabolite, astaxanthin, was observed (56%
of total carotenoids) at the end of arithmetic phases, in trial B.
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5.2

Introduction

The optimisation of culture conditions for the production of value-added biomolecules
from thraustochytrids has been extensively study over the past two decades. Yokochi et
al. (1998) [143] showed that glucose, fructose, and glycerol were suitable carbon sources
for biomass accumulation and DHA production by Aurantiochytrium limacinum SR21,
while yeast extract and corn steep liquor were optimal nitrogen sources for this strain.
This was further supported by Chen et al. (2010) [149] when investigating biomass and
squalene content in Aurantiochytrium sp. 18W-13a, who found that the use of MSG and
of complex nitrogen sources, such as peptone, tryptone and yeast extract, resulted in
higher biomass. Similarly, Manikan et al. (2015) [296] showed fructose, mannose and
glucose as the best carbon sources for biomass production and lipid accumulation by
Aurantiochytrium sp. SW1. Other studies have shown that other parameters, such as pH,
seawater concentration and temperature, can have a minor to negligible influence on final
biomass concentrations for species of thraustochytrids when evaluated within a pH range
of 5-8, seawater concentration of 20%-100% (v/v), and temperature of 20-30 °C [35],
[130], [136], [257], [301].
To increase biomass production, and hence also DHA production, many studies attempted
the use of increasing the carbon source concentration (up to 100 g L-1) with a particular
focus on glucose and glycerol as these substrates are relatively cheap [147] (see section
1.5.3 for more information). Nitrogen source concentrations have also been investigated,
herein with the intention to achieve an optimal C:N ratio that will give the highest DHA
productivity.

Whilst any optimisation effort will be limited by the strains under

evaluation, a general tendancy is to begin with a low C:N ratio during the fermentation
and to then finish with a high C:N ratio during the lipid accumulation phase (see section
1.5.4). Many researchers have also evaluated the use of cost-effective raw feedstocks as
alternative cheap growth substrates/media, often the by-products of the food industry,
such as coconut water, residues from beer and potato processing and sweet sorghum juice
[302]–[304]. However, little work has been done to evaluate other carbon sources other
than glucose or glycerol – for example, hydrocarbon substrates, amino acids and
polysaccharides to name a few.
Carotenoids production by thraustochytrids has also been investigated as these are
pigments that are widely used in industry, in particular astaxanthin. Thraustochytrids
have been reported to produce astaxanthin at 1.5 mg L-1 d-1, which is comparable with the
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yeast Phaffia rhodozyma (0.9-2 mg L-1 d-1) and the freshwater micro-alga Haematococcus
pluvialis (1.9 mg L-1 d-1) [260]. Quilodrán et al. (2009, 2010) [303], [305] investigated
novel feed sources for carotenoids and DHA production using the thraustochytrid strains
Thraustochytrium sp. M12-X1, Schizochytrium sp. C41 and Ulkenia sp. ASA-A1 in
liquid residues from beer and potato processing industry. They showed that Ulkenia sp.
ASA-A1 exhibited maximal productivity of astaxanthin (63 ± 3 mg L-1 day-1) in residue
from brewery by-product (RB), while maximum DHA productivity (187 ± 5 mg L-1 day1

) was obtained in RB medium supplemented with yeast extract (2 g L-1) and MSG ( 2 g

L-1) [305]. Thus, the optimal medium for DHA production might be different for
carotenoid production. When compared with Haematococcus pluvialis, Ulkenia sp.
ASA-A1 showed comparable maximal carotenoid content between 3.5 % to 3.9 % of
DCW. In this study, the potential of the newly discovered strain Caledonichytrium
matryoshkum OL5TA was investigated in a modified version of MCBHB medium in an
attempt to improve biomass final concentration, and thus DHA yields, and carotenoid
production. The use of several carbon sources and raw feedstocks was also investigated.

5.3

Material and Methods

Batch fermentation experiments were carried out with strain OL5TA, as described in
section 2.17. A recapitulative table of the conditions used to carry out two trials (A and
B) is presented below (Table 5.1).
During fermentation, glucose, FAN, and protein consumption were measured following
the methods described in sections 2.18, 2.19, and 2.20. At the end of the fermentation,
cells were harvested and the carotenoids extracted and analysed as described in sections
2.15 and 2.16, respectively.
To assess carbon source utilisation, we first performed a Biolog assay with strain OL5TA,
as described in section 2.21. However, this did not work as no growth was recorded in
any well (OD at 600nm was non-stable over time and very low), and no colour change
was observed indicating no active cell respiration. In addition, strain OL5TA and the
other Scottish strains were not amenable to growth on solid agar media (minimal growth
observed after one month incubation on streaked agar plates). Fast growing Japanese
strains (growth observed within 1 week on agar) were therefore used as a proxy for the
Scottish strains in order to investigate the potential of recognised and new sources of
feedstocks in this study.

Detection of enzyme activity for the degradation of
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polysaccharides, proteins and lipids was performed on sub-tropical Japanese strains, as
described in section 2.22.
Table 5.1. Media composition and parameters used for fermentation trials A and B
performed in a 5L batch reactor
Trial A

Trial B

Glucose

2.5%

0.1%

Bactopeptone, Yeast Extract, MSG

0.5%

0.05%

Peptone from gelatin, enzymatic digest

0.5%

0.1%

Brain Heart Broth

1.75%

1.75%

Temperature (°C)

25

25

Agitation (rpm)

150

150

pH

Non-controlled

7

Air (vvm*)

0.5

0.5

Medium composition (w/v)

Parameters

*vvm: volume of air per volume of culture medium per minute

5.4
5.4.1

Results and Discussion
Effect of media and cultivation parameters on biomass production

