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INTRODUCTION

The microbial loop is believed to play an important
role in the circulation of energy in aquatic ecosystems
through the decomposition of organic matter (Azam
et al. 1983). In terrestrial ecosystems, the eu ka ryotic
true fungi, along with bacteria, are recognized as im-
portant decomposers. Although it has been shown
that fungi decompose leaf litter in the aquatic habitat,
the ecological impact of this group is comparatively

small in the water column (Newell 2003, Kirchman
2008, Sridhar 2012, Wang et al. 2012). However,
thraustochytrids have attracted attention as cryptic
eukaryotic decomposers in the water column because
of their biomass and ubiquitous existence in the mar-
ine environment (e.g. Raghukumar 2002).

Most members of the class Labyrinthulomycetes
in the Stramenopiles are colorless unicellular or col -
onial osmotrophs (Patterson 1989, Porter 1989, Honda
et al. 1999, Dick 2001, Adl et al. 2012, Anderson &
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cation of established strains revealed an unexpectedly high diversity of thraustochytrids, includ-
ing 10 unidentified lineages. A similar seasonal succession of phylogenetic groups was observed
in each year of sampling. The differences in thraustochytrids isolated at each monitoring site and
date suggest that habitat segregation may occur as a result of differences in environmental factors
such as water temperature, salinity, and nutrient sources.
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Cavalier-Smith 2012, Gomaa et al. 2013). The Lab y -
rinthulomycetes are characterized by the presence
of the bothrosome system, which develops ectoplas-
mic nets that are thought to secrete degradative en -
zymes and absorbing nutrients (Coleman & Vestal
1987, Raghukumar et al. 1994, Bremer & Talbot
1995, Bongiorni et al. 2005b, Nagano et al. 2011).
They have been reported from brackish and coastal
waters, the open ocean, and deep seas in tropical to
polar re gions (Ulken 1986, Kimura et al. 1999, Ra -
ghu kumar et al. 2001, Bongiorni et al. 2004, Naga -
numa et al. 2006). In traditional taxonomy, the class
Lab y rinthu lo mycetes is separated into 2 families,
namely Thrau stochytriidae and Labyrinthulidae (e.g.
Olive 1975, Porter 1989). Recent molecular phyloge-
netic analyses revealed that the Thraustochytriidae
is not a monophyletic group and consists of at least
3 groups, viz. aplanochytrids, ob longi chytrids, and
thrausto chy trids sensu stricto (e.g. Yokoyama et al.
2007, Tsui et al. 2009, Anderson & Cavalier-Smith
2012). However, in this paper, the term ‘thrausto -
chytrids’ is used to refer to members of all 3 groups.
This is an ecologically functional rather than phylo-
genetic distinction, because it has been recognized
that they have similar niches based on their mor-
phological resemblance.

In previous reports, thraustochytrid biovolume
and carbon biomass were 3 to 43% and 3.4 to
29.7%, respectively, of the biovolume and carbon
biomass of bacterioplankton (Naganuma et al. 1998,
Kimura et al. 1999). A recent study in Hawaii (USA)
found that thraustochytrid biomass ranged from
0.79 to 281.0% of bacterial biomass in the water col-
umn (Li et al. 2013). Thraustochytrid cell or colony
size is 85 to 21 400 times that of bacteria; therefore,
thrausto chytrids are preyed upon by larger preda-
tors (Naga numa et al. 2006). As a result, there are
fewer steps in the food chain starting with thraus-
tochytrids than in the microbial loop, and less
energy is lost from the food chain. Therefore, the
ecological effect of thraustochytrids is larger than
that of the same volume of bacteria (Naganuma et
al. 1998, 2006, Kimura et al. 1999, Raghukumar
2002). Moreover, thrausto chy trids produce degrada-
tive enzymes (e.g. cellulase) that can process the
recalcitrant organic matter of higher terrestrial
plants, which is difficult to digest for most marine
bacteria (Nagano et al. 2011). In fact, comparatively
large numbers of thraustochytrids are ob served in
river discharge areas, and it has been suggested
that they grow on terrestrial organic matter and
play ecological roles that are different to those of
bacteria (Kimura & Naganuma 2001).

