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ABSTRACT: Marine heterotrophic protists of the Labyrinthulomycota are of interest for their
biotechnological (e.g. thraustochytrid production of lipids) and ecological (e.g. wasting disease
and rapid blight by pathogens of the genus Labyrinthula) applications; culture-based laboratory
studies are a central technique of this research. However, maintaining such microorganism cul-
tures can be labour- and cost-intensive, with a high risk of culture contamination and die-off over
time. Deep-freeze storage, or cryopreservation, can be used to maintain culture back-ups, as well
as to preserve the genetic and phenotypic properties of the microorganisms; however, this method
has not been tested for the ubiquitous marine protists Labyrinthula spp. In this study, we trialled
12 cryopreservation protocols on 3 Labyrinthula sp. isolates of varying colony morphological traits.
After 6 mo at —-80°C storage, the DMSO and glycerol protocols were the most effective cryoprotec-
tants compared to methanol (up to 90 % success vs. 50 % success, respectively). The addition of
30% horse serum to the cryoprotectant solution increased Labyrinthula sp. growth success by
20-30%. We expect that these protocols will provide extra security for culture-based studies, as

well as opportunities for long-term research on key Labyrinthula sp. isolates.
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INTRODUCTION

The members of the genus Labyrinthula are im-
portant heterotrophic aquatic protists in terrestrial
and coastal marine ecosystems. They are surface
microbiome members for macroalgae and seagrass
hosts because of their roles in carbon and nutrient
cycling, as well as the decomposition of senescent
biomass (Armstrong et al. 2000, Raghukumar 2002).
Labyrinthula also act as opportunistic pathogens
that cause wasting disease in seagrasses and rapid
blight in turf grass (Muehlstein et al. 1991, Martin et
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al. 2002). Seagrass wasting disease ecology was first
described after a 90 % die-off of seagrass along the
North Atlantic coastlines in the 1930s (Petersen
1934, Renn 1935). In the late 1980s, L. zosterae was
identified as the causative agent of seagrass wasting
disease (Muehlstein et al. 1991), and more than a
decade later, L. terrestris was identified as the
pathogen causing rapid blight (Martin et al. 2002).
Since then, research has focussed on what drives
the incidence of disease as well as the virulence of
Labyrinthula isolates (Brakel et al. 2014, Martin et
al. 2016, Sullivan et al. 2017). For wasting disease, it
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has been hypothesised that disease occurrence is
linked to elevated seagrass stress, to a genetic pre-
disposition to virulence in some Labyrinthula clades,
or to a combination of these 2 variables (Martin et
al. 2016, 2017).

As with most marine disease research, isolating
and maintaining pure cultures of Labyrinthula is a
necessary procedure in many of the laboratory-
based research techniques, which include patho-
genicity and Koch's postulates tests (Muehlstein et
al. 1988, Govers et al. 2016), as well as genomic
sequencing and phylogenetic analyses (Martin et
al. 2016). While the techniques for isolation in lig-
uid- and agar-based media are well established,
long-term maintenance of cultures can be a chal-
lenge due to the required labour and costs associ-
ated with frequent sub-culturing, the high risk of
fungal contamination and the periodic and some-
times unexplained die-off of Labyrinthula in culture
(Martin et al. 2016, Trevathan-Tackett et al. 2018).
Cryopreservation is a technique for the long-term
preservation of microorganisms (Hubalek 2003),
including aquatic microalgal, protist and fungal
preservation (Canavate & Lubian 1995, Gleason et
al. 2007, ATCC 2013), and thus may provide secu-
rity against losing valuable cultures. Virulence of
isolated microorganisms can be influenced by envi-
ronmental conditions (e.g. Case et al. 2011), as well
as artificial culture conditions. In the latter scenario,
evolution or ‘drift’ of the genetic and phenotypic
characteristics could occur when isolates are main-
tained in culture long-term (Dunham et al. 2002,
Herring et al. 2006); therefore, cryopreservation
could also help mitigate ‘artificial’ changes in patho-
gen virulence.

