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Abstract

The heterotrophic marine protist Labyrinthula plays various roles in the environment, from pathogen to symbiont to
saprobic decomposer. Mangroves are notably rich in detritus that supports the saprotrophic lifestyle of these organisms,
making this environment a hotspot for labyrinthulid biodiversity. In this study, Labyrinthula were isolated from decaying
leaves found at 14 different mangrove sites in Okinawa, Japan (26°09'28.1"-26°44'34.8"N, 127°39'56.5"-128°18'55.6"E)
in October 2024. A total of 61 isolates in 6 lineages were identified and characterized based on morphological and molecu-
lar data. Phylogenetic analyses based on the 18S rRNA gene and ITS region grouped all lineages with previously reported
non-pathogenic labyrinthulid isolates. Two of the six lineages grouped with existing Labyrinthula species-letter groups
“M” and “Q=V", one formed a hitherto unnamed clade with an existing sequence from the gill tissue of Psetta maxima,
and three branched independently, indicating the discovery of three novel Labyrinthula spp. The four unnamed lineages
have thus been designated as Lineages O1, 02, O3, and O4. Sequences in this study also grouped with other Labyrinthula
spp. from mangrove leaves, seawater, seagrass, and turfgrass across different geographical locations, demonstrating the
ecological plasticity of the group. The genetic records made available in this study provide the groundwork for further
understanding the ecological role of Labyrinthula in mangroves and its cultivable diversity.
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Introduction

The Labyrinthulomycetes (Labyrinthulomycota) are a group
of heterotrophic protists classified within the Stramenopiles.
This group consists of three major lineages, namely the
thraustochytrids, labyrinthulids, and aplanochytrids (Lean-
der and Porter 2001). The distinguishing characteristic of
the Labyrinthulomycota is the ectoplasmic net: a network
of fine, branching cytoplasmic threads extending from a
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unique structure called the bothrosome (Porter 1972). These
threads form pathways on which the cell bodies glide and
also play arole in substrate adhesion and nutrient absorption
(Bennett et al. 2017). This unique feature has given rise to
the name “slime nets,” mainly used to describe the family
Labyrinthulidae, of which there is only one genus, Laby-
rinthula (Beakes et al. 2014).

Members of Labyrinthula are characterized by colorless
to yellowish spindle-shaped cells that migrate through an
extensive branched system formed by a membranous ecto-
plasmic net. Each cell contains a visible central nucleus sur-
rounded by lipid droplets (Jepps 1931) and is connected to
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the ectoplasmic net through a single bothrosome (Bennett
et al. 2017). Their use of the ectoplasmic net distinguishes
members of Labyrinthula from those of the genus Aplano-
chytrium, whose cells glide along the net rather than being
embedded in it (Leander et al. 2004).

Labyrinthula are ubiquitous in marine, estuarine, and
terrestrial environments. They have been isolated from var-
ious substrates, including algae (Pokorny 1967; Raghuku-
mar 1987), vascular plants (Muehlstein 1992), and detrital
materials (Sakata et al. 2000). They have also been found in
association with amoeba (Dykova et al. 2008) and diatoms
(Jepps 1931; Popova et al. 2020). Their ability to survive in
a wide range of environments exemplifies their tolerance to
a variety of environmental conditions.

Interest surrounding the genus has increased since Laby-
rinthula zosterae and Labyrinthula terrestris were identified
to be the causative agents of the seagrass wasting disease
and rapid blight, respectively (Muehlstein et al. 1991; Olsen
2007). Not all Labyrinthula are pathogens, however, with
many of them functioning as saprobic decomposers associ-
ated with decaying macroalgae and plants (Bennett et al.
2017). More recently, Labyrinthula have started to attract
attention for their ability to produce long-chain polyun-
saturated fatty acids (LCPUFAs) such as docosahexaenoic
acid or DHA, which is used in a variety of biotechnological
applications from medicine to enriched animal feed (Kumon
et al. 2006). The ability of saprotrophic Labyrinthula to pro-
duce LCPUFAs has been hypothesized to be ecologically
relevant in aquatic food webs as a mechanism for upgrading
detritus to nutritionally valuable compounds (Raghukumar
2002; Yoshioka et al. 2019).

