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ABSTRACT

Labyrinthulomycetes are heterotrophic stramenopiles that are ubiquitous in a
wide range of both marine and freshwater habitats and play important roles in
decomposition of organic matter. The diversity and taxonomy of Labyrinthu-
lomycetes has been studied for many years, but we nevertheless lack both a
comprehensive reference database and up-to-date phylogeny including all
known diversity, which hinders many global insights into their ecological distri-
bution and the relative importance of various subgroups in different environ-
ments. Here, we present a curated reference database and a phylogenetic
tree of Labyrinthulomycetes small subunit ribosomal RNA (SSU or 18S rRNA)
data. Based on this created reference database, we analyzed high-throughput
environmental sequencing data, revealing many previously unknown environ-
mental clades and exploring the ecological distribution of various subgroups.
Particularly, a number of newly identified environmental clades that are wide-
spread in the open ocean. Comparing the manually curated reference database
to existing tools for identification of environmental sequences (e.g. PR2 or
SILVA databases) suggests that the curated database provides a higher degree
of specificity and a lower frequency of misidentification. The phylogenetic
framework and database will be a useful tool for future ecological and
evolutionary studies.

LABYRINTHULOMYCETES are a group of ubiquitous and
diverse unicellular stramenopiles. They are characterized
by the production of an ectoplasmic network, a mem-
brane-bound, branched network secreted through a unique
organelle called bothrosome (sagenogenetosome) that is
involved in saprotrophic nutrient uptake. Since the first
description of Labyrinthula in 1867 by Cienkowski, the
classification within Labyrinthulomycetes has undergone
several changes and rearrangements (Honda et al. 1999;
Leander and Porter 2001; Leander et al. 2004; Olive 1975;
Porter 1989; Yokoyama and Honda 2007; Yokoyama et al.
2007). Based on the most up-to-date taxonomical classifi-
cation of this group, Labyrinthulomycetes are composed
of three orders: Labyrinthulida, Thraustochytrida, and
Amphitremida (Beakes et al. 2014; Gomaa et al. 2013,
Takahashi et al. 2014).

Labyrinthula and Aplanochytrium, the two genera that
crawl using their ectoplasmic network, are included in the
order Labyrinthulida. Species of Aplanochytrium are distin-
guished by having their cells not embedded within the

ectoplasmic network and by the production of nonflagel-
lated “crawling spores” (Leander et al. 2004; Tsui et al.
20009).

Vegetative cells of species belonging to the Thraus-
tochytrida are often spherical, unicellular, or colonial. They
are immobile and the ectoplasmic network is only used to
increase surface area for enzyme secretion and nutrient
absorption. The family Thraustochytriidae represents most
of the diversity within the order Thraustochytrida and is
composed of Aurantiochytrium, Botryochytrium, Pari-
etichytrium, the Quahog parasite, Schizochytrium, Sicy-
oidochytrium, Thraustochytrium, and Ulkenia. Ameboid
cell stages have been observed in some genera including
Ulkenia, Sicyoidochytrium, Parietichytrium, and Botry-
ochytrium (Yokoyama et al. 2007). Species of Althornia
(family Althorniidae) are free floating and do not have a
bothrosome or produce an ectoplasmic network (Alder-
man and Jones 1971; Bower 1987; Moss 1985). Amphifila
(family Amphifilidae) is newly named to accompany the
rearrangement of Diplophrys marina into Amphifila marina
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(Anderson and Cavalier-Smith 2012). Species of this genus
differ from other Thraustochytrida in having pseudostomes
instead of true bothrosomes, and ectoplasmic elements in
the form of pseudopodia (Anderson and Cavalier-Smith
2012; Gomaa et al. 2013).

The original genus Diplophrys with its remaining species
is now placed under family Diplophryidae. Diplophryidae
and Amphitremidae (containing Amphitrema and Archerella)
form the third-order Amphitremida of Labyrinthulomycetes
(Gomaa et al. 2013; Takahashi etal. 2014). Cells of
Amphitremida also possess pseudostomes and pseudopo-
dia. Both Amphifila and Diplophrys bear refractive granules
in their cytoplasm that are visible under light microscope
(Anderson and Cavalier-Smith 2012; Gomaa et al. 2013).
Amphitrema and Archerella both harbor photosynthetic
zoochlorellae endosymbionts and are thus mixotrophic.