Thraustochytrids grow quickly and accumulate high
levels of squalene and polyunsaturated fatty acids
(PUFAs) such as docosahexaenoic acid (DHA) and
n-6 docosapentaenoic acid (DPA) (Nakahara et al.
1996, Lewis et al. 1999, Fan et al. 2000, Yokoyama &
Honda 2007, Yokoyama et al. 2007, Kaya et al. 2011,
Nakazawa et al. 2014). These lipids are recognized
as important materials in the flow of energy in aquatic
ecological processes, and higher trophic level fishes
in particular require these PUFAs as essential nutri-
ents (Tocher 2010). Thraustochytrids have been used
to enhance the nutritional content of rotifers and
Artemia that serve as food for marine fish larvae
(Song et al. 2007, Yamasaki et al. 2007, Estudillo-de
Castillo et al. 2009). The survival probability of the
larvae increases when PUFA-enriched Artemia is
used as food (Furuita et al. 1996).

Although it has been suggested that thrausto chy -
trids have a certain amount of influence on the
aquatic ecosystem, there is insufficient information to
confirm this. Most biomass measurements have been
conducted by individual research ship cruises or with
low frequency sampling (e.g. Kimura et al. 1999, Ra -
ghu kumar et al. 2001, Bongiorni et al. 2004). Because
it is quite difficult not only to identify the species but
also the genera based on morphological features,
past data without molecular phylogenetic informa-
tion should not be immediately accepted. Moreover,
little information is available on thraustochytrid spe-
cies composition and succession (Bongiorni & Dini
2002, 2004), and recent studies on the sequences of
thraustochytrids in environmental DNA reported
unknown labyrinthulid and thraustochytrid lineages
(Collado-Mercado et al. 2010, Li et al. 2013). A spe-
cies-monitoring investigation using quantitative PCR
(qPCR) was also recently conducted, but thraus-
tochytrids were detected in only a few samples using
this method (Nakai et al. 2013).

In this study, we used culturing methods to regu-
larly investigate cell density and phylogenetic group
composition (species and/or genus) of isolates from
the Shukugawa River mouth and inside Osaka Bay,
Japan, at least once a month. Our aims were (1) to
estimate the seasonal change in thraustochytrid bio-
mass by the most probable number (MPN) method
using pine pollen and to evaluate the influence of this
change on the ecosystem, (2) to examine the seasonal
succession of thraustochytrid phylogenetic groups
and identify ecologically remarkable groups, and (3)
to elucidate the relationship among thraustochytrid
biomass, phylogenetic group composition, other organ-
isms, and environmental factors and report this base-
line information on thraustochytrid ecology.
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MATERIALS AND METHODS

Sampling sites and collection

Sampling was conducted at 3 locations character-
ized by different environmental conditions at the east
end of the Seto Inland Sea, Japan (Fig. 1). The first
site was the Shukugawa River mouth (34° 43.35’ N,
135° 20.00’ E), where the water flows into Osaka Bay.
Sampling of the Shukugawa River was carried out
100 times every 2 to 4 wk from 14 March 2008 to 19
September 2013. The other 2 sites were Station 8 (Stn
8; 34° 29.95’ N, 135° 10.73’ E) and Stn 15 (34° 36.00’ N,
135° 17.75’ E) in Osaka Bay. Stn 15 is about 15 km
from the Yodo River, which contributes the largest
quantity of fresh water to Osaka Bay. In contrast, Stn 8
is about 30 km from the Yodo River and re ceives little
river water compared with Stn 15. Sampling in
Osaka Bay was carried out monthly for 24 mo during
cruises onboard the RV ‘Osaka’ (Research Institute of
Environment, Agriculture and Fisheries, Osaka Pre-
fecture) from 7 March 2011 to 1 February 2013.