Out of all the environments from which Labyrinthula have
been isolated, mangroves are of interest due to their role as
carbon sinks, making them an optimal environment for the
saprotrophic activity of Labyrinthula (Raghukumar 2017).
Mangroves produce large amounts of leaf litter which, when
buried in waterlogged sediments, become highly accessible
for decomposition (Inoue et al. 2024). The presence of Lab-
yrinthula in mangroves has been confirmed by several stud-
ies across different regions of the world including Brazil, the
Philippines, and China (Wahid et al. 2007; Boro et al. 2018;
Wang et al. 2019). Among these studies, Wang et al. (2019)
demonstrated a high culturable diversity of Labyrinthula in
coastal mangroves in China. In Japan, Labyrinthula has also
been isolated from mangrove leaves in Ishigaki, Okinawa
(Honda et al. 1999) and other unspecified areas (Tsui et al.
2009). However, there is still a lack of isolates collected in
the Nansei Islands at the southern tip of Japan (Suzuki et al.
2022). This area includes Okinawa Prefecture, which hosts
90% of Japan’s mangrove population (Inoue et al. 2024)
and thus likely holds biogeographical significance for Laby-
rinthula diversity. Mangroves in this area are isolated from
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the global mangrove distribution, which further emphasizes
their importance for study and conservation (Thomas et al.
2022).

The goal of this study is to conduct an initial survey
on the genetic diversity of saprotrophic Labyrinthula spp.
found in mangroves in southern Japan (Okinawa) in order
to establish a baseline for cataloging their cultivable diver-
sity. It also aims to improve the current understanding of
Labyrinthula systematics by including unique lineages from
Okinawa. Results will also provide insights into the ecol-
ogy of this group, laying the foundation for future research
on the relationships of Labyrinthula with other organisms.
Here, Labyrinthula were isolated from decaying leaves in
various mangrove sites on Okinawa Island and cultured for
further morphological and molecular analyses (18S rRNA
gene and ITS region).

Materials and methods
Sample collection and establishment of cultures

Decomposing leaves were collected from mangrove for-
ests across 14 different localities around Okinawa, Japan
(26°09'28.1"-26°44'34.8"N, 127°39'56.5"-128°18'55.6"E)
in October 2024 (Fig. 1a). Individual leaves were placed
into plastic bags with a minimal amount of water from the
site to maintain their moisture and kept cool during trans-
portation from sampling sites to the laboratory (Fig. 1b).

Collected leaves were individually placed onto serum
seawater agar (SSA) plates containing 0.8% agar (Nacalai
Tesque, Inc., Kyoto, Japan) and 0.8% horse serum (Thermo
Fisher Scientific, Auckland, New Zealand) based on a pro-
cedure modified from Muehlstein (1992). The media was
prepared using filtered, autoclaved seawater. To limit bac-
terial growth, for every 500 mL of media, approximately
12 mg each of ampicillin sodium salt (Sigma-Aldrich, Co.,
St. Louis, MO, USA), streptomycin sulfate salt (Sigma-
Aldrich, Co., St. Louis, MO, USA), and penicillin G potas-
sium salt (MP Biomedicals, LLC, Irvine, CA, USA) were
added following FioRito et al. (2016); the growth of diatoms
was inhibited by adding 5 mg of germanium(I'V) oxide, 4 N
(Kanto Chemical Co. Inc., Tokyo, Japan) following Sulli-
van et al. 2017.

Plated leaves were either kept whole or cut into two to
three smaller pieces. To isolate pure strains, Labyrinthula
colonies branching out of the leaves were transferred from
their original plates onto new SSA plates multiple times.
For each transfer, two to four isolations were taken from
each plate (Fig. lc). The transfer was done by cutting
0.25-1 cm? agar blocks containing the Labyrinthula using
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Isolation 1

Isolation 2

Labyrinthula

Isolate 3_4_1_1 Isolate 3 4 1 2

Isolate 3 4 2 1 Isolate 3 4 2 2

Fig. 1 Sample collection and establishment of Labyrinthula cultures. (a) Mangroves along Okukubi River (Site 3). (b) Decaying leaf (Host 4)
taken from Site 3 used for establishment of Labyrinthula cultures. (¢) Graphical summary of isolation and isolate naming scheme

a flame-sterilized razor and placing them onto a new SSA
plate of the same composition, except without germanium
oxide.