In Chapter 4 we observed that medium composition had little effect on PUFA profile.
Thus, it can be hypothesised that media optimisation to increase biomass and lipid content
would be expected to lead to an increase in DHA final concentration and productivity.
Final biomass concentration was hypothesised to be potentially improved by increasing
complex nitrogen and carbon source (such as amino acids) concentrations in MCBHB,
while the possibility of a non-glucose assimilation metabolism was also discussed.
Hence, in the first trial experiment (trial A), higher glucose concentrations were used in
order to measure glucose consumption, if any, whilst higher concentrations of MSG,
peptones and yeast extract were used to either i) support growth by supplying nitrogen
and other micronutrients in a glucose assimilation scenario, or ii) to provide an alternative
complex carbon and nitrogen source, as in a non-glucose metabolism scenario, in order
to increase biomass and lipid content. In trial A, pH was not controlled in order to provide
an indication of alkalinisation or acidification during the fermentations.
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As shown in Figure 5.1a, the increase in pH over time (from 7.0 to 7.5) indicated an
alkalinisation of the medium, which could be due to the decarboxylation of amino acids,
releasing alkyl amine compounds. The slow growth observed (final optical density of 0.7
after 6 days, Figure 5.1) and the low biomass concentration reached (only 0.8 g L-1) of
DCW (Table 5.3), might be the reason for the weak alkalinisation of the medium (only
+0.5 pH unit). However, as seawater does have some degree of buffering capacity [306],
and it constituted 50% of the medium used, the alkalinisation of the medium due to the
release of alkyl compound could be more important in a medium composed at a lower
strength of seawater (salinity or ionic strength).
Depletion of dissolved oxygen seemed to be greatest during the mid-arithmetic phase at
day 3, as shown in Figure 5.1, which could indicate active cell respiration during
arithmetic phase of growth. Similarly, the redox curves shown in Figure 5.1a appeared
to be the inverse mirror image of the growth curves shown in Figure 5.1b, while a strong
decline to the potential redox is observed at day 3. This could be due to the release of
powerful reducing compounds during the active cell growth phase. Indeed, certain
compounds such as aldehydes, ketones, disulfides or amides are known for their strong
reduction potential and alkyl properties. Thus, if synthesised and released in the medium,
they could be responsible for an increase in pH and decrease in redox potential of the
medium. However, if this hypothesis can be verified, this could be interesting to
investigate the relationship of pH and redox and their role in triggering DHA production.
No consumption of glucose or FAN was recorded (Figure 5.1), while protein
concentration was very low during the whole duration of the fermentation (41 mg L-1 on
average, data not shown). Overall, glucose concentrations in trial A averaged 20.7 ± 1.6
g L-1, while FAN concentrations were on average 0.97 ± 0.11 g L-1 throughout the 6-day
duration of this experiment.
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Figure 5.1. Fermentation of strain OL5TA in trial A showing (a) dissolved oxygen (DO),
potential redox and pH change, and (b) growth (OD), and glucose and FAN consumption.
Error bars represent standard deviation of the mean of duplicate fermentation
experiments.
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To summarize, in trial A it had been observed that the absence of glucose, FAN and
protein depletion is likely the cause for low final biomass. On the other hand, the increase
in OD, the alkalinisation of the medium over time, the dissolved oxygen and redox drop
during mid-arithmetic phased suggests that the cells went through a period of active
respiration. However, an inhibitory effect prevented the growth to go beyond the final
biomass concentration in the shake flask incubations, as observed back in Chapter 4.
Several hypothesises can be drawn from this:
•

Not only the novel strain cannot assimilate glucose, but a concentration of 2.5%
of glucose has an inhibitory effect on the growth

•

The alkalinisation of the medium has an inhibitory effect on the growth

•

High concentrations of complex carbon and nitrogen sources (proteins, yeast
extract, etc.) has an inhibitory effect.

•

Caledonychytrium matryoshkum does not assimilate neither glucose and other
complex carbon sources such as amino acids and proteins, although the
concentrations of these components did not appear to have an inhibitory effect on
growth

•

Temperature, oxygen or any other physical conditions used in this study are
inhibitory of growth

•

One or several micronutrients are essential for the optimal development of
Caledochytrium matryoshkum and their limitation had inhibitory effect on the
growth in the present study.

To test whether a potential pH inhibition could be responsible for growth inhibition,
and/or whether excess substrate concentrations effected the same, a second treatment was
carried out (trial B). Briefly, a second fermentation was carried out in MCBHB culture
medium in a pH 7-auxostat bioreactor system (pH 7), while the same conditions were
maintained for temperature, air flow and agitation. The same MCBHB component
concentrations were used as performed in the shake flask cultures of Chapter 4. The
results of this trial B experiment showed the same trend as in trial A (Figure 5.2). Initial
glucose concentration was equal to 2.0 ± 0.32 g L-1 as expected from medium
composition, but remained stable throughout the duration of the fermentation. This
confirmed that glucose was not being used as a carbon source by the strain.
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Figure 5.2. Fermentation of OL5TA in trial B showing (a) dissolved oxygen (DO),
potential redox and pH evolution (b) growth curve (OD), glucose and FAN depletion.
Error bars represent standard deviation of the mean of duplicate fermentation.
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Surprisingly, initial FAN concentrations in trial B (0.89 ± 0.32 g L-1) were not
significantly lower compared to the FAN concentrations in trial A, despite a reduction in
the proportion of peptone, MSG, yeast extract and gelatine hydrolysate in the medium
composition of trial B. This could be attributed to the equal proportion (1.75 % (w/v)) of
the brain heart broth (BHB) ingredient in both media, and largely in excess when
compared to the proportion of MSG, yeast extract and gelatine hydrolysate in both media
composition. Thus, the FAN could be mostly coming from BHB source, whist the
remaining ingredients (MSG, yeast extract, bactopeptone and gelatine hydrolysate) were
not major contributing sources to FAN concentration. Thus, this could explain the same
initial FAN concentrations in trials A and B. Dissolved oxygen and redox curves showed
a stronger drop at mid-arithmetic phase (day 3, Figure 5.2a), while the growth curve
showed a sharper sigmoid curve (Figure 5.2b), indicating a stronger active cell respiration
than in trial A. This could be attributed to the controlled pH in trial B, which may have
alleviated some of the inhibitory effect on growth.
However, the final biomass reached in the fully-controlled pH-auxostat bioreactor was
similar to the final biomass concentration reached in trial A (0.8 ± 0.4 g L-1). Hence,
while pH control had an overall positive impact on the fermentation, its effect was mild
and did not resulted in an increase of biomass. Therefore, either the pH control did not
alleviate a total inhibition due to an alkyl inhibition effect, or little inhibition effect should
be attributed to an increase of +0.5 of pH in trial A. It was expected the alleviation of
total inhibitory effect would lead to a higher final biomass concentration. However, this
was not observed. Hence, it can be posited that the inhibition effect must come from
another factor, while pH control only very mildly alleviated the inhibitory effects.
Thus, as a summary from trial A and trial B, the following can be concluded:
1. Caledonichytrium matryoshkum does not utilized glucose as a sole carbon source
at initial concentrations of 20 g L-1 or 2 g L-1 and did not have any effect on final
biomass, thus showing no apparent inhibitory effect.
2. An increase of +0.5 pH value did not have a strong inhibitory effect, and thus its
impact could be considered as negligible in this trial experiment.
3. A high or a low complex carbon and nitrogen source concentration in MCBHB
medium (yeast extract, bactopeptone, MSG, gelatin hydrolysate) did not improve
final biomass concentration
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Thus, drawing from these conclusions, we suggest that Caledonichytrium matryoshkum
does not grow on glucose, and complex carbon sources such as amino acids or peptides,
have little impact on growth.