Shukugawa River surface water was sampled after
being filtered through a 2.0 mm mesh sieve to re -
move large debris (e.g. leaves). Surface water was
collected at both Stns 8 and 15 in Osaka Bay (8S and
15S). Bottom water was collected from 31 m depth at
Stn 8 (8B) and from 17 m depth at Stn 15 (15B), which
equated to 2 and 1 m above the seabed, respectively.
At all sampling sites, net samples were collected
using a 20 µm mesh net (Rigo), and major plankton

composition was observed under an inverted micro-
scope (Olympus) on the sampling day. Vertical pro-
files of water temperature, salinity, and chlorophyll
fluorescence were monitored using a compact CTD
(JFE Advantech) at each site. Concentrations of
chlorophyll a (chl a) were calibrated using the corre-
lation between chlorophyll fluorescence observed
with CTD casts and chl a concentrations determined
with a spectrometer.

Estimation of thraustochytrid cell density 
by the MPN method

Thraustochytrid cell numbers in the seawater sam-
ples collected were estimated by the MPN method
using the pine pollen baiting culturing approach
(modified from Gaertner 1968). Samples were pro-
cessed as soon as possible following collection. First,
each sample was diluted 10-fold 6 times in screw-
capped tubes. Each diluted sample was replicated 3
times. All of the replicates were brought to a constant
volume of 9 ml with sterile seawater containing pine
pollen and incubated at 15, 20, or 25°C (equal to the
water temperature at the time of sampling) for 1 wk.
After the 1 wk incubation, pine pollen was spread on
d-GPY agar plates with an antibiotic medium that
consisted of 0.2% glucose, 0.1% poly-peptone, 0.05%
yeast extract, and 1.5% agar in 50/50 seawater/dis-
tilled water with antibiotics (0.02% chloramphenicol
until 2 December 2009; 0.01% streptomycin sulfate
and 0.01% ampicillin sodium salt from 28 December
2009). Because thraustochytrid zoospores can recog-
nize chemical compounds, particularly polysaccha-
rides, amino acids, and leaf extracts (Fan et al. 2002,
Tsui et al. 2012), thraustochytrids were se lectively
attracted to the pollen and formed colonies on the
medium. Therefore, it was easy to confirm the pres-
ence of thraustochytrids in each of the diluted sam-
ples by microscopy. Thraustochytrid cell numbers
with the lower and upper detection limit (95% confi-
dence levels) were estimated from the positive sam-
ples in which colonies were detected using the com-
puter program mpn.exe (Klee 1993).

The MPN method using pine pollen likely underesti-
mates cell number compared with the acriflavine
direct detection (AfDD) method using epifluorescence
microscopy (Raghukumar & Schaumann 1993, Raghu -
kumar 2002, Li et al. 2013, Nakai et al. 2013; Table 1).
In some samples, no thraustochytrids were detected,
i.e. there was no settlement on the pine pollen or no
growth on the agar plate with antibiotics. However,
the MPN method obtains reliable data regarding
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changes in cell density if suitable dilutions and repli-
cates are prepared (Bongiorni & Dini 2002). Moreover,
the AfDD method cannot identify the thraustochytrid
phylogenetic groups present. In contrast, living strains
are easily established in the MPN process by isolating
single cells from agar plates. Determination of the
strain sequences provides phylogenetic information,
which will be useful for future investigations such as
physiological tests under culture conditions. Another
reason for selecting the MPN method in this study was
to avoid overestimation caused by misidentification
and counting of dead cells. The estimated abundance
values indicate the minimum cell numbers converted
from colony-forming units of MPN.

Isolation and identification of thraustochytrids

Using a glass capillary rod under an inverted
microscope, a maximum of 24 single colonies per
sample were taken from the agar plates during the
MPN process and put onto a 24-well plate with

d-GPY liquid medium and antibiotics. After approxi-
mately 5 d of incubation at 15, 20, or 25°C, the iso-
lates were transferred to test tubes.