Plates were stored at 28+2 °C and observed daily using
an Olympus CKX53 inverted microscope (Olympus, Tokyo,
Japan). Cultures were maintained by transfer to new plates

every three to fifty days, depending on the growth of each
isolate. Plates that exhibited weak growth and dry appear-
ance were supplemented with drops of liquid media, which
was prepared similarly to the SSA plates but without the
addition of agar.
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Light microscopy and cell measurement

Labyrinthula were imaged at 40X and 400X magnification
using an Olympus CKX53 inverted microscope (Olympus,
Tokyo, Japan) connected to a Canon EOS Kiss X9i digital
camera (Canon, Tokyo, Japan). Cell measurements were
taken using ImagelJ (Schneider et al. 2012).

DNA extraction, PCR amplification and sequencing

For DNA extraction, the section of the agar that was imaged
was cut out using a flame-sterilized razor and transferred
into an Eppendorf tube. Genomic DNA was extracted using
the MasterPure Complete DNA and RNA Purification Kit
(Epicentre, Madison, WI, USA) following manufacturer
protocols. Two DNA extractions were performed for each
plate.

Direct PCR was performed on the extracted DNA using
the SR1 (5’-TACCTGGTTGATCCTGCCAG-3’) — 18SRF
(5’-CCCGTGTTGAGTCAAATTAAG-3’) and SR4 (5’-A
GGGCAAGTCTGGTGCCAG-3’) — SR12 (5’-CCTTCCG
CAGGTTCACCTAC-3’) primer pairs to amplify the 18S
rRNA gene (Nakayama et al. 1996; Mo et al. 2002; Yamagu-
chi et al. 2006). Thermocycler conditions were as follows:
initial denaturation at 94 °C for 10 min, 35 cycles at 98 °C
for 10s, 54 °C for 5s, and 68 °C for 10s, and a final exten-
sion at 68 °C for 5 min. For the ITS region, amplification
was first performed using the SR1-852R-70 (5’-CGAAC
GATTTGCACGTCAG-3") primer pair (Nakayama et al.
1996; Yamada et al. 2013) under the following thermocy-
cler conditions: initial denaturation at 94 °C for 10 min, 35
cycles at 98 °C for 105, 52 °C for 5, and 68 °C for 105, and
a final extension at 68 °C for 5 min. After diluting the PCR
products 1:100 times, the reaction was then nested using the
LplF1 (5’-GTCCCTGCCCTTTGTACAC-3’) — 25R1 (5°-
CTTGGTCCGTGTTTCAAGAC-3’) primer pair (Kogame
etal. 1999; Howard et al. 2009) under the following thermo-
cycler conditions: initial denaturation at 94 °C for 10 min,
27 cycles at 98 °C for 10s, 58 °C for 5s, and 68 °C for 10s,
and a final extension at 68 °C for 5 min. The PCR prod-
ucts were then purified using polyethylene glycol (PEG)
and directly sequenced with BrilliantDye Terminator v1.1
(NimaGen, Nijmegen, Netherlands) according to manufac-
turer protocol on a 3130 genetic analyzer (Applied Biosys-
tems, Waltham, MA, USA). Sequencing for the 18S rRNA
gene was performed using the SR1, 18SRF, and SR12 prim-
ers. The Lp1F1 primer was used to sequence the ITS region.
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Phylogenetic analysis of 185 rRNA gene and ITS
region

Sanger sequencing reads for both the 18S rRNA gene and
ITS region were processed using Geneious Prime 2025
(https://www.geneious.com). Contigs were assembled using
the “De Novo Assemble” tool with low quality regions and
ends manually trimmed. A BLAST search was run on the
resulting consensus sequences for identification. A total of
69 closely-related sequences from GenBank and additional
sequences based on published phylogenetic analyses con-
ducted by Martin et al. (2016), Popova et al. (2020), and
Pagenkopp Lohan et al. (2025) were compiled and aligned
with the new sequences using Multiple Alignment using
Fast Fourier Transform (MAFFT) (Katoh et al. 2002) (Table
S1, Supplementary Material 1). The alignment was then
trimmed using Gblocks (Talavera and Castresana 2007),
resulting in a final alignment that was 1412 bps for 18S and
241 bps for ITS. The 18S and ITS alignments were then
concatenated to make a 1653 bp alignment wherein 78 of the
131 sequences consisted of both genes. MEGA 11 (Stecher
et al. 2020; Tamura et al. 2021) was used to calculate the
p-distance matrix for percent identity (Agnew-Camiener et
al. 2025).

