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Abstract: The world’s oceans and seas host >100 known strains of thraustochytrids, a common
group of marine eukaryotic unicellular protists, residing in diverse marine habitats, with many
others to be isolated and cultivated. The thraustochytrids have become of considerable industrial
interest due to health benefits gained from their high percentages of valuable bioactive compounds,
revealing the needs for the isolation of new potential strains. Employing a recently developed
isolation methodology (use of cell culture medium), we assess initial culture conditions and growth
paces of newly isolated thraustochytrid cells (thraustochytrid sp. BSH), originated from the colonial
tunicate Botryllus schlosseri, residing on Helgoland Island, Germany. Cells were cultivated under
static versus agitated conditions, along with two inoculation sizes (0.5 x 10° and 1 x 10° cells/dish)
and in three vessel types (35 mm Petri dishes and T25 and T75 flasks; containing 3, 5 and 15 mL
medium, respectively). Cultures were observed under regular microscopy, confocal microscopy and
H&E staining. While cells in all conditions grew fast, results revealed the superiority of agitated
cultivation in T75 flasks inoculated with 0.5 x 106 cells/dish (6.41 & 1.91-fold increase/week).
Further, 185 rDNA revealed high similarities (99.5-99.8) of strain BSH to two thraustochytrid strains
from Monterey, California (USA), B. schlosseri colonies, elucidating a new understanding of these
animals-protists associations.

Keywords: thraustochytrid strains; marine invertebrates; cultivation; inoculation; isolation; cell
culture medium; Botryllus schlosseri

Key Contribution: This study followed the growth potentialities of a new isolated thraustochytrid
strain (thraustochytrid sp. BSH), with cells subjected to static versus agitation settings, two inoculation
sizes and three vessel types, all revealing the feasibility of mass cultivation. The 185 rDNA analyses
further highlighted new insights on thraustochytrids/animals associations.

1. Introduction

Thraustochytrids are obligate heterotrophic single-celled marine protists that rely on
a wide range of organic compounds that support their growth and development. Orig-
inally identified as Phycomycetes due to their zoospore production and the presence of
ectoplasmic nets resembling rhizoids, they were subsequently reclassified as a fungus-like
clade of chromists within the Stramenopiles (Heterokonta) phylum, specifically belonging
to the Labyrinthulomycetes class [1-3]. Labyrinthulomycetes represent a collection of
organisms that are believed to have undergone plastid loss during evolution [4] and are
further characterized by their cellular morphologies and molecular markers [5-7] which,
together with recent phylogenomic studies, have situated them within the SAR supergroup
among the Stramenopiles [8]. The thraustochytrids comprise >12 genera with numerous
species per genus [9], while Thraustochytrium, Aurantiochytrium, Schizochytrium and Ulkenia
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are the most cultivated and investigated genera [7,10,11]. There are more than one hundred
known strains of thraustochytrids from all diverse marine habitats [9] with many to be
further isolated [12,13].

Thraustochytrids are widespread across oceanic realms, inhabiting regions from trop-
ical environments to the Antarctic and depths spanning up to 2000 m [14,15]. Flourish-
ing in environments containing various organic materials like fluvial sediments, marine
snow, decayed organisms, mangrove habitats, sea grass ecosystems and salt marshes,
thraustochytrids have emerged as very common organisms in coastal waters (up to
5.6 x 10* cells L1, Naganuma et al. [16]; up to 17.6 X 10° cells L7, Liu et al. [11]), in
water columns, in sediments and in a variety of marine phyla such as Porifera, Cnidaria
(including corals and hydroids), Mollusca (including bivalves, octopodes, squids and nudi-
branchs), Echinodermata, diatoms, sea grasses and more [17]. Notably, they significantly
contribute to organic matter decomposition and carbon recycling by thriving on decaying
biological matter [4], are known as pathogens of edible invertebrates [14,18] and are com-
monly associated as commensals or symbionts on/within marine invertebrates [5,19-23].
Thraustochytrids feed as saprophores, as parasites or as bacterivores [14,17], frequently
appearing in primary cell cultures of marine invertebrates [12,20,22,24].