The family Oblongichytriidae contains only one genus,
Oblongichytrium. While it has been classified under
Thraustochytrida, phylogenetic studies often place Oblon-
gichytrium sister to Labyrinthulida (Anderson and Cavalier-
Smith 2012; Gomaa et al. 2013; Takahashi et al. 2014;
Yokoyama et al. 2007) or sister to both Labyrinthulida and
other Thraustochytrida (Collado-Mercado et al. 2010;
Yokoyama and Honda 2007).

Labyrinthulomycetes can be found in a diverse range of
habitats, including both marine and freshwater, from the
epipelagic surface to the deep sea (Raghukumar 2002).
They have also been isolated from various kinds of sub-
strates, including but not limited to algae, mangrove
leaves, seagrass, coral mucus, and mollusks (Raghukumar
and Damare 2011). Most Labyrinthulomycetes are sapro-
trophic feeders through an osmotrophic or phagotrophic
mode of nutrient uptake. In fact, they are often seen to
be associated with detritus like fallen mangrove leaves,
decomposing algae, and fecal pellets of marine inverte-
brates (Raghukumar and Raghukumar 1999; Tsui et al.
2009). The production of high level of omega-3 polyunsat-
urated fatty acids by Aurantiochytrium, including docosa-
hexaenoic acid (DHA) and eicosapentaenoic acid (EPA),
has also made Labyrinthulomycetes to be commercially
valuable (Lee Chang et al. 2012).

Even though some aspects of the Labyrinthulomycetes
have been studied in depth, their environmental diversity
has not yet been fully explored. Collado-Mercado et al.
(2010) and Ueda et al. (2015) both attempted to uncover
the hidden diversity of this group in marine samples, but
they are also known to be abundant in freshwater and soil
environments, especially in the Amphifilidae and
Amphitremida. In addition, we currently lack an up-to-date
reference database for the identification of Labyrinthu-
lomycetes in ecological studies. Large-scale data sets gen-
erated by high-throughput sequencing methods to access
microbial community composition rely heavily on the accu-
racy of reference database to make taxonomic assign-
ments, and the most commonly used of these, PR2
(Guillou et al. 2012) and SILVA (Quast et al. 2012) are not
optimized for many groups of microbial eukaryotes.

Here, we develop a manually curated reference data-
base for Labyrinthulomycetes SSU rRNA data. We use

Reference Tree of Labyrinthulomycetes

this to generate a reference tree and evaluate the diversity
and taxonomy, allowing us to identify and name novel
diversity within the group. We also applied this database
to two high-throughput environmental sequence (HTES)
databases, the VAMPS database (Huse et al. 2008; Sogin
et al. 2006) and the Tara Ocean database (de Vargas et al.
2015) to examine the utility of the reference data and the
diversity and distribution of Labyrinthulomycetes. Further-
more, the analysis of these HTES datasets will allow us to
expand dramatically the described diversity of Labyrinthu-
lomycetes in freshwater and marine environments.

MATERIALS AND METHODS

Reference phylogenetic tree construction

All GenBank SSU rDNA sequences taxonomically identified
as Labyrinthulomycetes were retrieved using the corre-
sponding taxid (35131). Mitochondrial sequences and com-
plete genomes were excluded, as were sequences shorter
than 500 bp. The remaining sequences were clustered at
97% identity using USEARCH v7.0.1090 (Edgar 2010). In
order to build the tree, 44 other stramenopiles, one Plano-
monas sp. and one Sabulodinium sp. sequences were used
as outgroups. All sequences were aligned and trimmed
using MAFFT with default setting (Katoh and Standley
2013) and trimAl (Capella-Gutierrez et al. 2009), respec-
tively. A maximum likelihood phylogenetic tree was con-
structed with RAXML 8.1.3 (Stamatakis 2014) using the
rapid hill climbing algorithm and GTRCATI evolutionary
model. Whether sequences were from Labyrinthu-
lomycetes or not was determined based on the tree topol-
ogy and literature (Leander and Porter 2001; Leander et al.
2004; Liu etal. 2013; Yokoyama and Honda 2007;
Yokoyama et al. 2007). Verified sequences were then used
to iteratively retrieve more sequences from GenBank using
blastn (Camacho et al. 2009) (E-value = 10e-5) against
NCBI nonredundant/nucleotide collection (nr/nt) as previ-
ously described (del Campo and Massana 2011; del Campo
and Ruiz-Trillo 2013). The first 100 hits were kept for each
query. After removing duplicated sequences, the new ones
were added to our dataset and used to construct a phy-
logeny, as described above. New sequences belonging to
Labyrinthulomycetes were blasted again against nr/nt in
order to retrieve even more sequences. This process was
repeated iteratively until no new sequences that branch
with Labyrinthulomycetes were retrieved from GenBank.
Sequences were then checked for chimeras using both the
built-in function of Qiime v1.9.1 (identify_chimeric_segs.py)
(Caporaso et al. 2010b) against the SILVA database (v119,
97% identity) and USEARCH (uchime_denovo). Chimeric
sequences were also manually examined.