Igtree v1.6.12 (Nguyen et al. 2015) was used to select the
best-fit model for both Maximum-Likelihood and Bayesian
analyses. For the Maximum-Likelihood analysis of con-
catenated data (18S and ITS region sequences), the model
GTF+F+R4 was selected under the Akaike Information
Criterion with correction. The same model was selected
for the 18S alignment, while the model TIM2+F+1+G4
was selected for the ITS alignment. Bootstrap analysis was
conducted with 1,000 pseudo-replicates. MrBayes 3.2.7a
(Huelsenbeck and Ronquist 2001) was used to calculate
Bayesian Posterior Probabilities. For Bayesian analysis,
the general time reversible (GTR) substitution model with
gamma-distributed rate variation across sites and a propor-
tion of invariable sites (“GTR+I1+1"") was selected. Four
Markov Chain Monte Carlo (MCMC) chains were run with
the general time reversible (GTR) substitution model for
10,000,000 generations and sampled every 100th genera-
tion. The default settings were used for all other parameters.
After discarding the first 25% as burn-in, the posterior prob-
ability values were obtained from the resulting consensus
tree.

Sequences generated from this study were deposited to
NCBI. Accession numbers are listed in Table S2 (Supple-
mentary Material 1). Each sequence was labelled as iso-
late X Y Z according to the site, host, and isolation they
were taken from. Site number X ranges from 1 to 14 while
host number Y ranges from 1 to 16. Isolate number varies
depending on the number of re-isolations performed. An
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example of the sequence naming scheme can be seen in
Fig. 1c.

Results
Sample collection, culturing, and site distribution

A total of 198 leaves were collected across 14 sites, 8 of
which were facing the East China Sea, while the other 6
were facing the Philippine Sea (Fig. 2). A minimum of 6
and a maximum of 20 leaves from each site were plated
(Table 1). Labyrinthula were observed growing from the
leaves in all sites within one to two days after culturing.
From the 198 leaves plated, 47 leaves contained one isolate,
while 14 leaves contained 2—3 isolates. A total of 61 isolates
in 6 distinct lineages were successfully grown and identi-
fied. Two of these lineages have previously been defined by
Martin et al. (2016) as “M” and “Q”/“V” (the former based
on ITS data and the latter based on 18S data; it is henceforth
referred to as “Q=V"), while the rest of the lineages have
been designated as O1-0O4.

Lineages Q=V, M, and Ol contained multiple isolates,
while Lineages O2, O3, and O4 contained one isolate each.
Lineage Q=V is composed of 22 isolates found at 10 differ-
ent sites, Lineage M of 27 isolates at 11 different sites, and
Lineage O1 of 8 isolates at 4 different sites.

As for their distribution around the island, Linecage O4
was found at a site facing the Philippine Sea, while Lin-
eages 02 and O3 were found at sites facing the East China
Sea. Other lineages were found at sites on both sides of the
island. A detailed list of the isolates found at each site can be
found in Table S2 (Supplementary Material 1).

Culture morphology

All cultures exhibited characteristic spindle-shaped cells
with a singular central nucleus visibly connected by cyto-
plasmic threads. Streams of cells were shown to move
through the ectoplasmic net. Differences in morphology,
specifically in cell size (Table 2) and radiating pattern of the
ectoplasmic net, were observed between each lineage.