Beyond their ecological importance, the thraustochytrids are of biotechnological in-
terest and potential importance as sources for valuable bioactive compounds [14,25-29].
Much of the research on thraustochytrids has focused on DHA (docosahexaenoic acid;
(C22:6n-3) production as the isolated strains produce a wide range of lipids, particularly the
polyunsaturated fatty acid (PUFA) of the omega-3 (more than 50% of total fatty acids under
optimized conditions), supplying numerous nutraceuticals and food additives, including
carotenoids and other aquaculture products of economic significance [27,29-31]. When
compared to fish oils, thraustochytrids endow an easily accessible and alternative source
of fatty acids, with no pollutants or fishy smell and with highly purified DHA and other
PUFAs [7,29]. Some thraustochytrids, notably within the genus Aurantiochytrium, also
produce appreciable squalene quantities [31,32], a material valuable in pharmaceuticals
and may provide an alternative energy source, such as the production of palmitic acid,
used in biodiesel production [10].

Fish, primarily cold-water fish, are currently a major source for omega-3 oils [33].
As concerns regarding global food security (including fish [34]) continue to rise, there is
a growing interest in alternative sources of omega-3 oils and their derivatives, and the
research is particularly focused on thraustochytrid strains. This interest further stems
from the reality that the harvest of wild fisheries has reached a plateau, while global
aquaculture and nutraceutical production are increasingly reliant on omega-3 oils extracted
from fish [35,36]. While the literature underlines in details the potential of oils derived
from thraustochytrid biomass as a renewable and sustainable source of essential fatty
acids, especially DHA, these resources hold promise for the usage of thraustochytrids
as aquafeeds, benefiting even common and less nutritional fish species like Nile tilapia,
various life stages of Atlantic salmon and numerous other fish species [35-39].

The exploration of thraustochytrid’s diversity has been hampered by the ongoing
challenge of the isolation of novel strains from natural settings [9,12]. Clearly, it is of
significant ecological and biotechnological value to expand our understanding on new
thraustochytrid strains that can be cultivated and by developing innovative methods to
culture thraustochytrids from a wide range of natural habitats [9]. Considerable efforts
have been focused on isolating novel thraustochytrid strains, investigating their diver-
sity in various marine environments, and improving the production of their bioactive
compounds. Nonetheless, there is a conspicuous absence of a systematic exploration of
culturable diversity and cultivation methods in this regard. Following the development
of a new approach for isolation and cultivation of axenic thraustochytrid cultures from
marine invertebrates [12], this study assessed the growth efficiency of cells from a new
thraustochytrid isolate, following their cultivation in a novel cell culture medium (lacking
classical growth medium components for thraustochytrid cell growth), by providing the
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conditions of an identical substrate type with three growth volumes. The aim was to
promote cell growth through a comparison of static versus agitated conditions, along with
two varying sizes of inoculation.

2. Materials and Methods
2.1. Thraustochytrid Culture Conditions

Axenic cultures of thraustochytrids (free of other organisms, including animal cells),
grown in suspension, were established following their isolation from primary blood cell
cultures of two colonies of the cosmopolitan tunicate Botryllus schlosseri (methodology in
Qarri et al. [12]), collected from Helgoland Island, Germany [40]. Ten days after blood
cell isolation, thraustochytrid cells began to dominate the cultures while remnants of
dead B. schlosseri cells were present. In order to obtain thraustochytrid axenic cultures,
the suspensions were cultivated for an additional period of 12 days, where they were
checked via daily observations under the microscope, until all suspensions consisted solely
of thraustochytrid cells. For the sake of convenience, we referred to day 22 as day 0 of
the thraustochytrids cultures, serving as the starting point for the present study. The
axenic thraustochytrid cultures were maintained in a liquid medium with components
quantities as described [12] containing artificial seawater (ASW); DMEM/F-12[HAM] 1:1;
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12, Gibco, Cat. No. 11320-074;
Fetal Bovine Serum (FBS qualified HI, Brazil, Gibco, Cat. No. 10500-064); L-Glutamine
solution 200 mM (Sigma-Aldrich, 59202C, St. Louis, MO, USA); HEPES buffer solution
1M (Sigma-Aldrich, H0887); penicillin, streptomycin and amphotericin b at 10,000 IU/mL,
10 mg/mL and 25 pg/mL (MP Biomedicals, Santa Ana, CA, USA; Cat. No. 1674049);
gentamicin (50 mg/mL; Gibco, Grand Island, NY, USA; 15750-037); and Sodium Pyruvate
solution (Sigma-Aldrich, S8636). A prepared new medium was stored in 4 °C and was used
within five days of preparation after being filtered through 0.2 um before use. All glassware
were autoclaved and only sterilized plasticware were used. The medium was changed every
other day where thraustochytrid cells from each cultured dish were collected into a 15 mL
tube, washed 3 times with fresh medium, followed by centrifugation (1000 x g, 10 min) and
were seeded to a new dish with fresh medium. The cells were evenly distributed into either
35 mm Petri dishes (Thermo Fisher Scientific Nunc, Waltham, MA USA, 171099), T25 flasks
(Corning, Corning, NY, USA, 3289) and T75 flasks (Thermo Fisher Scientific Nunc, 156499)
containing 3 mL, 5 mL and 15 mL of medium, respectively, and were incubated (Innova
42 with a shaking system) at 20 °C under normal atmosphere conditions. The criterion
for experimental termination was >90% confluent of total cells in 35 mm Petri dishes that
served as the reference dishes in the present study.