Therefore, a suitable sole carbon source must be

investigated before further media optimisation in 5L bioreactor is carried out.
To our knowledge, this is the first report showing evidence of a thraustochytrid strain
exhibiting a non-glucose assimilation metabolism. Although Quilodrán et al. (2010)
[305] reported no growth of Ulkenia sp. ASA-A1 in a medium amended with 2% glucose
as the sole carbon source, the concentrations of glucose were not monitored. Indeed,
glucose is commonly used as the first choice as the sole carbon source for
thraustochytrids, since many strains have shown rapid assimilation and high
concentration tolerance.

In addition, glucose is regarded as an economical and

conventional carbon source [307]. For example, Aurantiochytrium limacinum SR21, has
been shown to completely consume glucose and ammonium when cultured with a starting
concentration of 80 g L-1 of glucose and 120 mg L-1 of ammonium [151], while similar
results were obtained with Aurantiochytrium B072 using initial concentrations of 100 g
L-1 glucose in batch and fed-batch reactors [308]. However, Li et al. (2009) [256]
reported that, when screening for squalene-producing thraustochytrids, large differences
in glucose utilisation occurred, although all the strains tested were found to grow on
glucose as a sole carbon source.

5.4.2

Alternative carbon sources and feedstocks

As a result of the conclusion in section 5.4.1, other potential carbon sources were
investigated. As mentioned earlier, the Biolog assay was unsuccessful as no detectable
utilisation of any of the 96 carbon sources was recorded after one month incubation at
room temperature in the dark, despite attempting this several times using different initial
inoculum sizes. In addition, the very slow growth of strain OL5TA on solid agar plates
did not allow further work to analyse for polysaccharide-degrading enzyme activity by
this strain. However, in order to relate this to the strain in question, polysaccharidedegrading activities of Sicyoidochytrium sp. NBRC 102979, Schizochytrium sp. NBRC
102616 and Parietichytrium sp. NBRC 104108 were examined (Table 5.2). This is
because polysaccharide-degrading enzymes, as well as other food-degrading enzymes,
could be an indication of the carbon and nitrogen sources that thraustochytrids are able to
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use [176], and the purpose of this evaluation with these other strains was to draw parallels
here in this respect.
The enzyme assays revealed that Sicyoidochytrium sp. did not degrade starch or cellulose
(Table 5.2) – both substrates are branched macromolecules consisting primarily of
glucose. This is indicative of no functional or expressed amylase and cellulase enzymes,
and it could also be an indication of a lack of glucose assimilation by this organism.
Conversely, Parietichytrium sarkarianum exhibited amylase and cellulase activities as
also observed for Schizochytrium sp. with the exception that it lacked amylase activity;
this may be an indication of glucose assimilation by these organisms. Following this
rationale, D-galactose and 3.6-anhydro-L-galactopyranose, which constitute agarose,
could be suitable carbon sources for some thraustochytrids such as Schizochytrium sp.
and Parietichytrium sarkarianum. Casein was degraded by Schizochytrium sp. and
Parietichytrium sarkarianum, while gelatine was degraded by Schizochytrium sp. and
Sicyoidochytrium sp. Lecithin was the most efficiently degraded substrate by all the
strains.
Table 5.2.

Polysaccharide-degrading enzyme activities measured in sub-tropical

Amylase

Cellulase

Lecithinase

Chitinase

Alginate lyase

Agarase

Ligninase

Elastase

Gelatinase

Caseinase

Japanese strains (NBRC culture collection number 102616, 102979 and 104108).

Schizochytrium sp.

-

+

+

-

-

+

-

-

+

+

Sicyoidochytrium sp.

-

-

+

-

-

-

-

-

+

-

Parietichytrium sarkarianum +

+

+

-

-

+

-

-

-

+

A similar study investigating extracellular enzymes in Thraustochytrium, Schizochytrium
and Aurantiochytrium, showed similar results. Indeed, Schizochytrium aggregatum
ATCC 28209 showed protease (casein hydrolysis), lipase (Tween 80 hydrolysis) and
gelatinase activity, while no detection of amylase or chitinase activity was observed
[175]. In the same study, the Thraustochytrium species studied showed caseinase
(protease), lipase, phosphatase, urease, amylase, gelatinase and a-glucosidase activity,
while chitin degradation was only observed with Thraustochytrium sp. ATCC 24473.
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Protease, lipase, urease, phosphatase and a-glucosidase activity were the only activities
reported with Aurantiochytrium species. On the contrary, Nagano et al. (2011a) [174]
showed extracellular cellulase activity using the same strains of Thraustochytrium and
Schizochytrium, which was not observed in a study by Taoka et al., (2009) [175]. Devasia
and Muraleedharan (2012) [176] also reported that many thraustochytrid strains isolated
from coastal waters in India could degrade cellulobiose, agarose, starch and to a lesser
extent xylan.
Hence, if there is enzymatic evidence that many thraustochytrids can degrade complex
polysaccharide, like starch and cellulose, and thus potentially use glucose as a sole carbon
source, other polysaccharides or complex feed sources had been shown to be efficiently
degraded as well. Indeed, agarose, gelatine, casein and surfactants (lecithin, polysorbate
80) are many other compounds that thraustochytrid can degrade and thus potentially use
a sole carbon source. This was supported by several optimisation studies that showed
fructose, galactose, or mannose were as efficiently assimilated (sometime better than
glucose and/or glycerol) by Aurantiochytrium sp. KH105 [301], Aurantiochytrium
limacinum, Schizochytrium aggregatum [25] and Aurantiochytrium sp. SW1 [296].
More recently, some studies used fructose as a sole carbon source using hydrolysate of
brown seaweed (after treatment with Gluconobacter oxydans) or high fructose corn
liquor, and had shown the potential of these alternative feed sources for DHA production
[309], [310]. Additionally, many other sources like agarophytes algae [311], lactosederived by-products and the exudates from some plants and seeds that are rich in galactose
[312], could also be investigated as potential new sole carbon sources.
Based on this study, it can be hypothesised that media amended with proteins and
phospholipids could be better than sugar-based media for some thraustochytrid strains, as
many strains have been found to express highly-active protease and hydrocarbondegrading enzymes, from lipase to lecithinase, and potentially complex alkane and
aromatic hydrocarbon-degrading enzymes [92]. Also, a wider range of sugar substrates
have not yet been explored and could potentially result in higher DHA production yields,
particularly algal-based carbohydrates.
5.4.3

Effect of medium on the production of carotenoids by strain OL5TA

Although glucose was not used as a carbon source by strain OL5TA, and final biomass
concentrations in both fermentation trials yielded similar concentrations of ca. 0.8 g L-1,
the carotenoids profile (Figure 5.3) and carotenoids production (Table 5.3) were
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nonetheless different between trial A and B.