In the lineages with the most isolates, Q=V (Fig. 3a)
and M (Fig. 3b), the cells formed masses in some areas of
the ectoplasmic net, especially towards the margins. How-
ever, this clumping was much more pronounced in Lin-
eage Q=V, as the cells at the margins of the ectoplasmic
net could no longer be distinguished from one another. The
streams in Lineage Q=V also had multiple cells clumped
together. On the other hand, isolates in Lineage M had
slightly more spaced-out masses and streams wherein
the individual cells were still visibly separated. Lineage

Q=V also had smaller cells on average than Lineage M:
the former had a cell length ranging from 5.6 to 13.2 um
(X+SD=10.2+1.6 pm, n=50) and a cell width ranging
from 2.4 to 4.9 pym (X£SD=3.3£0.6 pm, n=50), while
the latter had a cell length ranging from 7.2 to 16.4 um
(X+SD=11.4+2.2 um, n=50) and a cell width ranging
from 2.3 to 4.4 um (X+SD=3.5+0.5 pm, n=50).

Lineage O1 (Fig. 3¢) did not exhibit any clumping unlike
Lineages Q=V and M. Isolates in this lineage had a cell
length ranging from 7.6 to 12.1 pm (X£SD=9.7+1.0 pm,
n=50) and a cell width ranging from 2.4 to 5.3 pm
(X£SD=3.8£0.5 um, n=50). They exhibited a radiating
pattern that consisted of long, central streams of cells from
which other smaller streams extended.

Singular isolates in Lineages O2-04 also exhib-
ited unique cell and colony characteristics. Lineage O2
(Fig. 3d) had the largest cells on average, with a cell length
ranging from 10.6 to 15.5 pum (X£SD=13.2+1.8 um,
n=10) and a cell width ranging from 3.5 to 5.4 pum
(X£SD=4.5£0.6 um, n=10). Their unique radiating pat-
tern consisted mainly of thick, circular streams of cells. On
the other hand, Lineage O3 (Fig. 3e) had the smallest cells
on average, with a cell length ranging from 7.2 to 10.6 um
(X£SD=9.4+1.1 pm, n=10) and a cell width ranging from
2.8 t0 3.9 ym (X+SD=3.4+0.4 pm, n=10). The network
formed here lacked any distinct central streams of cells.
Lineage O4 (Fig. 3f) had a cell length ranging from 9.5 to
13.1 um (X+SD=10.8£1.1 um, n=10) and a cell width
ranging from 2.8 to 4.3 pm (X£SD=3.4+0.5 pm, n=10).
The colony here formed a large mass with cells accumulat-
ing at a smooth margin.

Phylogeny

Sequences of the 18S rRNA gene were obtained from 61
unique isolates. The same 61 isolates were sequenced for
the ITS region; however, isolate 5 16 2 1 was not com-
pletely sequenced, likely due to mononucleotide slippage.
Hence, only 60 ITS region sequences were obtained.
Maximum-Likelihood and Bayesian analyses were used
to reconstruct both individual and concatenated phylogenies
for the 18S rRNA gene and ITS region. The resulting tree
of the genus Labyrinthula showed three distinct clades as
described by Martin et al. (2016): “P” for pathogenic sea-
grass isolates including Labyrinthula zosterae, “T” for
terrestrial isolates, and “N” for non-pathogenic isolates
occurring on various aquatic vegetation. These three clades
were present in the concatenated tree (Fig. 2) as well as the
18S (Fig. S1, Supplementary Material 3) and ITS (Fig. S2,
Supplementary Material 3) trees, which all showed similar

topology.
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Fig. 2 Maximum-Likelihood (ML) tree inferred from concatenated
18S rRNA gene and ITS region sequences and map of sampling sites
around Okinawa main island (see Table 1 for sampling site names cor-
responding to each number). A total of 61 isolates from this study as
well as 69 additional Labyrinthula isolates from GenBank are con-
tained in this tree. Maximum-Likelihood (ML) values over 50 and
Bayesian Posterior Probabilities (BPP) over 0.95 are displayed at
the nodes (ML/BPP). Capital letters in magenta indicate pathogenic
clade P, non-pathogenic clade N, and terrestrial clade T. Capital let-
ters in black are based on putative species-letter groupings by Martin

The 18S, ITS, and concatenated trees also all formed the
putative species-letter groupings described by Martin et al.
(2016). Groups F, G, H, I, J, K, and R were exclusive to the
ITS tree, while groups U and X were exclusive to the 18S
tree. All groups were present in the concatenated tree.