2.2. Experimental Design

Two sets of experiments were conducted on thraustochytrid cultures, each lasting for
up to 12 days. In the first experiment thraustochytrid cells were inoculated at a density of
0.5 x 10° cells/dish and at a density of 1 x 10° cells/dish in the second experiment. In
each experiment, cells were distributed into 35 mm Petri dishes, T25 flasks and T75 flasks,
under either static or agitated conditions (x 6 repetitions per each dish type, per treatment;
Figure 1). For the agitation state, we used the incubator’s built-in shaker set to 35 RPM.

2.3. Cell Counting

Cultures were carefully observed once every other day where cells were counted
using a hemocytometer (MarienFeld, Harsewinkel, Germany) and photographed under
the microscope (Primo Vert, Zeiss, Oberkochen, Germany, inverted system microscope,
equipped with a camera). Cell viability was determined using Trypan Blue solution (Gibco,
Cat. No. 15250-061). Cell fold increase was calculated at the end of each set of experiments
(averaging 6 repetitions per each dish type per treatment = STD) divided by cell numbers
at day 0 (averaging 6 repetitions per each dish type per treatment & STD).
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Figure 1. Experimental design for the various thraustochytrid cultures using: three vessel types
(35 mm Petri dishes, T25 flasks and T75 flasks), two inoculum types (0.5 and 1 x 10 cells/vessel)
and two condition states: static and shaking. “Blurry vessels” represent the shaking condition. Each
of the 12 culturing types was repeated x6.

2.4. Thraustochytrid Cell Characterization

Cells were sampled and seeded on glass coverslips (coated with 0.01% Poly L Lysine,
Sigma-Aldrich P4707, according to the manufacturer’s instructions) placed at the bottoms
of 12 well plates and left to adhere for approximately 4 h. Then, each coverslip from
each well containing attached cells was fixed for 30 min with 4% paraformaldehyde (PFA;
Thermo Fischer Scientific, Cat. No. 043368.9M) at room temperature. As the first step, cells
were characterized for their natural fluorescence (the light signal emitted by cells in relative
fluorescent units, RFU, sensu Qarri et al. [40]). For that, coverslips were mounted on regular
glass slides with unstained cells that were imaged using a Zeiss LSM710 (laser scanning
confocal microscopy) containing an inverted AxioObserver.Z1 stand equipped with phase-
contrast and epi-illumination optics, operated by ZEN2009 software (version number: ZEN
2.3 SP1) with four channels (blue: Ex 405 nm, Em 453 nm; green: Ex 488 nm, Em 536 nm;
red: Ex 561 nm, Em 607 nm; far-red: Ex 633 nm, Em 697 nm). An EC Plan-Neofluar 20x /0.8
NA (numerical aperture) (Zeiss) objective was used to obtain images. We set the gain
of the green channel to the maximum (performed by the false-color presentation tool) in
order to recognize the natural emission of the attached cells. Then, this saturated intensity
was reduced until the natural emission intensity was obtained. The other three channels
(blue, red, far-red) were set according to the signal obtained by the green channel. Images
were created using Zen 2.3. For histological staining, the hematoxylin and eosin (H&E)
staining protocol was performed on thraustochytrid cultures as described [40] and the
stained cells were observed and photographed under an epifluorescence microscope (Zeiss
Axiolmager2) with bright field. Images were created using Zen 2.3. Additional sets of
cells were stained with fluorescent dye Hoechst 33342 (Thermo Fisher, Cat. No. H3570) for
nuclei staining and with DiD (Vybrant, V22887, Thermo Fisher Scientific)) for membrane
labeling performed as described [40]. Then, cover slips were fixed for 30 min with 4% PFA,
and mounted glass slides with the cells were imaged using a Zeiss LSM710. Images were
created using Zen 2.3.