First of all, the total production of

carotenoids was 57% higher in trial A (82.7 ± 7.1 µg g-1) than in trial B (46.9 ± 16.8 µg
g-1) (Table 5.3). This could suggest that despite no glucose was assimilated and final
biomass concentrations reached were equal in both trials, higher concentrations of carbon
and nitrogen sources may have effected a positive impact on the production of
carotenoids. Production yields for echinenone, canthaxanthin and phoenicoxanthin were
higher in trial A than in trial B, while no definite conclusion could be reach for astaxanthin
production due to the markedly high standard deviation in trial B (Table 5.3). This is also
significantly superior when compared to other strain grown in glucose, such as
Thraustochytrium sp. strains AMCQS5-5 (16 µg g-1), AMCQS5-3 (16 µg g-1),
Schizochytrium sp AMCQS1-9 (5.2 µg g-1), Schizochytrium sp. S31 ATCC 20888 (16.8
µg g-1) [147] or Thraustochytrium sp. ONC-T18 (50.6 µg g-1) [264]. However, other
authors have reported carotenoid concentrations higher than 1 mg g-1 under different
growth conditions (e.g. blue light excitation) or high carbon substrate concentrations (e.g.
up to 10% glucose) with Thraustochytrium sp. CHN-1 [313] and Aurantiochytrium sp.
KH105 [260], respectively. To date, Ulkenia sp. AS4-A1 has been reported to yield the
highest carotenoid content, with an astaxanthin content of 39 mg g-1 (4% of DCW) [128],
[305]; this is slightly higher than that produced by the well-known micro-alga
Haematococcus pluvialis, which can accumulate 3.4% DCW of astaxanthin in a 25,000liter commercial production system [314].
Table 5.3. Summary table of carotenoid production (µg g-1) in trial A and B using strain
OL5TA
Trial A
Concentration biomass (g L )
0.8 ± 0.1
-1

Trial B
0.8 ± 0.4

Carotenoids (µg g-1)
b-carotene
Echinenone/Cis-echinenone
Canthaxanthin
Phoenicoxanthin
Astaxanthin

6.3 ± 0.4
2.9 ± 0.3
27.0 ± 4.4
18.2 ± 3.3
28.4 ± 0.5

0.4 ± 0.2
0.9 ± 0.1
9.8 ± 1.4
8.2 ± 0.9
27.7 ± 16.9

Total Carotenoids

82.7 ± 7.1

46.9 ± 16.8

On the other hand, the carotenoid profile showed that relative content of astaxanthin was
higher in trial B than in trial A, while the reverse was observed with b-carotene relative
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content with higher level reported in trial A, and almost no level in trial B. However, no
significant difference was seen for echinenone, canthaxanthin and phoenicoxanthin
relative levels (Figure 5.3). The metabolic pathway for the production of carotenoids
involves

b-carotene

as

the

main

precursor

for

echinenone,

canthaxanthin,

phoenicoxanthin and astaxanthin, while the latter is the most complex carotenoid
requiring the many transformation steps [264]. Several pathways for the formation of
astaxanthin from b-carotene exist, and some include echinenone, canthaxanthin and
phoenicoxanthin as intermediate precursors, in this respective order. Hence, in trial B it
can be hypothesised that the low level of b-carotene and echinenone could be due to an
almost total conversion of these carotenoids into canthaxanthin (23%), phoenicoxanthin
(18%) and astaxanthin (56%). Following this rationale, we could hypothesis that a later
harvest time point could have led to much higher level of astaxanthin due to the
conversion of canthaxanthin and phoenicoxanthin.

100%

% of total carotenoids

80%
60%
40%
20%
0%

Trial A

Trial B

Figure 5.3. Carotenoids profile for strain OL5TA in Trial A and Trial B as relative level
of total carotenoids. Values represent mean±standard deviation (n=2)
In trial A, the relative levels of carotenoids showed a similar trend, but with lower levels
of astaxanthin produced (34%) which could be explained by a less advanced stage in
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carotenoid conversion than in trial B. This is concomitant when comparing the phase of
growth at the time of harvest (day 6) in trial A (Figure 5.1) with trial B (Figure 5.2). In
trial A, cells were in an early stationary phase, whereas in trial B the cells were entering
the death phase. The cell metabolism at the time of harvest could explain the distinct
carotenoid profiles rather than the medium itself, as glucose did not seem to play an
important role. Therefore, whist production yields tended to demonstrate a medium
composition effect, the carotenoid profile results showed to be affected due to a growth
phase effect.

5.5

Conclusion

This study investigated media composition and fermentation parameters in order to
improve biomass and, thus DHA yields, with the novel organism Caledonichytrium
matryoshkum strain OL5TA under batch fermentation conditions. No improvement of
biomass concentrations was observed in medium with high and low glucose
concentrations, neither in pH-auxostat conditions, or in a medium with high and low
complex carbon and nitrogen concentrations (such as amino acids and peptides) when
compared to previous results performed in batch flask cultures. To our knowledge, this
is the first report of a non-glucose metabolism by a thraustochytrid. Other feedstock
sources for thraustochytrids were also investigated using three sub-tropical fast-growing
strains obtained from the NBRC culture collection, Japan. The results from this study
should encourage other researchers to use novel feedstock sources, notably galactose and
fructose as sole carbon sources, and to explore new media compositions based on nitrogen
(proteins, yeast extract, etc.) and long carbon chains (lipids, alkanes, etc.) as alternative
substrates to essentially focusing on carbon-based media. Therefore, further work is
warranted to determine a suitable carbon source(s) for high cell density cultivation of
strain OL5TA. Whilst there appeared no prospect for increasing DHA yields, at least
under the cultivation conditions evaluated here, the potential for carotenoids production
was confirmed, in particular for astaxanthin, after further work to optimise the medium
composition and fermentation parameters would have been carried out.
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Chapter 6: Conclusion
This research project investigated a new collection of unusual Scottish isolates of
thraustochytrids. The novel strains were fully characterised and were classified as a new
genus Caledonichytrium matryoshkum. Although a similar carotenoid profile and some
common life cycle stages with Aurantiochytrium were shared, the strains were nested on
a separate branch lineage of the phylogenetic tree.