The sequences in this study were all grouped into the
non-pathogenic clade N (100% ML/1.00 BPP), where they
formed six distinct lineages. Sequences from the same host
generally grouped into the same lineage except for the

@ Springer

Ho W o2 r21.0°N
B o=v 03
Bv o4
—26.8° N
AB290454 L93-3 (Japan) [SG] | X
—26.6° N
East China Sea
—26.4° N
Philippine Sea
—26.2° N
N
20 km
T T T T T
127.6°E 127.8°E 128.0° E 128.2° E 128.4° E

et al. (2016), with the addition of new lineages O1-O4. The lineages
containing the sequences in this study are in bold. Original hosts/sub-
strates of the additional isolates are indicated in square brackets; these
include seagrass [SG], turfgrass [TG], salt marsh grass [SMG], man-
grove leaves [ML], seawater [S], shrimp pond [SP], seaweed [SW],
leaves [L], macroalgae [M], and gill tissue [G]. Sequences generated
in this study corresponding to six different lineages are highlighted.
Pie charts indicate the proportion of sequences from each lineage
found at each site

following pairs of isolates: 7 15 3 1 1 and 7 15 4 2,
11 7 12and11 7 2 2,and3 4 1 2and3 4 2 2.

Two of the six identified lineages shared a high per-
cent identity (Table 3) with existing putative species-letter
groupings Q=V and M and were thus grouped therein.
Lineage Q=V included other isolates obtained from sea-
water, turfgrass, leaf, and seagrass hosts, while Lineage M
included other isolates obtained from mangrove leaf and
seagrass hosts.
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Table 1 Summary of sample collection data including sampling loca-
tions, number of leaves sampled, and number of isolates sequenced

per site

Site Site Name Coordinates  No. of No. of

Number leaves isolates

sampled  sequenced

1 Kesaji River 26°36'17.8"N 18 7
128°08'39.0"E

2 Oura River 26°33'344"N 15 3
128°02'37.0"E

3 Okukubi River 26°27'34.8"N 18 8
127°56'12"E

4 Hija River 26°21'55.7"N 18 8
127°45'03.6"E

5 Lake Man 26°11'42.9"N 20 5(4)?
127°40'56.6"E

6 Onaga 26°0928"N 14 3
127°39'56.5"E

7 Onna 26°28'51.0"N 17 4
127°50'49"E

8 Ooi River 26°41'09.5"N 12 7
127°58'30.0"E

9 Yohena 26°3925.6"N 12 4
128°00'57.6"E

10 Makiya 26°38'01.7"N 12 3
128°02'05.0"E

11 Shirahama 26°39'34.0"N 12 4
128°07'14.2"E

12 Ada 26°44'34.8"N 12 1
128°18'55.6"E

13 Gesashi 26°36'12.4"N 12 2
128°08'31.6"E

14 Katsurenhae- 26°20'084"N 6 2

baru 127°52'11.9"E

#Only 4 isolates were sequenced for ITS

Novel lineages O1-04 all branched independently from
existing putative-species letter groups. Lineage O1, which
is composed of multiple isolates, grouped with exactly one
other existing sequence obtained from an isolate of Laby-
rinthula sp. found in the gill tissue of Psetta maxima. The
clade formed by these sequences is sister to a group contain-
ing isolates from turfgrass.

Lineages 0O2—04 comprise only one isolate each, indi-
cating the discovery of three new genetically distinct Laby-
rinthula spp.. The phylogenetic position of these lineages is
variable between the 18S, ITS, and concatenated trees.

Within-lineage mean percent identity for Lineages Q=V,
M, and O1 ranged from 99.7 to 99.9% for the 18S sequences
and 98.7 to 99.9% for the ITS sequences. Among-lineage
mean percent identity, which was calculated in comparison
to the nearest sister clade of each lineage, ranged from 91.3
to 97.5% for 18S and 77.3 to 97.1% for ITS. The among-
lineage percent identity values were calculated in compari-
son with the nearest neighbor (i.e. highest percent identity)
to each lineage. There are no overlaps in the ranges of both
18S and ITS percent identity within and among lineages as
shown in Table 3. The distance matrices used to calculate
percent identity values may be viewed in Supplementary
Material 2 for the 18S alignment and Supplementary Mate-
rial 4 for the ITS alignment.