The final phylogenetic tree was built using RAXML with
the settings mentioned above. Statistical support for the
consensus tree was calculated using nonparametric boot-
strapping with 1,000 replicates. Support for Bayesian pos-
terior probability was examined with MrBayes v3.2.2
(Altekar et al. 2004; Ronquist and Huelsenbeck 2003)
using the GTR + Gamma model. The analysis was

© 2016 The Author(s) Journal of Eukaryotic Microbiology © 2016 International Society of Protistologists

Journal of Eukaryotic Microbiology 2017, 64, 88-96

89



Reference Tree of Labyrinthulomycetes

performed using 64 MCMC chains with a sampling fre-
quency of every 1,000th generation. A consensus tree
was generated after discarding the first 50% of the total
generations as “burn-in”.

Reference database construction and annotation

Sequences were first identified for annotation based on
previously published works on Labyrinthulomycetes phy-
logeny (Leander and Porter 2001; Leander et al. 2004; Liu
et al. 2013; Yokoyama and Honda 2007; Yokoyama et al.
2007), excluding environmental clades. We tried to adopt
the established taxonomy as our classification method as
far as it was supported by our tree. New names based on
the most representative cultured strain were added for
those undescribed clusters when the bootstrap support for
the clade was 70% or higher. If a group contained only
environmental sequences, the group was then named
LAB”0", where "0" is a number. Environmental singletons
(OTUs represented by a single sequence) were unanno-
tated. The classification for the monophyletic, nonenviron-
mental groups followed the most updated taxonomy
available (Beakes et al. 2014; Gomaa et al. 2013). Meta-
data for the sequences in our dataset was downloaded
from GenBank using custom scripts. For sequences still
missing environmental data, their information was then col-
lected manually from the literature. We were able to
retrieve environmental metadata from Genbank for 924
sequences (out of 1,181). The 257 sequences that have no
metadata available are all cultured strains.

Analysis of V9 HTES sequences

Sequences annotated as Labyrinthulomycetes or more
generically as Stramenopiles were retrieved from two 18S
rRNA V9 region databases (100-150 bp), VAMPS and Tara
Oceans (Huse et al. 2014; de Vargas et al. 2015). The
VAMPS (Visualization and Analysis of Microbial Population
Structures, vamps.mbl.edu) database contains HTES data
from different environments for both bacteria and eukarya.
On the other hand, the Tara Oceans (taraoceans.sb-ros-
coff.fr/EukDiv/) database contains exclusively eukaryotic V9
reads from the sunlit ocean. The fasta file containing all reads
was sorted by length using USEARCH and clustered into
OTUs with 97% similarity using QIIME with default setting
(UCLUST). OTUs were then aligned with the reference align-
ment using PyNAST (Caporaso et al. 2010a) embedded in
QIIME (align_segs.py). The reference alignment was the
same alignment that was used to generate the reference
phylogenetic tree. OTUs that the PyNAST algorithm failed to
align were discarded. The PyNAST alignment output was
merged with the reference alignment and filtered for gap
positions using QIIME (filter_alignment.py) with gap filtering
threshold set to 0.99 and entropy threshold set to 0.0001.
Identification of Labyrinthulomycetes reads used a maximum
likelihood phylogenetic approach by mapping the OTUs onto
the Labyrinthulomycetes reference tree using the Evolution-
ary Placement Algorithm (EPA) of RAXML (Berger et al.
2011). OTUs that were not placed within the
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Labyrinthulomycetes were removed, together with their
97% clustered sequences. Trees using the remaining
sequences were built consecutively until no more reads
were placed outside the Labyrinthulomycetes. OTUs and
their clustered sequences were then annotated according to
their placement. OTUs that were not placed with any previ-
ously defined groups were assigned a new name as outlined
above.