Approximately 10 isolates were established and 5
were randomly selected for sequencing from each
seawater sample. The isolates were identified to the
highest taxonomic resolution possible by 18S rRNA
gene phylogenetic analysis. Total genomic DNA was
extracted by a modified CTAB extraction method as
described by Murray & Thompson (1980). Roughly
the full length of the 18S rRNA gene sequence (ca.
1800 bp) was amplified using PCR with the primers
SR01 (Naka yama et al. 1996) and SR12L1 (5’-CCT
TGT TAC GAC TTC ACC TTC C-3’; this study). One-
third of the sequence from the head side of the 18S
rRNA gene (ca. 600 bp) was determined using the
primers SR01 or SR05 (Nakayama et al. 1996). The se -
quenced region contained relatively high variation
and had sufficient resolution to analyze the phyloge-
netic position. Determined sequences were added to
the aligned sequence data set (Yokoyama et al. 2007),
aligned with a profile alignment process using the
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Detection method and habitat                                                         Abundance                                                       Reference
Sampling site                                                          Maximum         Minimum           Average                                        

MPN - water
Atlantic Ocean off Portugal                                        488                      1                                                           Gaertner (1982)
Antarctic Ocean                                                         >100                    <5                                              Bahnweg & Sparrow (1974a,b)
Sargasso Sea                                                                115                   ca. 5                                                           Ulken (1979)
Fladen Ground Area, North Sea                                320                      1                                              Raghukumar & Gaertner (1980)
Arabian Sea                                                            1.10 × 104                <1                                                      Raghukumar (1985)
Arabian Sea                                                           >1.10 × 103               <6                                                 Raghukumar et al. (1990)
Mouth of the Zuari estuary in Goa, India                  348                     14                                                  Raghukumar et al. (1990)
Arabian Sea                                                            1.00 × 103                 0                                                   Raghukumar et al. (2001)
Liqurian Sea (NW Mediterranean)                                                                       130 ± 100 (SD)               Bongiorni & Dini (2002)

MPN - sediment
Atlantic Ocean off Portugal                                   4.38 × 104                                                                              Gaertner (1982)
Port Klangm, Malaysia                                          4.57 × 104          9.13 × 103                                                      Ulken (1986)
Fladen Ground Area, North Sea                           7.30 × 104          1.46 × 104                                       Raghukumar & Gaertner (1980)
Liqurian Sea (NW Mediterranean)                                                                  6.10 ± 5.30 × 104 (SD)          Bongiorni & Dini (2002)
Liqurian Sea (NW Mediterranean)                                                                  6.10 ± 5.30 × 104 (SD)          Bongiorni & Dini (2004)

AfDD - water
Arabian Sea                                                            1.31 × 106                 0                                                   Raghukumar et al. (2001)
Equatorial Indian Ocean                                       6.75 × 105                                                                  Damare & Raghukumar (2008)
Seto Inland Sea, Japan                                          5.60 × 104          2.10 × 103          1.03 × 104                   Naganuma et al. (1998)
Seto Inland Sea and Hyuga Nada area, Japan    4.52 × 104          2.50 × 103          1.59 × 104                      Kimura et al. (1999)
Seto Inland Sea and Hyuga Nada area, Japan    2.14 × 104                86               3.11 × 103                      Kimura et al. (2001)
Offshore area of the Shimanto River                    3.60 × 103               900              2.50 × 103               Kimura & Naganuma (2001)
Greenland and Norwegian Seas                           2.30 × 105              <810             3.10 × 104                   Naganuma et al. (2006)
Hawaii Ocean                                                         6.30 × 105       Undetectable                                                  Li et al. (2013)

AfDD - sediment
North Sea                                                             5.40 × 106 g−1    1.00 × 105 g−1                                 Raghukumar & Schaumann (1993)
Eastern Ligurian Sea (NW) Mediterranean                                                    4.23 ± 0.29 × 104 (SD)           Bongiorni et al. (2004)
Fish farm in the Bay of Pachino, Italy                1.35 × 104 g−1         710 g−1                                                Bongiorni et al. (2005c)

Table 1. Past reports of thraustochytrid abundance estimated by the most probable number (MPN) and acriflavine direct detection
(AfDD) methods. All abundance values are reported as colony-forming units (MPN) or cells (AfDD) l–1 unless otherwise noted
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ClustalX 2.1 software program (Larkin et al. 2007),
and finally refined manually. The phylogenetic tree
was generated by the neighbor-joining (NJ) method
using the distances of the Tamura−Nei model with
the pairwise deletion option as the gap treatment in
MEGA 5.2.2 (www.megasoftware.net). Bootstrap val-
ues were obtained from 1000 resamplings. See Fig. 3
for abbreviations of phylogenetic group names used
in this study. One to 3 isolates were selected from
each phylogenetic group (with 2 exceptions), and the
nearly complete 18S rRNA gene sequences (ca. 1600
bp) were determined. These sequences were submit-
ted to GenBank under accession numbers AB973502−
AB973563 (see Table S1 in the supplementary mate-
rial available at, and via link from, www. int-res. com/
articles/ suppl/ a074 p187 _ supp .pdf).