Discussion
Distribution of Labyrinthula in Okinawan mangroves

This study confirmed the presence of six distinct lineages of
Labyrinthula spp. in Okinawan mangroves. Lineages Q=V,
M, and O1, were ubiquitous on both sides of the island, and
may have been transported either through human- or ani-
mal-mediated dispersal or through detritus movement in the
water column (Trevathan-Tackett 2018). Lineages O2 and
03 were found on the side of the East China sea, while Lin-
eage O4 was found on the side of the Philippine Sea. How-
ever, since only one isolate was successfully cultured and
identified in each lineage, it cannot be determined whether
these isolates are representative of their respective lineage’s
distribution.

Based on the number of isolates sampled at each site,
Lineages Q=V and M appeared to be dominant in Oki-
nawan mangroves. However, it is also possible that these
numbers were boosted by the ability of the isolates from
these lineages to survive in the given culture conditions.
Similarly, the minimal presence of Lineages O2, O3, and
04 may be due to their inability to culture well or low abun-
dance in nature.

Table 2 Cell size measurements. Comparison of cell length and width between each lineage

Cell length (um) Cell width (um)
Lineage n Mean Std Min Max Mean Std Min Max
Q=V 50 10.2 1.6 5.6 13.2 33 0.6 24 49
M 50 11.4 22 7.2 16.4 35 0.5 2.3 4.4
(o) 50 9.7 1.0 7.6 12.1 3.8 0.5 2.4 5.3
02 10 13.2 1.8 10.6 15.5 4.5 0.6 3.5 5.4
03 10 9.4 1.1 7.2 10.6 3.4 0.4 2.8 3.9
04 10 10.8 1.1 9.5 13.1 3.4 0.5 2.8 4.3
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Fig. 3 Representative micrographs of Labyrinthula cultures on agar
showing branching patterns of each lineage. Streams (s) and cytoplas-
mic threads (ct) are labeled. (a) Isolate 13_9 4 belonging to Lineage
Q=V. (b) Isolate 11 12 1 2 belonging to Lineage M. (c¢) Isolate
3 16 2 1 belonging to Lineage O1. (d) Isolate 10 3 1 belonging to

Labyrinthula culture morphology

Although new lineages have been discovered in this study,
the lack of unifying morphological traits in each lineage
makes it difficult to declare any new species. While the
two dominant lineages demonstrated similarities in their
morphology, such as the formation of masses towards the
margins of the ectoplasmic net, this observation was not

@ Springer

Lineage O2. (e) Isolate 5_15 3 1 belonging to Lineage O3. (f) Isolate
2 14 1 2 1 belonging to Lineage O4. Scale bars: 1 mm. Insets show
spindle-shaped Labyrinthula cells from the same cultures. Scale bars:
20 pm

consistent throughout all isolates in both lineages. Each
isolate had its own variations in radiating pattern and grew
differently on the agar (Fig. S3, Supplementary Mate-
rial 3). This observation agrees with previous studies that
showed that the morphology of isolates of the same puta-
tive type can vary depending on age and culture conditions
(Pokorny 1967; Muehlstein et al. 1991; Martin et al. 2016).
Knight et al. (2025) observed that network morphology in
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Table 3 Percent identities of 18S and ITS sequences. Comparisons
were done within each lineage and with the nearest neighbor (i.e. high-
est percent identity) to each lineage. Calculations were based on the
p-distance matrix (18S in Supplementary Material 2, ITS in Supple-
mentary Material 4)

Lineage  18S mean 18S mean ITS mean  ITS mean %
% identity % identity % identity identity with
within with (nearest within (nearest
lineage neighbor) lineage neighbor)

Q=V 99.9 942 (M) 99.0 82.8 (M)

M 99.7 942 (Q=V) 98.7 82.8 (Q=V)

O1 99.9 97.5 99.9 97.1

(Laby1802, (Laby1802,
Laby879) Laby879)

02 — 94.4 (O1) - 89.9 (I)

03 - 94.7 (L) - 943 (R)

04 — 913 (L) — 77.3 (03)

Labyrinthula varied depending on the environmental condi-
tions above the agar; colonies with a liquid overlay formed
sparse, filamentous networks while colonies exposed to air
exhibited a dense, aggregated morphology. Hence, changes
in colony morphology may have occurred after plate trans-
fers in response to variations in moisture.