Briefly, Caledonichytrium

matryoshkum reproduced by successive bipartition and included a unique life cycle stage
consisting of the development of secondary cells within the vacuole of a primary cell.
PUFA profile was characterised by high production of DHA (80% of total PUFA) and a
DPAw3:DPAw6 ratio of 1.5 ± 0.5, while a low production of ARA and DTA was
observed. The carotenoid profile showed production of canthaxanthin, astaxanthin,
phoenicoxanthin, echinenone, and β-carotene.
The strains of the present collection, a newly isolated saltmarsh SM01 isolate, and a subtropical Sicyoidochytrium sp. strain were then screened for DHA production. The results
showed potential application for DHA production for the strains TL18, SW7T4C1
(highest culture DHA concentration) and OL5TA (highest relative proportion of TFA as
DHA, up to 63 % of total fatty acids in MCBHB). However, total yields of fatty acid
were too low as well as total biomass, thus requiring further optimisation for competitive
DHA productivity yields. A side study on recycling the by-product oil, remaining after a
refining process (winterization) of a PUFA rich oil, showed potential application in the
biodiesel industry. Indeed, in an industrial context, using a mathematical model, we
showed the possibility of producing primarily oil for omega-3 application using the
Scottish thraustochytrid strains, and for recycling the residual oil after refining, as
biodiesel. Among the promising strains, OL5TA was selected for further medium
composition and fermentation conditions optimisation in a 5L controlled batch reactor.
The optimisation trials did not manage to reach the expected effects as no increase in
biomass concentration was observed. Indeed, OL5TA showed a non-glucose assimilative
metabolism which to our knowledge, this was the first time reported in thraustochytrids.
In order to address this issue to enable high cell density cultivation, a preliminary study
on carbon sources utilisation was conducted in two Japanese strains and one Malaysian
strain. The results showed that cellulose, lecithin, agar, casein and gelatine could
potentially be used as sole carbon source. This was confirmed in the literature, as other
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polysaccharides and carbon source rich in galactose and fructose were shown to be
potentially better than glucose or glycerol for some strains of thraustochytrids. Therefore,
we advocate that future research in Caledonichytrium matryoshkum should focus on long
chain hydrocarbon, lipid compound and algae polysaccharides based feedstock, rich in
galactose, to optimise growth and lipid content.
The novel genus discovered in the present thesis has expanded to the known diversity of
this group of marine microorganisms and uncovered further information on the extreme
plasticity of these organisms and their unusual life cycle. This thesis also provided an
updated review on the current taxonomic classification for the thraustochytrids after
major amendments had occurred to their classification within the last 10 years. However,
future work on Labyrinthulea taxonomy should focus on redefining clear taxonomic
features based on molecular, biochemical and morphological features to establish with
confidence monophyletic groups rather than just merely reclassify phylogenetically
related groups under a new family or genus based on solely 18S rDNA gene sequence
analysis. In such way, this would ensure that type strains are defined for each genus and
species whenever possible. Notably, we also pointed out that many strains defined only
on morphological features in the early days have been lost, and many of those kept have
been reclassified into new genera and sometimes as new families after further work on
molecular signatures and biochemical markers had been performed. Therefore, it is
questionable whether lost strains should be still considered under current modern
taxonomical classification schemes in the absence of 18S rDNA data and use of pertinent
biochemical markers for viable type strains maintained in culture collections. Indeed, as
this has been recently done, these lost strains could, under current methodology, be
reclassified under a new lineage (species, genus, or family). However, in the absence of
viable cultures, this potential path to revive their taxonomic classification is unfortunately
lost. Therefore, amendments in modern taxonomic classification become more difficult
to fit with the un-revisable old taxonomic classification of lost strains. This concerned
any species or strains not currently held in any culture collection and where at least, the
18S rDNA analysis has not been performed, such as for strains of Japonochytrium
marinum, Althornia crouchii, and Oblongichytrium octosporum, among others.

In

addition to this, the rise of next generation sequencing and environmental DNA barcoding
techniques has enabled high-throughput sequencing of 18S rDNA genes of environmental
samples, and uncovering greater diversity of the viable but uncultivable micro ‘world’.
Thus, although these new techniques are very important to understand the biodiversity of
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microorganisms, the 18S rDNA sequences generated must be handled carefully with
respect to their inclusion in phylogenetic analysis, as no viable cultures exist. As for
thraustochytrids, it is pertinent to stress to researchers that they perform full identification
of newly discovered strains to the species level rather than the genus level, as the former
is more commonly done in the present day. Researchers should also be encouraged to
deposit their strains into culture collections for isolates showing molecular, biochemical
or morphological distinct features from currently described strains.
One of the frequent explanations of lipid accumulation in thraustochytrids and in
oleaginous microorganisms at large, is that lipid accumulation is an energy storage
mechanism that provides the cells with an advantage to survive changes in environmental
conditions, such as nutrient limitation. In other words, it is a survival strategy to face
unfavourable environmental circumstances.