Cryopreservation of thraustochytrids (marine het-
erotrophic protists related to Labyrinthula) in liquid
media was successful using DMSO and horse serum
(HS) as cryoprotectants (Cox et al. 2009); however,
there is no published protocol on the successful cryo-
preservation of Labyrinthula spp. and other marine
protist cultures growing on agar media. In this study,
3 Labyrinthula isolates in agar-media culture were
cryopreserved for 6 mo in DMSO, glycerol and
methanol, with and without added HS as an extra
source of nutrients (Cox et al. 2009, ATCC 2013). The
aim here was to develop a cryopreservation method-
ology for Labyrinthula that could be used in the
formation of legacy cultures, to significantly reduce
the risk of loss or contamination and to prevent the
possibility of genetic or phenotypic change over time,
thus further supporting disease ecology research on
Labyrinthula.

MATERIALS AND METHODS

The Labyrinthula isolates used in this study were
described by Trevathan-Tackett et al. (2018). Briefly,
2 isolates collected from San Remo, Victoria, Aus-
tralia, were found to be pathogenic and were from 2
different haploytype groups: Aus4 (SR_Zm isolate
C2) and AusS (SR_Ha isolate C). The third isolate
from Lakes Entrance, Victoria, Australia (LAK_Zm
isolate A), was also from the Aus4 haplotype but was
found not to be pathogenic. The Aus4 haplotype was
shown to be closely related to L. zosterae (Trevathan-
Tackett et al. 2018), the most common and well-
studied pathogenic species of Labyrinthula in the
northern hemisphere (Sullivan et al. 2013). All 3 iso-
lates had varying culture growth morphotypes, with
the SR_Ha isolate showing the fastest colony area
growth rate and in-agar colony growth characte-
ristics.

DMSO (cell-culture grade, ChemCruz, Santa Cruz
Biotechnology), glycerol (distilled analytical reagent,
PROLABO) and MeOH (LC/MS grade, OPTIMA,
ThermoScientific) were used as possible cryoprotec-
tants at 5, 10 or 15% v/v concentration, with and
without 30% v/v HS (Cox et al. 2009, ATCC 2013),
for a total of 12 protocols (Table 1). Liquid media
(agar culture media without agar; see Martin et al.
2009) was added to the cryoprotectant solution at a
final salinity of 25 psu (final volume of 1 ml sample™;
Table 1). Each Labyrinthula isolate culture was grown
up for 12-22 d in order to build up enough surface
area at the leading edge. For consistency, the leading
edge, i.e. the youngest and growing edge of the cul-
ture made of vegetative cells (Muehlstein et al. 1991),
was sampled with a 5 mm diameter, sterilised hole-
punch to make standardised plugs of culture. The
plugs from each isolate were added to each of the 12
protocol solutions (n = 3) in cryotubes (2 ml, internal
thread; Greiner Bio-One). The cryopreservative solu-
tions were allowed to penetrate the cells for at least
1 h before slow-freezing at 1°C min~! (Mr. Frosty®,
Nalgene) to —-80°C (Cox et al. 2009).

After approximately 6 mo, the samples were quick-
thawed in 50°C water baths. The plugs were re-
moved from the cryoprotectant solutions with sterile
forceps and placed on fresh agar media in 6-well
plates. Since it was not possible to tell which side of
the plugs contained the original culture, the plugs
were cut in half with the forceps so that both ends of
the plug were in contact with the agar. Lastly, 1 ml of
fresh liquid media was added to each well to provide
ample nutrients, as well as to dilute any remaining
toxic effects of the cryoprotectants (Cox et al. 2009).
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Table 1. Composition of cryopreservation solution (ul) for each protocol (1-12). Stock media were adjusted so that final salinity
of the cryopreservation solution was 25 psu. MeOH: methanol; HS: horse serum