This environmental dependence of cell and colony mor-
phology not only creates variations within putative types but
also results in an overlap of traits between different groups.
The high level of morphological variability within each lin-
eage, as well as overlapping traits among different lineages,
highlights the need for molecular phylogenetic analysis in
reconsidering the taxonomic organization of Labyrinthula
(Honda et al. 1999).

Phylogeny and ecological plasticity

Based on molecular phylogenetic analysis, the isolates in
this study formed clades with existing sequences isolated
from various hosts in different locations. This wide host-
geographic range seems to be common for putative species-
letter groups in the non-pathogenic clade as suggested by
Martin et al. (2016). Though it is still unclear how Laby-
rinthula can disperse over such long distances, previous
studies have confirmed the presence of labyrinthulids in
ballast water, suggesting that maritime shipping is likely to
have played a role in their transport (Pagenkopp Lohan et
al. 2022).

The range of sites and substrates from which Labyrinthula
were isolated confirms not only its cosmopolitan nature but
also its ability to occupy several different ecological niches.
For example, the strain LTH, which was grouped with man-
grove samples from this study, was isolated along with the
trophozoites of the amoeba Thecamoeba hilla in gill tissue
(Dykova et al. 2008). The existence of both symbionts and

saprotrophs in a single clade implies the broader ecological
plasticity of Labyrinthula.

Despite this apparent plasticity, there is still a clear dis-
tinction between the pathogenic clade P and the non-patho-
genic clade N containing the saprobic decomposers found in
this study. Nonetheless, the existence of pathogenic strains
within the isolates in this study cannot be ruled out as no
pathogenicity tests were conducted. Trevathan-Tackett et
al. (2018) also suggested the existence of within-clade and
within-haplotype variability in pathogenicity for seagrass
samples; the same may apply for the mangrove leaf samples
found in this study.

Further study is needed to determine whether the same
Labyrinthula spp. strains which act as saprobic decompos-
ers to mangrove leaves are also capable of acting as patho-
gens to mangroves or even other hosts such as seagrass
and macroalgae, especially since Labyrinthula are capable
of moving between biological hosts through direct contact
(Muehlstein 1992; Martin 2016). On the other hand, patho-
genic lineages have also been shown to demonstrate the
fatty acid production ability previously associated with sap-
rotrophic Labyrinthula (Yoshioka et al. 2019), suggesting
that some ecological roles may be shared between patho-
genic and non-pathogenic groups. Additional data would be
needed to ascertain the environmental conditions that give
rise to these ecological changes, which will be especially
helpful for studying pathogen evolution in the future.

Conclusion

This study is the first to demonstrate the genetic diversity
of Labyrinthula spp. found in Okinawan mangroves. The
separation of the isolates into six distinct lineages indicates
that there exists a high level of genetic diversity within
Labyrinthula sampled in mangroves. It is likely that their
presence here is supported by the amount of detritus avail-
able in these carbon sinks that are utilized by these saprotro-
phic organisms, possibly to produce nutritionally valuable
LCPUFAs (Yoshioka et al. 2019). Hence, given the exis-
tence of various lineages, there is potential for diversity in
terms of chemical production. Further investigation into the
chemical profiles of each lineage could help shed more light
on the diversity and ecology of Labyrinthula in mangroves,
as well as lay the groundwork for future biotechnological
applications.

The ecological plasticity of Labyrinthula has also been
highlighted through comparison with isolates obtained from
a variety of substrates and locations. An interesting topic for
further research would be investigating whether the sapro-
trophic Labyrinthula from mangroves can become symbi-
otic or even pathogenic under certain conditions. With the
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wide range of Labyrinthula taking up different roles in the
ecosystem, understanding and categorizing them based on
their genetic diversity is the first essential step to both man-
aging pathogenicity and harnessing the full potential of their
chemical production.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00227-0
25-04752-y.
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