2.5. DNA Extraction, PCR Conditions and Phylogenetic Trees

Cell cultures at day 2 (24 days post B. schlosseri cells isolation) were centrifuged at
1000x g for 10 min at room temperature and DNA was extracted using Quick Extract
buffer (QE—DNA Extraction Solution; QE09050; LGC Biosearch Technologies, Shanghai,
China) according to the manufacturer’s instructions. DNA samples were subjected to a
polymerase chain reaction (PCR) protocol optimized for the recovery of the full length of the
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thraustochytrid 18s rDNA, using four sets of primers (A1, A2, A3, F and R) as described [6].
PCR amplifications were carried out using a ProFlex PCR system (applied biosystems) with
the following cycling program: denaturation for 5 min at 95 °C, 35 amplification cycles of
45 secat 94 °C, 1 min at 55 °C (for Al, A3 primers) or 62 °C (for A2, F and R primers) and
1.5 min at 72 °C, with a 7 min extended elongation step. PCR products were visualized on
1.5% agarose gel. PCR products were sequenced using the above PCR primers at Eurofins
Genomics, Germany. Forward and reverse sequences of each PCR product were aligned to
each other and assembled using BioEdit (Version 7.2.5 ) [41]. The assembled sequence was
compared to NCBI database using BLASTN program. Related sequences were downloaded
and aligned using ClustalW application embedded in BioEdit. The phylogenetic tree
was inferred by using the maximum likelihood method and the Hasegawa-Kishino—Yano
model [42] in MEGA11 [43]. The tree with the highest log likelihood (—14,044.76) was
chosen. The tree was drawn to scale with branch lengths measured in the number of
substitutions per site. Estimates of evolutionary divergence between fifteen 185 rDNA
sequences was conducted using the maximum composite likelihood model [44] in MEGA11.

3. Results
3.1. Emerged Thraustochytrid Cells in B. schlosseri Primary Cultures

As of day 0, the developing thraustochytrid cultures were made of thraustochytrid
vegetative cells as previously described [12], including mononucleated cells, multinucleated
cells and sporangia. In a previous study [40], we used confocal microscopy to elucidate the
natural auto-fluorescence properties of two thraustochytrid cell types (mononucleated and
sporangia cells), that were further validated here. To complete the auto-fluorescence proper-
ties of the vegetable cells, we added here the confocal microscopy auto-fluorescence results
of multinucleated cells (Figure S1). The fluorescence intensity of the multinucleated cells
(n = 5) showed values of 17.4 + 14,21 + 1.1, 35.4 £ 2.1 and 35.8 + 2.1 relative fluorescence
units (RFU) for blue, green, red and far-red channels, respectively (Figure Sla-d).

Thraustochytrid cells were subsequently characterized using histological (H&E), nu-
clear (Hoechst) and membrane (DiD) staining (Figures 2 and 3). The mononucleated cells
(4-10 um) appeared in the cultures as cell clusters (up to 300 pm, composed of at least
three cells/cluster) or single cells (Figure 2a). They are spherical and smooth, containing
a small, hardly recognizable nucleus under bright field (1-2 um; Qarri et al. [40]). H&E
staining marked the cell cytoplasm as pink, and the membranes surrounding the cell were
stained with a thin blue line (Figure 2a,b). They contain a circular nucleus (4-10 pum)
positioned in the middle of the cell as validated via confocal microscopy (Figure 3a—f).
The multinucleated cells (10-50 um) are brown, spherical cells with a grainy texture and
a barely recognizable nucleus under bright field. Stained (H&E) cells appeared blue (ba-
sophilic) with patterns of blue and light pink in the inner cell (Figure 2b—d), containing
circular nuclei (1-2 um), each surrounded by a membrane, and all together occupying the
inner cell content (Figure 3d-i). Confocal microscopy revealed nets of cellular secretions
on substrates and outside of the cells (Figure 3g—i). The sporangia cells (10-200 pum) are
dark brown, spherical (some elongated in shape; Figure 3j) and condensed cells with a
grainy texture and barely recognizable nucleus. H&E staining showed two types of stained
cells, basophilic and the eosinophilic cells (Figure 2d,e). The cytoplasm of the eosinophilic
sporangia was marked as pink, and the membranes surrounding the cells were stained
with a thin blue line (Figure 2d), whereas the cell cytoplasm of the basophilic sporangia
was marked as condense blue and the membranes surrounding the cells were stained with
a thin blue line (Figure 2e). Confocal microscopy images of sporangia cells further revealed
nets of cellular secretions on substrates and outside of the cells (Figure 3m-o0), which were
not seen in H&E staining.