Abundance and richness distribution patterns

For abundance and richness analyses, comparisons
between different groups were done at the order level,
except for the order Thraustochytrida where the family
level was used. Abundance represents the number of
sequences found in each group, while richness represents
the number of different OTUs with less than 97% similar-
ity to each other. For data from VAMPS and Tara Oceans,
abundance was calculated based on raw reads data
through custom scripts that link the OTU table with their
previous clustering frequency tables (available online for
each database). The abundance of each group under each
environmental category was then calculated using an
Excel pivot table and a heatmap was generated to illus-
trate the distribution patterns. Richness was calculated by
determining the number of discrete OTUs in each group.

RESULTS

Phylogeny of Labyrinthulomycetes

In total, 1,181 18S rDNA sequences longer than 500 bp
were retrieved from GenBank by iteratively screening for
sequences branching with  taxonomically  verified
Labyrinthulomycetes. The phylogeny of these sequences
was constructed with 332 OTUg,, after clustering the
1,181 sequences at the 97% level. Virtually, all of the pre-
viously described clusters of Labyrinthulomycetes were
recovered with strong support (> 70/0.7). While most gen-
era of Thraustochytriidae form a monophyletic group with
support of 88/1, the genus Oblongichytrium branched
basal to both Labyrinthulida and Thraustochytrida
(Table S2 and Fig. S1). Considering the uncertain place-
ment of Oblongichytrium among different studies, and to
avoid non-monophyletic clades, we use the provisional
order name “Oblongichytrida” conscious that it needs to
be confirmed by further morphological investigations.
Within Thraustochytriidae, species of Thraustochytrium
branch at various locations, often interspersed with other
genera, suggesting previous misidentification of some
organisms. The phylogenetic tree also revealed 20 new
environmental clades, most of which have over 70% boot-
strap support and Bayesian posterior probability of 1
(Fig. 1). Among these new clades, 16 of them do not
belong to any of the previously defined major groups. For-
mer environmental groups defined by Collado-Mercado
et al. (2010) have been renamed according to our name
system for consistency. The correspondence between
their naming and ours can be found in Table S1. The
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ancestral node of LAB1, LAB6, and LAB8 is 50/0.99 sup-
ported and are placed into supergroup LAB1/6/8.

Reference Tree of Labyrinthulomycetes

parameters. The total abundance distribution between cul-
tured and environmental GenBank sequences, as illus-

trated by the upper bars in Fig. 2, reveals that over half of
the sequences in most of the groups are environmental,
except for the Thraustochytriidae, which contains mostly
sequences from cultured species. 18S rDNA sequences
of Amphifilidae are highly variable, as illustrated by the
over two-fold differences in abundance vs. richness.
Based on the metadata collected, Thraustochytriidae and

Estimating Labyrinthulomycetes relative abundance,
richness, and host-associations from the reference
database

Abundance and richness analyses were conducted by
comparing different phylogenetic groups using a variety of

LAB17
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Figure 1 Diversity of Labyrinthulomycetes inferred from a maximum likelihood (RAxXML) phylogenetic tree constructed using 18S rRNA
sequences. Numbers at nodes represent bootstrap support/Bayesian posterior probability. Only values > 70% or 0.7 are shown. Nodes with sup-
port values of 100/1 are highlighted as black dot. Groups containing host-associated sequences are indicated by *. Host-associated sequence
abundance in Labyrinthulomycetes major groups are shown as pie charts next to the order names. Numbers in brackets indicate the total number

of sequences with metadata available.
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Labyrinthulida are relatively common in marine environ-
ments. Mangrove forests, which are saltwater ecosys-
tems found between terrestrial and marine environments,
are also a common habitat for Labyrinthulomycetes. This
is especially true for Aurantiochytrium, where 11% of the
sequences in the database were collected from man-
groves (Table S2). On the contrary, Amphifilidae, a basal
subgroup of Thraustochytrida, are found primarily in fresh-
water and soil samples, with only three sequences from
the marine environment. Similarly, Amphitremida also con-
tain many freshwater sequences. The environmental clade
AMP1 is the main marine representative of this lineage.
Two sequences belonging to the A. wrightianum group
were also retrieved from marine environments. All the