DMSO + HS DMSO only Glycerol + HS Glycerol only MeOH + HS MeOH only
1 2 3 4 5 6 7 8 9 10 11 12
10 % DMSO 100 100
15% DMSO 150 150
10% Glycerol 100 100
15 % Glycerol 150 150
5% MeOH 50 50
10% MeOH 100 100
30% HS 300 300 300 300 300 300
Media 600 550 900 850 600 550 900 850 650 600 950 900

Fresh liquid media were reapplied throughout the
13 d of growth to prevent desiccation before colony
growth was established. Labyrinthula growth on the
fresh agar and in the liquid media was monitored
during the next 2 wk using an inverted microscope
with phase-contrast (CK30/CK40 RPSL, Olympus).
Positive culture growth, and thus cryopreservation
success, was identified by the characteristic colony
formation within an ectoplasmic network (Tsui et al.
2009), as well as continued growth throughout the
experiment. Clumps of cells with no visible network
formation were considered non-viable.

Culture growth was measured by manually tracing
the culture edges on the bottom of the well-plate
(Trevathan-Tackett et al. 2015), followed by culture
area quantification using Image-J (https://image;.
nih.gov/ij/). Growth rates were also calculated as
mm? d~!. A preliminary 2-way ANOVA indicated
an insignificant protocol x isolate interaction for
both final colony area size and growth rate.
Therefore, statistically different effects among
isolate and protocol (independent variables) on
growth rates and final area (dependant variables)
were tested separately with a 1-way ANOVA. If
the data were not normal even after square-root

transformation, a non-parametric Kruskal-Wallis 5

. . o]
test was used. A Bonferroni correction was ap- o
plied to the post hoc tests (oo = 0.05), and all sta- %_
tistical tests were performed on SPSS v25 (IBM %
Analytics) »

RESULTS AND DISCUSSION

All samples were retrieved after freezing,
except 1 replicate from Protocol 10 (LAK Zm)
(see Table 1 for protocols) and 1 replicate from
Protocol 12 (SR_Zm), which were lost or dam-
aged. Positive Labyrinthula growth was identi-

fied as full colony formation within an ectoplasmic
network, while ‘non-viable' samples were charac-
terised by clumps of intact cells growing from the
plug but never fully revived. In general, the DMSO
(Protocols 1-4) and glycerol (Protocols 5-8) treat-
ments had the highest success at reviving Laby-
rinthula isolates (up to 90 % success vs. 50 % success,
respectively; Fig. 1). For these protocols, there was
little difference between the 10 and 15 % concentra-
tions of DMSO and glycerol, so these were combined
for statistical tests of growth rate and area. Addition-
ally, the cryopreservation solutions containing addi-
tional HS increased the survival success by 20-30 %
(Fig. 1), possibly due to additional nutrient resources
and protection from chemical toxicity (Cox et al.
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DMSO Gycerol MeOH
‘10%/15%/10%/15% 10% /15% / 10% / 15% | | 5% /10% / 5% /10%

+HS +HS
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Fig. 1. Categorical survival success of the 12 cryopreservative