Fishes 2024, 9, 22

6 of 14

Figure 2. H&E staining for thraustochytrid cell types in primary cultures: (a) mononucleated cells
appearance as single cells (arrows); (b) aggregates of mononucleated cells and a multinucleated cell
(an arrow). (c—e) High magnifications of mononucleated cells (a black arrow) and multinucleated
cells (red arrows) (c); mononucleated cells (a black arrow), multinucleated cells (a red arrow) and
sporangium (a black arrowhead) (d); basophilic sporangium (e). Scale bars: (a) 10 pm, (b) 20 pum,
(c—e) 5 um.

a b c d e
f g h i i
)

Figure 3. Confocal images of thraustochytrid cell types stained with Hoechst and DiD. (a—c) Mononu-
cleated cell stained with Hoechst (a) and DiD (b); (c) a merged image. (d—f) Mononucleated (white
arrow) and multinucleated cells stained with Hoechst (d) and DiD (e); (f) a merged image. (g-i) Multi-
nucleated cells stained with Hoechst (g) and DiD (h) depicting cell secretion (a white arrow); (i) a
merged image. (j-1) A single sporangium cell stained with Hoechst (j) and DiD (k); (1) a merged

image. (m—-o) A single sporangium cell stained with Hoechst (m) and DiD (n), depicting cell secretion
(white arrows); (0) a merged image. Scale bars: (a-1) 10 um, (m-o0) 20 pm.
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3.2. Thraustochytrid Primary Culture Characteristics

All primary cultures obtained from the two B. schlosseri colonies (n = 13) were made
of suspensions of the three vegetable thraustochytrid cell types (mononucleated cells,
multinucleated cells and sporangia; Figure 4), appearing as mixtures of single cells (from
each type) or aggregates (10-500 pm). At day 0 of thraustochytrid primary cultures (22 days
post B. schlosseri blood cells isolation) the plates were composed mainly of aggregates while
single cells were barely seen. To facilitate cell counting and ensure the uniform distribution
of cells across the different experimental vessels, we used a pipette to disperse the primary
cultures until each culture consisted of only individual cells from the three cell types. All
thraustochytrid primary cultures were pooled together, mixed and cells were inoculated
into the twelve culturing conditions, six times per condition (Figure 1). Remarkably, within
24 h period, the primary cell cultures reverted back to the same aggregate profiles observed
on day 0 (Figure 4a,b), with small modifications. For example, while similar size/shape
aggregates were observed in the static 35 mm Petri dishes (same conditions as in day 0;
Figure 4c), under the agitation condition all six 35 mm Petri dishes showed smaller-size
aggregates (10-150 um instead of 10-500 um), and in addition, we observed single cells
of mononucleated cells, multinucleated cells and sporangia (Figure 4f). In the T25 flasks,
thraustochytrid cells grew as aggregates in both conditions (10-150 um per cluster) with
few single cells in the static condition, and many single cells in the agitation condition,
that contained aggregates as well (Figure 4d,g). In T75 flasks, thraustochytrid cells grew
as aggregates (50-500 pm per cluster) or as single cells in both conditions. The aggregates
were composed of all three cell types (Figure 4e,h).

T gk W
R ’._‘_ ,,1:7‘.‘,‘ s

Eh. el RN

Figure 4. Thraustochytrid primary cultures in the three vessel types at 24 h and in the last day of
the experiments. (a,b) Inoculum of 0.5 and 1 X 106 cells/vessel, respectively, under static conditions,
24 h post inoculation. (c—e) Thraustochytrid cell cultures growth at day 12 in static condition, after
inoculation of 0.5 x 10° cells/vessel. (c) The 35 mm Petri dishes. (d) T25 flasks. (e) T75 flasks.
(f-h) Thraustochytrid cell cultures at days 6 and 8 under agitating condition after inoculation of
0.5 x 10° cells /vessel. (f) Thraustochytrid cells in 35 mm Petri dishes at day 6. (g) Thraustochytrid
cells in T25 flask at day 8. (h) Thraustochytrid cells in T75 flask at day 8. Scale bars = 100 pum.