Sequence abundance
0 100 200 300 400 500 600 700

Thraustochytriidae|
Amphifilidae
Amphitremida [
LAB1/6/8
LAB5

LAB11
Labyrinthulida
LAB4

LAB9

LAB3
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Oblongichytrida =
LAB2
LAB13
LAB7
LAB14
LAB12
LAB15
LAB16

T T T T T T
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Richness

M Cul Total Abundance Env Total Abundance Total Richness

Figure 2 Abundance and richness of Labyrinthulomycetes based on
retrieved GenBank sequences. On the left is a phylogenetic tree
showing relationships among different groups (based on Fig. 1). On
the right is a table of richness and abundance. For each group, the
upper bar represents the total abundance while the lower bar indi-
cates the richness. Upper x-axis: abundance, lower x-axis: richness.
Cul Total Abundance, total abundance for cultured sequences; Env
Total Abundance, total abundance for environmental sequences.
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environmental clades that are distinct from any defined
orders were recovered from marine samples (Table S2).

A total of 208 Labyrinthulomycetes sequences retrieved
from GenBank (69 OTUg,), belonging to various phyloge-
netic groups, were isolated directly from biological sub-
strates and they are denoted as being “host-associated”
(Fig. 1). Over half of the Labyrinthulida sequences are host-
associated, with two-third coming from plants (mainly
Labyrinthula from seagrass). A second common association
is between Aplanochytrium and coral mucus. Within Apla-
nochytrium, sequences from the subclade containing
OTUg; representatives FJ389839, FJ389848, FJ389840,
and FJ389872 are all associated with the massive coral
Favia sp. and all come from the same study (Table S2)
(Siboni et al. 2010). Another subclade of OTUg,, containing
AF348521, AF348517, AF348518, and AF3485186, is associ-
ated with a more diverse range of marine hosts, including
coral, seagrass, and algae. In addition to Labyrinthulida,
coral association can also be seen in Thraustochytriidae
and Oblongichytrida (Table S2). The T. striatum group also
contains a large number of sequences associated to Favia
sp. (Siboni et al. 2010). Other groups of Thraustochytriidae
that contain coral-associated sequences include Sicy-
oidochytrium, Thraustochytriidae HK10, and Ulkenia.
Roughly 4% of Thraustochytriidae sequences are isolated
from invertebrates, including the quahog parasite QPX,
which parasitizes clams, the abalone parasite Labyrinthu-
loides haliotidis (L. haliotidis group), and all the sequences
in T. caudivorum, which belong to flatworm parasitic
species.

Estimating Labyrinthulomycetes relative abundance
and richness from V9 data

While these analyses show that information about
Labyrinthulomycetes exists in environmental survey data,
HTES studies contain a great deal of more information
that can be accessed by mapping their short reads onto
the reference tree. We identified 520 OTUs corresponding
to Labyrinthulomycetes and representing a total of
760,593 reads from VAMPS and Tara Oceans (Table S3).
The original taxonomic assignments of these were based
on PR2 and SILVA databases, but for both data sets, we
found that the taxonomic identification based on the

Table 1. Comparison of taxonomic identification using the curated reference tree with automated identification

Tara Oceans (474 swarms)

VAMPS (2210 OTUgg)

Discarded 76 Others 25 Discarded 1,030 Others 862
Labeled as Labyrinthulomycetes 51 Labeled Labyrinthulomycetes-Oomycetes 168
Included 398 Not labeled as Labyrinthulomycetes 7 Included 1,180 Not labeled as Labyrinthulomycetes-Oomycetes 3
More accurate assignment 295 More accurate assignment 1,170
Different subclades 62 Different subclades 5
Same subclades 34 Same subclades 2