treatments (see Table 1 for treatment details)
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2009). Overall, the MeOH treatments had the
least success as a cryoprotectant, despite adding
fresh liquid media to the cultures in order to
counteract the evaporative effect of the MeOH.
In fact, the MeOH treatments in Protocols 10 (no
positive growth) and 12 (1 positive growth) per-
formed so poorly, these treatments were re-
moved from the statistical tests in order to have
enough power to perform post-hoc tests.
Similarly to survival success, the cryoprotec-
tant treatments affected Labyrinthula culture
growth rate and colony area. There was a signif-
icant effect of the cryopreservative solution on
both Labyrinthula growth rates (Fs5gq97; = 5.116,
p < 0.001) and final area (K-W p < 0.001) after
the 2 wk growth period (Fig. 2). The growth
rates of the MeOH treatments (Protocols 9 and
11) were ~3- to 10-fold lower than the other
protocols, while DMSO (Protocols 1+2, 3+4) and
glycerol (Protocols 5+6, 7+8) had the highest
growth rates (Fig. 2). We noted that, while the
growth rates for the DMSO + HS and glycerol
only treatments were ~9 times higher compared
to the MeOH only treatment, the post hoc analysis
indicated the glycerol only treatment was statistically
the same (Fig. 2). This treatment had half the number
of samples, and so the reduced power of this compar-
ison has likely influenced these contradictory results,
i.e. a false positive. Overall, we noted similar patterns
for the total colony area, although the MeOH + HS
serum treatment was statistically similar to the
DMSO only treatment. In contrast to this study, Cox
et al. (2009) found that thraustochytrid cultures, i.e.
related marine heterotrophic protists, had more suc-
cess with the DMSO + HS cryopreservation solution
compared to the glycerol solution when revived in
liquid media. While we saw a similar positive effect
of HS on growth success for both DMSO and gly-
cerol, the poor performance of glycerol as a cryopro-
tectant in Cox et al. (2009) could be linked to the
omission of HS in the glycerol treatments. Further-
more, Labyrinthula move within an ectoplasmic net-
work that is involved in nutrient absorption and
adhesion to substrate, while thraustochytrids do not
(Tsui et al. 2009). We hypothesise that this adaptation
could indirectly help buffer the effect of toxic cryo-
protectants. Lastly, we noticed a slight delay in
Labyrinthula growth after thawing. On average,
Labyrinthula from the glycerol treatments took ~4 d
to start growing away from the cryopreserved plug,
while the DMSO and MeOH treatments took 5-7 and
6-13 d, respectively. This delay in cell growth after
thawing has been found for other Labyrinthulomy-
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Fig. 2. Effect of cryoprotectant and horse serum (HS) on Laby-
rinthula growth rate and final colony area. Letters indicate signif-
icant differences in post hoc tests for area (upper case) and rate
(lower case). MeOH: methanol. Bars represent means + 1 SEM

(n=17-18)

cota, but was an isolate- rather than protocol-depen-
dent effect (Cox et al. 2009).

The Labyrinthula isolates showed varying respon-
ses to the cryoprotectants. The LAK_Zm isolate had a
significantly higher growth rate (2-fold higher; F, gz =
4.793, p = 0.01) and colony area (2-3-fold higher;
Fj 104 = 12,664, p < 0.001) than SR_Ha and SR_Zm
(Fig. 3). The LAK_Zm isolates grew in the added
liquid media more frequently than on the agar media
compared to the other isolates (11 samples vs. 3-5
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Fig. 3. Variation in Labyrinthula isolate growth rate and final

colony area. Letters indicate significant differences in post

hoc tests for area (upper case) and rate (lower case). Bars
represent means += 1 SEM (n = 35-36)
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samples for the others). This resulted in most
LAK _Zm isolates covering their respective well
plates in 1-2 d, and thus an overall faster growth
rate. This variation is likely related to the in-agar
growth that seems to be preferred by SR _Ha and
SR_Zm (Trevathan-Tackett et al. 2018), which is gen-
erally a slower method of movement than growing in
liquid media. We also compared the growth rates in
this study to the original stock Labyrinthula cultures
growing in 90 mm diameter plates (10 d). The stock
LAK_Zm cultures typically grew 2-3-fold slower
than in this study (~45 mm? d™'), which was also
attributed to the differences in liquid media versus
agar-based media. In contrast, the stock SR_Ha and
SR_Zm cultures typically grew 2-4-fold faster than
seen post-cryopreservation (~475 and 155 mm? d!,
respectively). This is likely an artefact of the cryo-
preservation stress, and while we did not keep track
of all of the samples beyond the well-plate quantifi-
cation, we would expect at least partial, if not full,
recovery of culture growth characteristics. This vari-
ation highlights how different culture morphologies
and growth strategies of Labyrinthula isolates could
affect the post-cryopreservation success, and sug-
gests that choice in post-thaw care as well as cryo-
protectant are important to reviving Labyrinthula.