3.3. Thraustochytrid Culture Growth under Various Maintenance Conditions

Cell viability at day 0, in all three-vessel types and in all replicates in the two experi-
ments was 93.2%. Cells grew in fast modes. In the last day of the first set of experiments (day
12; 0.5 x 106 cells/vessel) the average cell numbers in the static 35 mm Petri dishes averaged
0.96 x 10° & 0.02 cells/mL~! (Figure 5a) and 83.63% = 0.97 viability (Figure 5g), while un-
der the agitating condition, the average cell numbers reached 1.41 x 10° 4 0.12 cells/mL~!
(Figure 5b) with 81.95% + 1.97 viability (Figure 5h). In the static T25 flasks, cell numbers
reached 2.35 x 10° + 0.12 cells/mL~! (Figure 5c) with 87.5% =+ 0.85 viability (Figure 5i),
and under the agitation condition, they reached 2.15 x 106 4 0.13 cells/mL ™! (Figure 5d)
with 87.4% + 1.11 viability (Figure 5j). In the static T75 flasks, cell numbers reached
2.22 x 10° 4- 0.13 cells/mL~! (Figure 5e) and 87.2% =+ 1.3 viability (Figure 5k), compared
to 3.2 x 10° + 0.32 cells/mL~! (Figure 5f) with 86.1% = 0.6 viability under agitation condi-
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tion (Figure 51). Thraustochytrid cell growth rates in the present experiment showed an
increase in cell numbers for all treatments under the two physical conditions and the two
inoculation sizes. Fold increase values for inoculation 0.5 x 10° cells/dish were, for the
static condition 1.92 £ 0.33, 4.69 4 1.3 and 4.4 & 1.2 in 35 mm Petri dishes, T25 flasks and
T75 flasks, respectively, and for the agitation conditions valued 2.82 & 0.64, 4.3 &= 1.17 and
6.4 £ 1.91 for the 35 mm Petri dishes, T25 flasks and T75 flasks, respectively.
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Figure 5. Cell numbers (10° cells/mL) and cell viability (%) of thraustochytrid cultures for
0.5 x 10° cells/mL inoculation in the three different vessel sizes and under static/agitation con-
ditions. Cell numbers of 35 mm Petri dishes in static (a) and agitation (b) conditions, T25 flasks in
static (c) and agitation (d) conditions and T75 flasks in static (e) and agitation (f) conditions. Cell
viabilities of 35 mm Petri dishes in static (g) and agitation (h) conditions, T25 flasks in static (i) and
agitation (j) conditions and T75 flasks in static (k) and agitation (1) conditions. Time points represent
averages £ STD of six vessels for each treatment.

The second set of experiments was performed on thraustochytrid cultures with the
inoculum of 1 x 10° cells/vessel and held for up to 8 days. The average cell numbers
in the last day of the static 35 mm Petri dishes (day 6) was 1.46 x 10° 4- 0.16 cells/mL !
(Figure 6a) with 82.1% =+ 2.1 viability (Figure 6g), while under agitating conditions, the
average cell numbers reached 1.63 x 10° 4 0.11 cells/mL~! (Figure 6b) with 72.2% = 2 via-
bility (Figure 6h). The T25 and T75 flasks were held for up to 8 days. In the static T25 flasks
(day 8), cell numbers reached 2.34 x 10° £ 0.3 cells/mL~! (Figure 6¢) with 88.3% =+ 0.94 vi-
ability (Figure 6i), and under agitation conditions, they reached 2.5 x 10° + 0.3 cells/mL ™!
(Figure 6d) with 87.95% =+ 0.63 viability (Figure 6j). In the static T75 flasks (day 8), cell num-
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bers reached 1.97 x 10 4 0.1 cells/mL~! (Figure 6e) and 90.14% = 0.89 viability (Figure 6k),
compared to 4.23 x 10° + 0.43 cells/mL~! (Figure 6f) with 90.01% = 1.2 viability under
agitation conditions (Figure 61). The increase values for inoculation 1 x 10 cells/dish were,
for the static condition 1.45 4 0.33, 2.3 &= 0.9 and 1.97 & 0.7 in 35 mm Petri dishes, T25 flasks
and T75 flasks, respectively, and the agitation conditions were valued 1.62 £ 0.4, 2.5 £+ 1.05
and 4.2 + 2.3 for the 35 mm Petri dishes, T25 flasks and T75 flasks, respectively.