Bacterial cell staining and counting

Seawater collected for bacterial cell counting was
immediately fixed in 2.5% glutaraldehyde (Nacalai
Tesque). Bacterial cells were collected from 0.5 to
1 ml of the fixed samples on brown color polycarbon-
ate filters (Isopore™ Membrane Filter, Merck Milli-
pore; pore size 0.22 µm; diameter 25 mm). Bacterial
cells were then stained with 1 µg ml−1 4’,6-diamidino-
2-phenylindole, dihydrochloride (DAPI) and washed
twice with 1 ml autoclaved and 0.2 µm-filtered sea-
water. The filters were air-dried. Bacterial cells were
counted in 50 fields of 50 µm × 50 µm by epifluores-
cence microscopy under UV excitation.

Analysis of particulate organic carbon and 
nitrogen, and dissolved organic carbon at the

Shukugawa River mouth

Immediately after sampling, a 100 ml seawater
sample was filtered through a pre-combusted glass
fiber 25 mm Whatman GF/F filter (450°C, 2 h; GE
Healthcare). The filter for particulate organic carbon
(POC) and particulate organic nitrogen (PON) was
then incubated at 60°C overnight and was kept in a
desiccator until analysis. POC and PON were meas-
ured with a CHN analyzer (Model MT-5, Yanaco).
Filtered seawater samples were kept at −20°C until
analysis of dissolved organic carbon (DOC). DOC
was measured with a total organic carbon analyzer
(TOC-VCSH, Shimadzu). POC and DOC samples
were measured from 7 December 2010 to 19 Septem-
ber 2013 (n = 37) and from 4 April 2012 to 19 Septem-
ber 2013 (n = 19), respectively.

RESULTS

Thraustochytrid cell density and environmental
data at the Shukugawa River mouth

In total, 100 samples were obtained over 6 yr at
the Shukugawa River mouth (Table S3 in the sup-
plementary material). Thraustochytrids were found
on all sampling days and the cell density ranged
from 40 cells l−1 (28 December 2009) to 266 400 cells
l−1 (1 May 2008 and 19 August 2013) (Table 2). A
pattern of high cell density in summer and low cell
density in winter was seen in all years. At least 1 or
2 peaks in cell density were observed in 2008,
2010, 2012, and 2013 be tween spring and summer
(Fig. 2), when thrausto chytrid cell density reached
47 470 to 266 400 cells l−1 (Table 2). In contrast, no
peak was observed in either 2009 or 2011. Average
cell  density excluding peak periods was 4670 cells
l−1 (n = 93).

In contrast, bacterioplankton cell density ranged
from 2.86 × 108 cells l−1 (7 December 2011) to 1.08 ×
1010 cells l−1 (4 June 2009). Average bacterioplankton
cell density was 2.03 × 109 cells l−1 (n = 98; Table 2).
Bacterioplankton abundance was similar to a previ-
ous report in an estuary in Japan (Kimura & Naga -
numa 2001). Water temperature ranged from 6.3°C
(19 January 2010) to 30.9°C (19 August 2013), with an
average of 19.3°C. Salinity ranged from 3.9 (15 July
2010) to 31.6 (4 September 2008) PSU with an aver-
age of 22.9 PSU. Changes in salinity were extreme
because the sampling site is in the Shukugawa River
mouth. Remarkably high chl a concentrations of
139.8 µg l−1 (27 May 2008) and 202.5 µg l−1 (4 June
2009) were recorded during Heterosigma akashiwo
blooms. Excluding these blooms, chl a concentrations
ranged from 1.28 µg l−1 (13 May 2010) to 49.9 µg l−1

(3 July 2013) with an average of 10.4 µg l−1, and re -
mained relatively constant during monitoring except
during these 2 blooms.