As a result, in order to trigger lipid

accumulation, a possible strategy would be to engage “survival” metabolic responses by
stressing the cells. Different types of stress could be tested at different periods of the
growth phase. Examples include osmotic, pH, oxygen, or temperature stresses which
could be applied at the beginning of the lag phase to trigger survival metabolism. This
would activate survival and lipid storage pathways that could be passed on to daughter
cells during the arithmetic phase of growth. With the cells having up-regulated their gene
expression into survival mode, this could potentially trigger the production of a higher
lipid content intracellularly. To ensure that the stress applied is positively correlated to
lipid accumulation, a quantitative PCR (qPCR) could be used to monitor the expression
of known “survival/reparation” genes and genes involved in the fatty acid synthesis, such
as desaturase or elongase enzymes. If the up-regulation of survival genes is synchronised
with an up-regulation of fatty acid synthase genes and final lipid accumulation, then a
possible positive correlation could be drawn at this stage. Subsequent experiments could
then examine when such a stress should be applied in order to maximise lipid
accumulation without significantly impairing biomass yields, as stress might impact the
latter.
Another approach to improve PUFA synthesis and thus DHA concentration is based on
the elongase/desaturase PUFA synthesis mechanism. Elongase enzymes insert an ethyl
group fatty acid, while desaturases remove two hydrogens to form a double bond. These
are mainly oxidation-reduction reactions which might be able to be up-regulated if the
appropriate redox potential (ORP) is reached. Thus, investigating ORP in the culture
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medium by pumping reductive gas (helium, nitrogen, etc.) to facilitate PUFA synthesis
reactions could be another strategy to explore.
A final route of future investigation is the use of novel feedstock. As previously observed,
Caledonichytrium matryoshkum do not use glucose as a sole carbon source, and complex
carbon sources, such as amino acids and proteins, do not seem to significantly improve
biomass yields. To instigate whether the newly described genus can achieve high cell
densities under optimised conditions, an alternative carbon source(s) must be trialled.
Considering that the present strains were isolated from the skin of an octopus and trout,
and the tissues of these animals is rich in collagen – a protein widely distributed in various
animal connective tissues, and amino acid composition shows high content of glycine,
proline and alanine as main amino acids constituents – any of these substrates could be
potentially quite promising for use in fermentation studies to achieve high biomass yields.
Of further consideration, these strains had also been successfully kept during very longterm storage on seawater amended with pine pollen grains. Pine pollen grains are made
of a highly recalcitrant outer wall that is itself composed of complex sporopollenin
biopolymer. Microscopic evidence showed thraustochytrids were able to penetrate the
outer wall of the pollen grains in an effort to feed from the inside of the pollen grains
through their release of the EN. In addition, the use of pine pollen tincture in this study,
for the revival of the strains after long-term period of restricted growth had shown an
astonishingly rapid division and growth in just a few days. Pine pollen composition is
not well documented, but it is often described as a ‘super-food’ for its rich content in
amino acids (protein, peptides and growth factors), mineral and neutral lipids (in
particular SC-SFA).

Taken collectively, we could suggest that Caledonichytrium

matryoshkum might be able to growth on a particular amino acid(s) rather than
polysaccharide. To assess this, further trials must be done using single amino acids to
define which one could have a higher impact on growth rate and final biomass yields. On
this basis, researchers could then consider to target appropriate feedstock showing a more
suitable amino acid composition for the growth of this new genus of thraustochytrids.
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Appendices

Appendix A Key identification criteria for Thraustochytriidae and
Oblongichytriidae (adapted from Dick 2001; Bongiorni et al. 2005a; Yokoyama
et al. 2007) [33], [36], [72]
1.

Spindle-shaped vegetative cells that glide inside tube-like anastomosing

ectoplasmic nets. Trophic cells completely surrounded or embedded within the
ectoplasmic nets……………………………………………...…Family: Labyrinthulidae
Single genus: Labyrinthula
1.

Globose or subglobose vegetative cells not enrobed in ectoplasmic nets……….2

2.

Migration of vegetative cells observed in an extended period and aplanospores

always formed…………….……………………………...……Family: Aplanochytriidae
Single genus: Aplanochytrium
2.

Migration of vegetative cells, when present, at early stage…….………………..3

3.

Vegetative cells without ectoplasmic nets; associated with shells of Ostrea

……………………………………..……………………..…………Family: Althorniidae
Monotypic genus: Althornia crouchii
3.

Vegetative cells with an ectoplasmic nets…………………….....................…....4

4.

Vegetative cells with ectoplasmic nets emerging from two apical points on the

cell (filopodia)………………………………….…………………Family: Diplophryidae
Single genus: Diplophrys
4.

Vegetative cells with basal rhizoid-like ectoplasmic nets………………...……..5

5.

Vegetative cells with apophysis in ectoplasmic nets; associated with red algae [on

Gracilaria; sorus a zoosporangium; zoosporangium 16-30 × 10-20µm, thick-walled, wall
persistent except for an apical pore; apophysis 10-13 × 5-10 µm; zoospores 4.0-5.0
µm diam., motile within the sporangium]…………….………Japonochytrium marinum
5.

Vegetative cells without apohysis in ectoplasmic net element………….……….6
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6.

Monoflagellated zoospores, one single anterior flagellum (doubtful taxa) ….….7

6.

Biflagellated zoospores, long anterior flagella (tinsel flagellum) possesses

mastigonemes hairs while the shorter posterior flagellum (whiplash) is smooth……..…8
7.

Zoosporangial wall thick (>4 µm) [zoospores with a quiescent phase before

swimming away]. Zoosporangia 8-20 µm diam …………..………...…..Elina sinorifica
7.

Zoosporangial wall thin (<2 µm) and completely dispersing at the time of

zoospore release. Zoosporangia 20-30 µm diam.; zoospores 4.0-5.0 × 6.0-7.0µm ……..
……...…………………………………….……………...……..………..Elina marisalba
8.

Thallus occurring successive binary division (mitotic cellular division) of

vegetative cells (thence developing secondary sporangia).…………………………..….9
8.

Thallus developing into a single zoosporangium or amoeboid cell……………16

9.

Individual mature cells > 6 µm diam.…………………………………………..10

9.

Individual mature cells < 5 µm diam……………….…………………………..13

10.

Large colony, well-developed ectoplasmic net. Ovoid zoospores 2.5-5.0 × 4.0-

7.5 µm, trophic cells 6-12 µm diam. [cell masses (sori) of many sporocytes, 30-140 µm
diam.; zoosporangial tetrads 13-29 µm diam.; each zoosporangium producing 32-64
zoospores; colony orange in mass and producing only ß-carotene and c.a 20%
arachidonic acid........………………………..………...…….Schizochytrium aggregatum
10.

Not well-developed ectoplasmic net………………...………………………….11

11.

No amoeboid stage. Cell masses (sori) of few sporocytes (<.12); trophic cells 6-

9 µm diam.; each sporocyte becoming transformed into a single zoospore; [zoospore
2.6-3.3 × 4.1-4.8 µm]…….………………………………..Aurantiochytrium mangrovei
11.

Amoeboid stage sometime observed…………………………………….……..12

12.

Cell masses (sori) of many sporocytes; trophic cells 6-15 µm diam.; each

sporocyte undergoing mitosis to produce 2-8 zoospores. Zoospores 5.9-7.0 × 6.0-8.5
µm; trophic cells spherical, 7-15µm diam. (zoosporangia 12-24 µm diam. producing
16-64 zoospores; trophic cells forming limaciform binucleate amoeboid cells 12-20 ×
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5.0 8.0 µm with fine pseudopodia; rounded amoeboid cell forming 8 smaller zoospores,
3.5-5.0 × 4.5-6.0 µm)………….………………….………Aurantiochytrium limacinum
12.