a b c d
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Figure 6. Cell numbers (10® cells/mL) and cell viability (%) of thraustochytrid cultures for
1 x 106 cells/mL inoculation in the three different vessel sizes and under static/agitation condi-
tions. Cell numbers of 35 mm Petri dishes in static (a) and agitation (b) conditions, T25 flasks in
static (c) and agitation (d) conditions and T75 flasks in static (e) and agitation (f) conditions. Cell
viabilities of 35 mm Petri dishes in static (g) and agitation (h) conditions, T25 flasks in static (i) and
agitation (j) conditions and T75 flasks in static (k) and agitation (1) conditions. Time points represent
averages £ STD of six vessels for each treatment.

3.4. Molecular Identification

The 18s rDNA PCR amplifications of thraustochytrid cells were performed using four
sets of primers revealing the existence of the undescribed strain Thraustochytriidae sp.
BS1 and BS2 (GenBank accession number AF257314.2 and AF257315.2, respectively; Mo
et al. [6]). Using BLASTN and MAGE 11 analysis tools, sequence comparison (Figure 7a,b)
of the present isolated strain (termed thraustochytrid sp. BSH; H for Helgoland, Germany)
from the German B. schlosseri colonies, revealed high similarity to Thraustochytriidae sp.
BS2 and BS1 at 99.81% and 99.53%, respectively, which were isolated from B. schlosseri
colonies collected in Monterey, California (USA), and maintained for generations under
laboratory conditions in Haifa, Israel, supplied with Mediterranean seawater [6]. Lower
similarities (82% and 77%, Table S1) were revealed for Thraustochytriidae isolates BS3 and
BS6, respectively, also isolated from different Israeli B. schlosseri colonies [22].
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a Thraustochytrid sp. BSH
AF257314.2 Thraustoc hytriidae sp. BS1
100
2 OP522395.1 Thraustoc hytriaceae sp. isolate MCPX
8 KM196563.1 Thraustochytriidae sp. NK58

DQ641041.1 Thraustoc hytriidae sp. BS6
DQ641043.1 Thraustoc hytriidae sp. BS4
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100 ' DQ641042.1 Thraustoc hytriidae sp. BS3
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Figure 7. Evolutionary analysis by the Maximum Likelihood method. (a) Maximum likelihood tree
inferred by using Hasegawa-Kishino—Yano model for 51 185 rDNA sequences. (b) Subtree including
Thraustochytriidae sp. BS isolates, obtained from B. schlosseri (in red boxes). Numbers below branches
indicate the accumulated tree percentages for the clustered taxa. Scale bars indicate branch lengths
measured in number of substitutions per site.

4. Discussion

The world’s oceans and seas host, in diverse marine habitats and within a variety of
marine taxa [17,24], more than one hundred known thraustochytrid strains, a common
group of marine eukaryotic protists [9], recorded from the tropical to Antarctic zones and in
depths down to 2000 m [14,15]. Thraustochytrids further emerged in primary cell cultures
made from marine invertebrates [12,20,22,24], and have garnered significant attention in the
fields of industry, transformative medicine, and science. Of prime interest are the valuable
bioactive compounds, including omega-3 polyunsaturated fatty acid (w-3 PUFA), docosa-
hexaenoic acid (DHA), squalene and carotenoids. Additionally, these microorganisms
are being explored as potential biofuel sources, highlighting the importance of isolation
and cultivation of new strains [9,45-48]. Some thraustochytrid strains can be successfully
cultivated to yield significant biomass with a rich lipid content, particularly high levels of
PUFA, further considered promising candidates for the commercial production of omega-3
and DHA, for human health and aquaculture [25,26,29]. The thorough screening of cultures
from diverse marine habitats has resulted in the discovery of strains capable of producing
a minimum of 50% of their biomass in the form of lipids, with DHA comprising at least
25% of the total fatty acids [25,26]. It is also evident that the cell yields and the PUFA
production of certain thraustochytrid strains can be altered through the manipulation of
physical culture parameters [25].
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By employing marine invertebrates cell culture medium for thraustochytrids isola-
tion [12], this study assessed growth potentialities of a new isolated thraustochytrid strain
(thraustochytrid sp. BSH) originated from B. schlosseri colonies from the intertidal zone
at Helgoland Island, Germany. These cells were cultivated under two physical condi-
tions (static versus agitation) with two inoculation sizes (0.5 and 1 x 10° cells/dish). The
sequence comparison of this strain revealed high similarities to Thraustochytriidae sp.
BS2 and BS1 (99.81 and 99.53, respectively) isolated from B. schlosseri colonies from the
Monterey, California, that were reared with Mediterranean seawater [6], while showing
lower similarities to other strains (82-77%; BS3 to BS6, respectively) isolated from Israeli
B. schlosseri colonies [22]. The phylogenetic analysis further revealed that thraustochytrid
strains BS1 and BS2 might be considered to be the same species even though morphological
characteristics indicated that BS1 and BS2 differed from BSH (Pers. Observ.). While it is
premature to make definitive conclusions regarding the species status within this group of
organisms (there is currently insufficient scientific evidence to support the separation of
distinct species), it is interesting that the Israeli strains BS1 and BS2 (eastern Mediterranean)
and the German BSH strain (North Sea), all isolated from the same host tunicate species,
reveal high 185 sequence similarities.