Both DMSO and glycerol solvents showed the most
success as cryoprotectants across the different Laby-
rinthula isolates. Whilst the addition of HS seemed to
increase growth success, it is also the most expensive
media ingredient. In cases where its use is cost-
prohibitive, we recommend using the glycerol-only
protocols, which were less dependent on HS for vi-
ability success, in addition to having the added
benefit of glycerol being less toxic to the user and rel-
atively inexpensive compared to DMSO. In conclu-
sion, cryopreservation is an effective way to store
Labyrinthula cultures long-term and can help prevent
loss of cultures and save in costs of long-term culture
maintenance. While further research is needed to
identify changes in genes and virulence after cryo-
preservation, we have identified the growth strategies
and phenotypic responses to different cryoprotectants
and the cryopreservation method overall.

Acknowledgements. We thank the Mary Collins Trust for
financially supporting this research.

LITERATURE CITED
]\(Armstrong E, Rogerson A, Leftley JW (2000) Utilisation of
seaweed carbon by three surface-associated heterotro-
phic protists, Stereomyxa ramosa, Nitzschia alba and

Labyrinthula sp. Aquat Microb Ecol 21:49-57

HCATCC (American Type Culture Collection) (2013) ATCC
protistology culture guide: tips and techniques for prop-
agating protozoa and algae. https://www.atcc.org/~/
media/PDFs/Culture%20Guides/ProtistologyGuide.ashx

]\( Brakel J, Werner FJ, Tams V, Reusch TB, Bockelmann AC
(2014) Current European Labyrinthula zosterae are not
virulent and modulate seagrass (Zostera marina) defense
gene expression. PLOS ONE 9:e92448

]\VQCaﬁavate J, Lubian L (1995) Relationship between cooling
rates, cryoprotectant concentrations and salinities in the
cryopreservation of marine microalgae. Mar Biol 124:
325-334

ACase RJ, Longford SR, Campbell AH, Low A, Tujula NA,
Steinberg PD, Kjelleberg S (2011) Temperature induced
bacterial virulence and bleaching disease in a chemically
defended marine macroalga. Environ Microbiol 13:
529-537

]\<Cox SL, Hulston D, Maas EW (2009) Cryopreservation of
marine thraustochytrids (Labyrinthulomycetes). Cryo-
biology 59:363-365

]% Dunham MJ, Badrane H, Ferea T, Adams J, Brown PO,
Rosenzweig F, Botstein D (2002) Characteristic ge-
nome rearrangements in experimental evolution of Sac-
charomyces cerevisiae. Proc Natl Acad Sci USA 99:
16144-16149

]\(Gleason FH, Mozley-Standridge SE, Boyle DG, Hyatt AD
(2007) Preservation of Chytridiomycota in culture collec-
tions. Mycol Res 111:129-136

A Govers LL, Man in 't Veld WA, Meffert JP, Bouma TJ and
others (2016) Marine Phytophthora species can hamper
conservation and restoration of vegetated coastal eco-
systems. Proc R Soc B 283:20160812

’\,i Herring CD, Raghunathan A, Honisch C, Patel T and others
(2006) Comparative genome sequencing of Escherichia
coli allows observation of bacterial evolution on a labora-
tory timescale. Nat Genet 38:1406-1412

] Hubalek Z (2003) Protectants used in the cryopreservation
of microorganisms. Cryobiology 46:205-229

Martin S, Stowell L, Gelernter W, Alderman S (2002) Rapid

blight: a new disease of cool season turfgrasses. Phyto-
pathology 92:S52

] Martin DL, Boone E, Caldwell MM, Major KM, Boettcher
AA (2009) Liquid culture and growth quantification of
the seagrass pathogen, Labyrinthula spp. Mycologia 101:
632-635