On the left are the Tara Oceans ‘'swarms’ and on the right are VAMPS clusters identified as Labyrinthulomycetes. The upper row outlines num-
bers of sequences discarded as non-Labyrinthulomycetes, and numbers of Labyrinthulomycetes not identified. At the bottom, the specificity is
compared, outlining how many Labyrinthulomycetes sequences were assigned to the wrong subgroup, or could be assigned to a narrower taxo-

nomic group.
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GenBank Tara Ocean VAMPS
Abun. Rich. Abun. Rich. Abun. Rich.
Thraustochytriidae 592 132 32737 52 78 25
Amphifilidae 69 42 132 7 96 28
Amphitremida 29 1" 609 4 4 3
LAB32 0 0 5 1 0 0
LAB1/6/8 24 14 2128 20 110 13
LAB21 0 0 1990 2 3 1
LAB11 2 2 0 0 0 0
LABS 3 2 307 2 2 1
LAB22 0 0 386 1 0 0
LAB23 0 0 3452 7 0 0
Labyrinthulida 252 59| 137644 68 1115 64
LAB24 0 0| 12107 4 3 1
LAB25 0 0 298 2 0 0
LAB4 8 5 752 7 0 0
LAB9 2 2 104 1 0 0
LAB26 0 0 162 2 0 0
LAB3 5 1 0 0 0 0
LAB10 2 1 0 0 0 0
LAB27 0 0 140 6 0 0
Oblongichytrida 78 24 3872 26 3014 58
LAB28 0 0 0 0 5 2
LAB2 12 8 908 5 0 0
LAB13 4 3 0 0 0 0
LAB7 27 5| 106765 32 21 3
LAB14 31 7| 386527 38 4 3
LAB12 2 2 5910 5 8 3
LAB29 0 0 0 0 17 1
LAB30 0 0 193 2 0 0
LAB15 31 7 58958 15 20 8
LAB31 0 0 7 1 0 0
LAB16 8 5 0 0 0 0
Grand Total 1181 332| 756093 310 4500 214

Figure 3 Total abundance and richness for the three Labyrinthu-
lomycetes databases. Numbers are calculated from raw data. Phyloge-
netic relationships among different groups are indicated by the
dendrogram on the left. The topology of the cladogram differs from Fig. 1
tree because novel clades retrieved from the HTS have been added.

curated reference data allowed for a significant improve-
ment in the specificity of the assignment, and a reduction
in the frequency of miss-assigned taxa (Table 1). For the
Tara Ocean database alone, the improved annotation by
our study has resulted in an over two-fold increase in the
abundance of Labyrinthulomycetes identified in the
collected samples (as compared with Database W6 in de
Vargas et al. 2015).

Overall, 19 environmental clades were identified from
the V9 dataset, seven of which were found to branch
within previously defined lineages. Five of these belong to
Thraustochytrida, one to Amphitremida, and one to
Labyrinthulida (Table S3). The remainder were not found
to belong to any previously identified lineages, and their
phylogenetic positions within Labyrinthulomycetes can be
seen in the dendrogram in Fig. 3 as well as in 4. From the
HTES data, the abundance and richness of novel taxa is
also evident, and some environmental clades surpass both
the abundance and diversity of the better-studied groups.
Analysis on the Tara Oceans database shows that LAB14,
an environmental clade identified here for the first time, to
be the most abundant of all the Labyrinthulomycetes
clades, accounting for over 50% of the reads (Fig. 3).
LAB7 and LAB15 also rank third and fourth in abundance,

Reference Tree of Labyrinthulomycetes

B C

FM P A S <5 510 1015 15-20 20-25 >25

Thraustochytriidae
Amphifilidae
Amphitremida
LAB32

LAB1/6/8
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Labyrinthulida =
LAB24
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LAB4
LAB9
LAB26
LAB27

Oblongichytrida . - -

LAB28
LAB14 B
LAB12
LAB29
LAB7

LAB2

LAB30
LAB1S
LAB31

Figure 4 Heatmap showing the relative abundance distribution of
major groups of Labyrinthulomycetes according to different environ-
mental parameters (increasing color intensities indicate increasing rela-
tive abundances). (A) Freshwater and marine. (B) Photic water column,
aphotic water column, and sediment. (C) Temperature range, in °C. F,
freshwater; M, marine; P, photic zone; A, aphotic zone; S, sediment.
For B & C, only marine samples were used since they were numeri-
cally dominant. The topology of the cladogram differs from Fig. 1 tree
because novel clades retrieved from the HTS have been added.

suggesting they too are ecologically significant but under-
studied. In the case of VAMPS, most of the reads belong
to Oblongichytrida and Labyrinthulida (67% and 25%,
respectively) (Fig. 3).