Trophic cells fusiform 2.1-4.0 × 2.2-6.5 µm to orbicular 2.3 × 7.8 µm. Circular

large cell masses up to 60.3 µm diam. Subcentrally located nuclei and contractile
vacuoles. Ectoplasmic nets 1.0 – 1.3 µm diam. Sporangium producing 10-55 spores
but not free-swimming spores observed. Budding-like cell division with sometime
amoeboid stages. Light yellow colonies.……...…..….Oblongichytrium porter sp. nov.
13.

Small compact sori 10-15 µm diam. releasing aggregates of small sporocytes

[sporocytes producing <10 zoospores; zoospores 2.5-3.5 × 4.0-5.5 µm] ………..………
……………………………………………..……………..Thraustochytrium aggregatum
13.

Oblong zoospores and producing canthaxanthin and ß-carotene, and ca. 20%

docosapentaenoic acid. Well-developed ectoplasmic net and large colonies…….........14
14.

Cell masses (sori) of many sporocytes (ca 100); each sporocyte producing 8

zoospores [trophic cells 4-5µm diam.; zoospores 1.5-2.5× 3.5-5.0 µm………………….
…................................………..….Oblongichytrium octosporum [doubtful classification]
14.

Cell masses (sori) of few sporocytes (<8)…….……………………..…………15

15.

Small cell masses (sori) (<8 µm diam.) composed up to 8 sporocytes (tetrads or

octads of sporocytes); each sporocyte giving rise to 2 zoospores [zoospores 1.7 x 2.5 x
5.0 µm]…………………….………………………………….Oblongichytrium minutum
15.

Cell masses (sori) composed of 2 (rarely 3-4) sporocytes (initially considered as

proliferation bodies), each with an ectoplasmic net (each rudiment monocarpic)
[zoosporangium 11-28 × 14-37 µm; wall persistent, zoospores released through
ruptures motile; zoospores 2.0-3.5 ×4.5-7.5 µm]...….Oblongichytrium multirudimentale
16.

Multinucleate zoosporangium developing directly from a primary trophic cell.

If amoeboid stage, it is not a prominent part of the life cycle…………….....................17
16.

Multinucleate zoosporangial contents released before cleavage as an amoeboid

(undulate) protoplast..…………….........................................………………………….30
17.

Trophic cell or thallus eucarpic with a persistent (apocytic) single or numerous

fundaments (proliferation bodies) giving successive zoosporangial production….……18
17.

Trophic cell or thallus monocarpic and non-proliferous………...……………..25
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18.

Single fundament or proliferation body produce……………….……...……….19

18.

More than one fundaments or proliferation bodies……....…………………….24

19.

Proliferation body delineated prior to zoospore formation; prominent….……..20

19.

Proliferation body delineated during zoospore formation, not prominent…..…22

20.

Zoospores non-motile at the time of release, lacking flagella; developing flagella

subsequently; [zoosporangia 10-20 x 15-29 µm; zoospores 4.0 µm diam.]…………………….
……………………………………………………………..Thraustochytrium proliferum
20.

Zoospores motile even at the time of release, with fully motile flagella…….....21

21.

Zoosporangia globose, subglobose or obpyriform, most of the cell wall

persistent after zoospore release. Zoosporangium large (7-28 ×15-35 µm); wall
cracking open [zoospores 20.40 × 31-60 µm]…………….....Thraustochytrium motivum
21.

Zoosporangia obpyriform, most of the cell wall disintegrates during zoospore

liberation, leaving just a collar around the zoosporangium. Cleavage planes primarily
radial, central vacuole expanding to separate zoospores [zoosporangium 14-17 × 17-19
µm; rupturing in one or more places; [zoospores 2.5-3.0 x 4.5-4-8 µm]…………………
…………………..………………………………………………Thraustochytrium kinnei
22.

Zoosporangia small than 20 µm; not more than 50 zoospores per

zoosporangium; no amoeboid stages produced during life cycle……………………..23
22.

Zoosporangia often up to 30 µm diam; up to 75 zoospores produced: Amoeboid

stages present during life cycle [zoosporangium diameter (15-30 µm); zoospores 5.57.3×3.0-4.5 µm; amoebae 25-40× 12.5-27.5 µm]…....….Thraustochytrium gaertnerium
23.

Zoosporangia irregular in shape; zoospores ovoid; flagella apical and subapical;

[zoosporangial diameter very variable (8-30µm); zoospores 3.0-3.5 ×3.5-6.3 µm] ……..
……....……………………………………….......................Thraustochytrium benthicola
23.

Zoosporangia up to 17 µm diam; less than 50 zoospores produced; flagella

lateral; wall thin, opening distally [colonies golden in mass; zoospores 2.0-4.0 x 3.0-6.0
µm]………………………………………………….…………Thraustochytrium aureum
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24.

Number of proliferation bodies 5-50; zoospores not motile at the time of

discharge. Zoosporangia >35 µm diam.; rudiments numerous [zoosporangia 40-50 µm
diam.; wall completely dispersing; zoospores forming flagella after a quiescent state;
zoospores 2.5-3.5 x 4.8-5.5 µm]…………………………..…….Thraustochytrium rossii
24.

Number of proliferation bodies 3-10; zoosporangia 20-30 µm diam.; zoospores

discharged as flagellated bodies in a clump, almost instantly swimming away;
[zoospores 2.5-30 × 5.0-7.0 µm]…..…………………….Thraustochytrium kerguelensis
25.

No zoosporangium cell wall. Direct partition in a synchronous way to form up

to 12 zoospores. Not rupture of cell wall is observed. Small cell can exhibit an
extension performing a snake-like movement [zoospores 4.0-5.0 × 2.4-3.7 µm;
zoosporangia 10.4 × 26.7µm] Parasitic association with Macrostomum lignano ………...
…………………………….……...………………………Thraustochytrium caudivorum
25.

Zoosporangial wall present. Rupture of zoosporangial wall observed.………..26

26.

Zoosporangial wall thick (> 3 um)………………………………….………….27

26.

Zoosporangial wall thin (< 2 µm)…....…………………...…………………….28

27.

Zoosporangial wall thick (3-5 µm) zoosporangia 15-30 µm diam. [wall thick (3-

5 µm); protoplast with large lipid globules; zoospores 5.0-7.0 µm) [zoospores with a
quiescent phase before swimming away]………………Thraustochytrium pachydermum
27.