In a morphological comparison between the isolated thraustochytrid cells from two
different growth conditions (both reared under static condition in 35 mm Petri dishes; this
study and Qarri et al. [12]), those originating from the Israeli growth system, where the
B. schlosseri host was cultivated with seawater, and the present study, where the host was
grown with artificial seawater, the results revealed that the cell types emerged remained
consistent. These included mononucleated cells, multinucleated cells and sporangia. How-
ever, there was a notable difference in the nature of the cultures from Helgoland, as they
primarily consisted of aggregated cells, with single cells being rare or scarcely observed.
For the improved identification of the thraustochytrid cells, the present study adds, using
confocal microscopy, the differential auto-fluorescence properties of multinucleated cells.
This complements the auto-fluorescence characterization of a previous study [40], where
the auto-fluorescence properties of mononucleated and sporangia cells were elucidated.

Regarding the extensive screening of thraustochytrid strains for the purpose of gen-
erating substantial biomass for biotechnological applications [25,26,29], the present re-
search highlights the potential of thraustochytrid cell growth, demonstrating a significant
increase in cell numbers across all treatments, under two distinct physical conditions
and with two different inoculation sizes. As examples, the increase in cell numbers for
the 0.5 x 10° cells/dish inoculation in T75 flasks varies between 4.4- and 6.4-fold under
static and agitation conditions, respectively, and revealed 2.0 and 4.2-fold increase for
the 1 x 10° cells/dish inoculation under static and agitation conditions, respectively. The
results of the present study also reflect improved increase values for thraustochytrid growth
when compared to the 1.45-fold increase per week of our former work, performed under
static conditions [12]. In summary, to maximize growth potential in isolated thraustochytrid
strains from Helgoland, cultivation under agitation in T75 flasks proves highly productive.
However, it is worth noting that generating large biomasses using smaller culture units like
T75 flasks may not be economically viable for biotechnological purposes. The findings of
the present study demonstrate the feasibility of the mass cultivation of strain BSH isolated
from the Helgoland, Germany, Botryllus colonies. The growth potential of the current strain
serves as additional evidence that newly isolated thraustochytrid strains can indeed be
cultivated for industrial purposes.

5. Conclusions

This study reveals experiments employed on a recently discovered thraustochytrid
strain obtained from Helgoland, Germany (referred to as thraustochytrid sp. BSH, isolated
from colonies of the colonial tunicate Botryllus schlosseri). By using varying conditions of
static versus agitated setups, as well as two different inoculation sizes and three different
vessel volumes, this study has successfully demonstrated the route for the cultivation
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scaling-up of these protist cells. This approach is amenable for future industrial applications
(including the extraction of omega-3 oils as fish replacement, their uses as aquafeeds and
more), further highlighting that thraustochytrid biomasses are subjected to varying culture
conditions. Notably, the newly isolated thraustochytrid strain isolated from German
colonies shares a significant genetic resemblance with thraustochytrid strains isolated from
Botryllus colonies raised in Israel but originally collected from marinas in California, the
USA. In the light of potential industrial applications, this finding further underscores the
needs to investigate the relationship between animal hosts and symbiotic thraustochytrids
in order to gain deeper insights into the biology of these protists and to unveil the yet
undiscovered biodiversity (including the wide spectrum of bioactive compounds they hold)
within this intriguing group of microorganisms.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fishes9010022 /s1. Figure S1: Confocal autofluorescence images
of a multinucleated cell at various wavelengths; Table S1: Estimates of Evolutionary Divergence
between Sequences.
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