Based on the environmental information available for
both the VAMPS and Tara Ocean databases, the abun-
dance distribution was compared across the defined phy-
logenetic  groups  using  different  environmental
parameters. Most of the 760,593 reads analyzed are
derived from marine samples, with only 423 from fresh-
water. Oblongichytrida is the dominant group in freshwa-
ter, whereas LAB14 is the most abundant in marine data
(Fig. 4A). Labyrinthulida are common in both freshwater
and marine environments. Since the marine samples dom-
inate the databases, we further analyzed marine metadata
for depth (Fig. 4B) and temperature (Fig. 4C). Over 98%
of Labyrinthulomycetes are recovered from the photic
zone. Among the lineages compared, Labyrinthulida is the
only one common in all three regions, even though it is
not the most abundant (Fig. 4B). The most representative
Labyrinthulomycetes subgroup in the photic zone is
LAB14, whereas Oblongichytrida is the dominant taxa in
the aphotic zone and the sediment. Although LAB14 domi-
nates across all temperature ranges in the ocean (Fig. 4C),
its dominance is less pronounced in warmer waters, and
other taxa increase in abundance, such as Labyrinthulida,
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LAB7, and LAB15. While Oblongichytrida is generally the
minority under most temperature range, its abundance
increases under 5-10 °C.

DISCUSSION

Phylogeny and classification

We have created a curated reference tree and database for
Labyrinthulomycetes SSU rRNA, and used it to analyze the
phylogeny, diversity, and distribution of the lineage. Over-
all, the topology of our reference phylogenetic tree is in
agreement with several previous studies for the placement
of most groups, like the sister placement of Labyrinthula
and Aplanochytrium into Labyrinthulida, and the basal
branching of Amphifilidae to Thraustochytriidae in the order
Thraustochytrida. Our analyses also agree on the place-
ment of Amphitremida deep within Labyrinthulomycetes
and the placement of Diplophrys sister to Amphitrema and
Archerella (Gomaa et al. 2013; Takahashi et al. 2014). The
placement of Oblongichytrium outside of Thraustochytrida
in this study is not very surprising, considering other stud-
ies have also shown similar results, even when different
methods were used to obtain the phylogenetic tree (Ander-
son and Cavalier-Smith 2012; Collado-Mercado et al. 2010;
Gomaa et al. 2013; Takahashi et al. 2014; Ueda et al. 2015;
Yokoyama and Honda 2007; Yokoyama et al. 2007). Similar
to these studies, members of the genus Thraustochytrium
are also found scattered throughout Thraustochytriidae,
probably due to previous misidentification.

Two genera of the Thraustochytriidae, Althornia and
Japonochytrium, were not included in this study due to
lack of publicly available sequences. The genus Althornia
was named after isolation of Althornia crouchii Alderman
and Jones (1971) from diseased oyster shells. According
to Alderman and Jones, it is “a monocentric, biflagellate
phycomycete with free-floating globose sporangia with a
thick laminate wall” (Alderman and Jones 1971). It was
placed in the Thraustochytriales based on a morphological
study by Alderman et al. (Alderman et al. 1974). Since
then, very little work has been done on this genus, and to
date, no SSU rRNA gene sequence has been published.
Japonochytrium was originally described by Kobayashi and
Ookubo in 1953 for the species Japonochytrium marinum.
Later, Harrison and Jones described the morphology and
ultrastructure of a species that closely resembled J.
marinum, denoted Japonochytrium sp. (Harrison and
Jones 1974). The cultured strain ATCC28207 (sequence
AB022104) was labeled as J. marinum by Tsui et al.
(2009). However, this strain had previously been revised
to Ulkenia sp. by Yokoyama et al. in 2007. AB022104 was
clustered with AB022116 at 97%, and phylogenetic analy-
ses also confirmed its placement within Ulkenia (97/1)
(Fig. S1). It remains uncertain whether Japonochytrium is
a real genus or misidentified Ulkenia. If future phyloge-
netic studies can confirm the placement of these two gen-
era within Labyrinthulomycetes, it is then very possible
that sequences belonging to them have already been
included in our data.
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In total, 39 new environmental clades were identified in
our study. While most new clades branch well within
Labyrinthulomycetes, the basal branching position of some
of them in the majority of our analyses (e.g. LAB15 and
LAB16), suggest that some of these lineages may repre-
sent sister lineages to the Labyrinthulomycetes sensu
stricto; morphological observations would be required to
tell if they match the descriptions applied to Labyrinthu-
lomycetes or not. Additionally, 97% clustering of the
hypervariable V9 data may have resulted in the identifica-
tion of more novel clades than would be defined by full-
length sequences. Nevertheless, the discovery of the new
environmental clades, together with the fact that most of
them are placed outside of Thraustochytrida, Amphitrem-
ida, and Labyrinthulida, shows the limitation of traditional
culture-dependent approaches in uncovering the diversity
of Labyrinthulomycetes and the benefit of large-scale envi-
ronmental samplings.