Thraustochytrid phylogenetic group composition at
the Shukugawa River mouth

In total, 932 isolates were obtained, and the partial
18S rRNA gene sequences of 435 new isolates were
determined. Isolates were classified according to
phylogenetic groups from the labyrinthulomycete
18S rRNA gene NJ tree. The molecular phylogenetic
analyses revealed that at least 24 phylogenetic
groups, including the new isolates, inhabit the
Shukugawa River mouth (Fig. 3, Tables S1 & S3 in
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the supplementary material). The isolates formed 7
phylogenetic groups with no previously identified
strains or environmental DNA clones (Collado-Mer-
cado et al. 2010, Li et al. 2013); these were temporar-
ily named un identified thraustochytrid 1, 2a, 2b, 3a,
4, 6, and 7. Phylogenetic groups that appeared at
comparatively high frequencies were referred to as
major phylogenetic groups. The 7 major phyloge-
netic groups were named unidentified thrausto chytrid
1, 2a, and 2b, Schizochytrium sp., and Oblongi chy -
trium sp. 1, 2, and 3 (Figs. 3 & 4). Oblongichytrium sp.
was divided into 5 phylogenetic groups called
Oblongichytrium sp. 1 to 5 (Fig. 3, Table S1). The
seasonal succession of phylogenetic group composi-
tion of the isolates followed a similar trend every year
(Fig. 2).

The phylogenetic groups isolated from each peak
were different. In 2008, the isolates detected at sig-
nificantly high cell density on 1 May were com-
posed of 3 isolates of Aurantiochytrium sp. 2, 1 of
Thraustochytrium aff. striatum, and 1 of thraus-

tochytrid 1. The isolates forming the second peak
on 24 July were composed of 7 isolates of Auranti-
ochytrium sp. 2. In 2010, the isolates in the first
peak on 6 May were composed of 6 isolates of
thraustochytrid 2a and 4 of Ob lon gi chytrium sp. 1.
The isolates in the second peak on 17 August were
composed of 3 isolates of thrausto chytrid 2b, 3 of
Botryochytrium sp., and 2 of Schi zo chytrium sp. In
2012, the isolates forming the peak on 6 June com-
prised 2 isolates of Oblon gi chy trium sp. 2, 2 of
thraustochytrid 7, and 1 of Oblon gi chy trium sp. 1.
On 1 July, the isolates in the peak were 2 isolates
of Sicyoidochytrium sp., 2 of thraustochytrid 7, and
1 of Oblongichytrium sp. 1. In 2013, the isolates
forming the peak on 19 August were composed of 3
isolates of thraustochytrid 2b, 1 of Schizochytrium
sp., and 1 of Thraustochytrium aff. caudivorum. It
should be noted that the antibiotics used in the
agar plates for isolation were changed beginning in
December 2009 as described in ‘Materials and
methods’.
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                                  Environmental data Thraustochytrids Bacterioplankton                 Ratio
                                                        Temp     Sal      Chl a         Density    Biomass           Density           Biomass  
                                                         (°C)    (PSU)   (µg l−1)       (cells l−1)    (µg C l−1)     (× 108 cells l−1)     (µg C l−1)

Shukugawa River mouth
Average (including spikes)          19.3      22.9      13.68           13729          2.27                 20.34                61.44                 3.60
Average (excluding spikes)          18.8      23.1      13.45            4670           0.77                 19.50                58.90                 1.59
Min (including spikes)                   6.3        3.9        1.28               40             0.01                  2.86                  8.63                  0.04
Max (including spikes)                 30.9      31.6     202.50         266400        43.96               107.52              324.72               79.57
Max (excluding spikes)                30.5      31.6     202.50          26640          4.40                107.52              324.72               12.19
Thraustochytrid spikes
1 May 2008                                  20.9      21.2      10.41          266400        43.96                36.33               109.73               40.06
24 July 2008                                 30.5      21.0      46.36           47470          7.83                 55.95               168.96                4.64
6 May 2010                                  21.4      12.1       9.02           103600        17.09                17.68                53.41                32.01
17 Aug 2010                                30.6      13.6      15.49          103600        17.09                50.64               152.94               11.18
6 June 2012                                 21.7      27.7      16.43           47470          7.83                 19.18                57.94                13.52
1 July 2012                                   23.7      24.0       9.69           103600        17.09                20.61                62.25                27.46
19 Aug 2013                                30.9      24.4       9.51           266400        43.96                18.29                55.24                79.57