Zoosporangium wall very thick (2-6 µm) Multinucleate zoosporangial contents

released before cleavage as an amoeboid (undulate) protoplast. Zoosporoplasm released
in a partially cleaved state [zoosporangium 14-46 µm diam.) [pink colonies, zoospores
2.5-4.0 × 4.5-7.5 µm].…………...…………………………….Thraustochytrium roseum
28.

Zoosporangial wall partially persistent………………………….………….....29

28.

Zoosporangial wall completely dispersing at the time of zoospore release.

sporangia 14-26 × 14.6-22 µm; [zoospores 2.0-3.7 × 3.4-6.7] Ameoboid stage in
presence of bacteria ……………………....………………….Thraustochytrium striatum
29.

Basal part of zoosporangial wall persistent (zoosporangia 5-10 × 5-20 µm;

zoospores 2.5 × 3.0-4.0 µm; on marine Ulothricales) ……..Thraustochytrium globosum
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29.

Zoosporangium wall disintegrating at the apex only; zoosporangia 15 µm diam.

(zoospores with a quiescent phase before swimming away) ……………………………..
……………………………....…...……………..…….....Thraustochytrium arudimentale
30.

Large colony, well-developed ectoplasmic net………………………………...31

30.

Small colony, not well-developed ectoplasmic net………….………….……...32

31.

Persistence of cell wall after releasing an amoeboid cell [zoospores 2.9 × 4.2

µm] …………………………….……………………..….Parietichytrium sarkarianum
31.

Zoosporangia, 8-18 µm diam.; contents discharged in a star-like mass, dividing

by centripetal cleavage to give zoospores; zoospores3.0-4.0 × 5.0-8.0 µm. Cell wall
dissolved after releasing an amoeboid cell……..………….…..Botryochytrium radiatum
32.

Secondary assimilative cells developing directly into secondary zoosporangia

[zoosporangia 6-10 µm diam.; giving 4-20 secondary zoosporangia; secondary
zoosporangia (sporocytes) producing 4-12 zoospores; zoospores forming by meaning of
pinching and pulling with a quiescent phase………...……….Sicyoidochytrium minutum
32.

Zoospore forming without pinching and pulling division……………….……..33

33. Zoosporangium wall persistent with apical pore. Zoospores abundantly produced
[zoosporangia 20-25 µm diam]; zoosporangioplasm expelled and cleaving into ca64
cells 3.5-50 µm diam., which encyst and then behave as 'zoosporangia', each releasing a
[zoospore 2.5-3.5 × 5.0-6.5 µm]……………………………………Ulkenia amoeboidea
33. Zoosporangium wall dispersing at time of naked protoplast release………………34
34. Zoosporangium cell wall thick (> 2 µm) Colour of colony in the mass hyaline;
zoosporoplasm released in an amoeboid state [zoosporangium 15-20 µm diam.;
zoospores 2.5-3.5 × 4.0-5.5 µm]…………………………………… Ulkenia visurgensis
34. Zoosporangium cell wall thin (< 1 µm). Zoosporangia 16-22 µm diam.; contents
discharged in an amoeboid state, dividing to give 1-5 rudiments and numerous
zoospores; zoospores 2.9-4.0 × 3.5-4.8 µm……………………………Ulkenia profunda
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Appendix B Light micrographs of OL5TA in seawater/pine pollen culture

a

b

c

d

e

f

g

h

i

Light micrographs showing OL5TA life cycle in seawater/pine pollen culture by binary
partition until final dissociation of the sorus. a young single trophic cell settle on a pine
pollen grain (arrow). b binary partition along the longitudinal plan (arrow). c binary
partition along the latitudinal plan (arrow). d - h release of non-motile secondary cell
settling next to the cluster of cells diving (sorus) and repeating life cycle. i further
division and dissociation of the sori.
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Appendix C Front page publication of ‘Screening of new British
thraustochytrids isolates for docosahexaenoic acid (DHA) production’ in
Journal of Applied Phycology.
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Abstract Thraustochytrids isolated from hot tropical and
sub-tropical waters have been well studied for DHA and biodiesel production in the last decades. However, little research
has been performed on the oils of cold water thraustochytrids,
in particular from the North Sea region. In this study,
thraustochytrid strains from British waters showed high relative levels of omega-3 long-chain (≥C20) polyunsaturated fatty
acids (LC-PUFA), including docosahexaenoic acid (DHA,
22:6ω3). The relative levels of DHA (as % of total fatty acids,
TFA) in the different British strains are hitherto amongst the
highest recorded from any thraustochytrid screening study,
with strain TL18 reaching up to 67% DHA in modified
Glucose-Yeast Extract-Peptone (GYP) medium. At this
screening stage, low final biomass and fatty acid yield were
observed in modified GYP and MarChiquita-Brain Heart
Broth (MCBHB), while PUFA profiles (as % of PUFA)
remained unaltered regardless of the culture medium used.
Hence, optimizing the medium and culture conditions to improve growth and lipid content, without impacting the relative
percentage of DHA, has the potential to increase the final
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DHA concentration. With this in mind, three strains were
identified as promising organisms for the production of
DHA. In the context of possible future industrial exploitation
involving a winterization step, we investigated the recycling
of the residual oil for biodiesel use. To do this, a mathematical
model was used to assess the intrinsic properties of the byproduct oil. The results showed the feasibility of producing
primary DHA-rich oil, assuming optimized conditions, while
using the by-product oil for biodiesel use.
Keywords Thraustochytrid . Docosahexaenoic acid .
Omega-3 fatty acids . Biodiesel . By-product

Introduction
Thraustochytrids are heterotrophic heterokonts or
stramenopiles, certain strains of which are recognized for their
ability to produce substantial amounts of omega-3 fatty acids,
a high percentage of which is docosahexaenoic acid (DHA)
(Lewis et al. 1999; Lee Chang et al. 2014). DHA is a major
structural lipid which can be found as a constituent of phospholipids or triacylglycerols, or as free fatty acids in animals.
It also has a key role in cell signalling, cell interaction and
membrane fluidity (Colomer et al. 2007). DHA plays an important role in human health, in particular during the early
stage of foetal and post-natal neuronal, retinal and immune
system development (Swanson et al. 2012). There are positive
correlations between DHA consumption and reduced disease,
particularly in the prevention of cancers and cardiovascular
diseases, improvement of inflammation response systems
and maintenance of brain and learning functions (Horrocks
and Yeo 1999; Lee Chang et al. 2013b). This knowledge has
led to a growing demand for omega-3 supplemented food and
other products. In fish, DHA has also been reported as
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