Environmental distribution of Labyrinthulomycetes

Analyzing two HTES data sets revealed a number of inter-
esting features of the abundance and distribution of various
subgroups of Labyrinthulomycetes, as described above.
Testing these will require identifying the target groups, in
particular the more abundant groups currently comprised
only of environmental sequences, but in the meantime, it is
also useful to compare these results with what is known
about Labyrinthulomycetes distribution in natural environ-
ments. Several studies have been carried out to investigate
the presences, viability, and metabolic activity of
Labyrinthulomycetes in deep-sea samples and under con-
trolled deep-sea conditions. Using a combination of the
AfDD staining technique and culturing methods, Raghuku-
mar and collaborators were able to detect presence of
thraustochytrids from water samples collected from the
Arabian Sea up to 2,000 m in depth (Raghukumar et al.
2001). In another study, Raghukumar and Raghukumar
(1999) demonstrated that during a 7-day incubation, thraus-
tochytrids cultures were able to grow and maintain protease
production and enzyme activity under 10 °C and 10 MPa .
Riemann and Schaumann have also reported, using both
AfDD staining and Nomarski microscopy, dense populations
of thraustochytrids-like protists in a fast ice core drilled
close to the southern shelf ice margin of the Weddell Sea.
However, when these experiments were conducted, it was
unclear which group of thraustochytrids (including Oblongi-
chytrium) was being observed (Riemann and Schaumann
1993). Both of our reference and V9 databases contain
sequences collected from the deep sea, and the most abun-
dant are Oblongichytrium or Labyrinthulida (Oblongichy-
trium is the most abundant, followed by Labyrinthula).
Based on the environmental metadata, Labyrinthu-
lomycetes are also relatively common in oxygen minimum
zones (OMZs) and anoxic environments. Thraustochytrids
have been reported from oxygen-limited environments, sug-
gesting some members of Labyrinthulomycetes might be
able to survive in anoxic habitats (Cathrine and Raghukumar
2009), perhaps by some facultative anaerobic metabolism.
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Lastly, the association of Labyrinthulomycetes with
other organisms is an obvious factor to consider (e.g.
Raghukumar 2002; Raghukumar and Damare 2011), and
our data shows that host-association likely evolved inde-
pendently in many Labyrinthulomycetes lineages. Also,
Labyrinthulomycetes from the same group can be associ-
ated with many, often very different, hosts. For example:
Labyrinthula sp. have been isolated from the surface of
seagrass and from the cytoplasm of single celled amoebo-
zoan protists (Dykova et al. 2008).

A curated reference database increases the specificity
of taxonomic assignments

One of the goals of a curated reference tree is that it
improves the accuracy with which environmental
sequences can be identified in two ways: sequences can
be assigned to a lineage with lower levels of both false
positive and negative identification, and sequences can be
assigned to a lineage with a greater degree of specificity
(i.e. they are more narrowly defined to a subgroup within
that lineage). We compared taxonomic assignment of
sequences from the two HTES data sets using our refer-
ence tree and the automated identification currently asso-
ciated with the data sets (Table 1). In both cases using
the reference tree, we identified putative false positive
and negative identifications, as well as sequences
assigned to the wrong subgroup of Labyrinthulomycetes,
but all at relatively low frequencies. More commonly, how-
ever, the reference tree enabled sequences to be identi-
fied to a more narrowly defined taxonomic sub-group; in
the case of Tara Oceans data, more than two-thirds of the
swarms were assigned with greater specificity.
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they now belong to according to the present phylogenetic
study.

Table S2. Labyrinthulomycetes GenBank sequences refer-
ence table.

Table S3. Labyrinthulomycetes V9 sequences reference
table.

© 2016 The Author(s) Journal of Eukaryotic Microbiology © 2016 International Society of Protistologists

96

Journal of Eukaryotic Microbiology 2017, 64, 88-96