]% Martin DL, Chiari Y, Boone E, Sherman TD and others
(2016) Functional, phylogenetic and host-geographic
signatures of Labyrinthula spp. provide for putative spe-
cies delimitation and a global-scale view of seagrass
wasting disease. Estuaries Coasts 39:1403-1421

AMuehlstein L, Porter D, Short F (1988) Labyrinthula sp., a
marine slime mold producing the symptoms of wasting
disease in eelgrass, Zostera marina. Mar Biol 99:465-472

AMuehlstein LK, Porter D, Short FT (1991) Labyrinthula
zosterae sp. nov., the causative agent of wasting disease
of eelgrass, Zostera marina. Mycologia 83:180-191

]\'{‘Petersen HE (1934) Wasting disease of eelgrass (Zostera
marina). Nature 134:143-144

a Raghukumar S (2002) Ecology of the marine protists, the
Labyrinthulomycetes (thraustochytrids and labyrinthu-
lids). Eur J Protistol 38:127-145

] Renn CE (1935) A mycetozoan parasite of Zostera marina.
Nature 135:544-545

] Sullivan BK, Sherman TD, Damare VS, Lilje O, Gleason FH


https://doi.org/10.3354/ame021049
https://www.atcc.org/~/media/PDFs/Culture%20Guides/ProtistologyGuide.ashx
https://doi.org/10.1371/journal.pone.0092448
https://doi.org/10.1007/BF00347136
https://doi.org/10.1111/j.1462-2920.2010.02356.x
https://doi.org/10.1016/j.cryobiol.2009.09.001
https://doi.org/10.1073/pnas.242624799
https://doi.org/10.1016/j.mycres.2006.10.009
https://doi.org/10.1098/rspb.2016.0812
https://doi.org/10.1016/j.funeco.2013.06.004
https://doi.org/10.1038/135544b0
https://doi.org/10.1078/0932-4739-00832
https://doi.org/10.1038/134143c0
https://doi.org/10.2307/3759933
https://doi.org/10.1007/BF00392553
https://doi.org/10.1007/s12237-016-0087-z
https://doi.org/10.3852/08-171
https://doi.org/10.1016/S0011-2240(03)00046-4
https://doi.org/10.1038/ng1906

70 Dis Aquat Org 130: 65-70, 2018

(2013) Potential roles of Labyrinthula spp. in global sea-
grass population declines. Fungal Ecol 6:328-338

]\( Sullivan BK, Trevathan-Tackett SM, Neuhauser S, Govers
LL (2017) Host-pathogen dynamics of seagrass diseases
under future global change. Mar Pollut Bull, doi:10.1016/
j.marpolbul.2017.09.030

A Trevathan-Tackett SM, Lane AL, Bishop N, Ross C (2015)
Metabolites derived from the tropical seagrass Thalassia
testudinum are bioactive against pathogenic Labyrin-
thula sp. Aquat Bot 122:1-8

Editorial responsibility: Alicia Toranzo,
Santiago de Compostela, Spain

.

]gTrevathan-Tackett SM, Sullivan BK, Robinson K, Lilje O,
Macreadie PI, Gleason FH (2018) Pathogenic Labyrin-
thula associated with Australian seagrasses: considera-
tions for seagrass wasting disease in the southern hemi-

sphere. Microbiol Res 206:74-81

]\(Tsui CK, Marshall W, Yokoyama R, Honda D and others

(2009) Labyrinthulomycetes phylogeny and its im-

plications for the evolutionary loss of chloroplasts and

gain of ectoplasmic gliding. Mol Phylogenet Evol 50:

129-140

Submitted: May 7, 2018; Accepted: June 29, 2018
Proofs received from author(s): August 14, 2018


https://doi.org/10.1016/j.marpolbul.2017.09.030
https://doi.org/10.1016/j.aquabot.2014.12.005
https://doi.org/10.1016/j.ympev.2008.09.027
https://doi.org/10.1016/j.micres.2017.10.003