Osaka Bay
Stn 8S               Average                17.7      30.9       2.35              122            0.02                  4.96                 14.99                 0.22

                               Min                    8.7       22.2      −3.93              0              0.00                  1.05                  3.18                  0.00
                               Max                   28.0      32.4      16.82             475            0.08                 20.72                62.58                 1.38
Stn 8B               Average                17.5      32.1      −2.15             47             0.01                  4.05                 12.23                 0.07

                               Min                    8.5       31.5      −3.84              0              0.00                  0.50                  1.51                  0.00
                               Max                   27.3      32.6       0.08              475            0.08                 14.86                44.88                 0.42
Stn 15S             Average                18.0      28.1      11.43             509            0.08                  9.64                 29.13                 0.27

                               Min                    8.0       20.4      −8.84              0              0.00                  0.61                  1.83                  0.00
                               Max                   29.0      30.8      61.10            4747           0.78                 31.40                94.84                 1.23
Stn15B              Average                17.1      32.0      −0.72             45             0.01                  4.64                 14.01                 0.07

                               Min                    8.5       31.4      −3.43              0              0.00                  0.57                  1.73                  0.00
                               Max                   27.2      32.5       7.20              266            0.04                 17.26                52.11                 0.52

Table 2. Thraustochytrid and bacterioplankton density and carbon biomass with water temperature (Temp), salinity (Sal), and
chl a concentration. Ratio: ratio of thraustochytrid to bacterioplankton carbon biomass (%); Stns 8 and 15 in Osaka Bay show 

data for surface (S) and bottom (B) waters
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Fig. 2. Monitoring data from the Shukugawa River mouth. Sampling was carried out 100 times once or twice a month from
March 2008 to September 2013. The line graphs show thraustochytrid and bacterioplankton cell density, ratio of thraus-
tochytrid to bacterioplankton carbon biomass, and environmental data (water temperature, salinity, and chl a concentration).
Bars show the number of isolates sequenced for each major phylogenetic group. Abbreviations of the phylogenetic groups are 

shown in Fig. 3
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Schizochytrium sp. (Sc)

Thraustochytrium gaertnerium

Thraustochytrium aff. kinnei (Tk)

Parietichytrium sp. (Pa)

Thraustochytrium aff. aureum (Tau)

Botryochytrium sp. (Bo)

Thraustochytrium aff. striatum (Ts)

Ulkenia sp. (Ul)

unidentified thraustochytrid 1 (UT1)

unidentified thraustochytrid 2a (UT2a)

unidentified thraustochytrid 2b (UT2b)

unidentified thraustochytrid 6 (UT6)

Thraustochytrium aff. aggregatum (Tag)

unidentified thraustochytrid 7 (UT7)

unidentified thraustochytrid 3b (UT3b)

unidentified thraustochytrid 4 (UT4)

Sicyoidochytrium sp. (Si)

Thraustochytrium aff. caudivorum (Tc)

unidentified thraustochytrid 3c (UT3c)

unidentified thraustochytrid 3a (UT3a)

Aurantiochytrium limacinum

Aurantiochytrium sp. 1

Labyrinthulid quahog parasite QPX

Thraustochytriidae sp. C9G

Aurantiochytrium sp. 2 (Au2)

Thraustochytrium aff. pachydermum (Tp)

unidentified thraustochytrid 5 (UT5)

Botryochytrium radiatum #16  AB022115
SEK 673  AB973506
Botryochytrium radiatum SEK 353  AB355410

SEK 598  AB973507
SEK 597  AB973505

SEK 621  AB973516
SEK 677  AB973517
Thraustochytrium aureum ATCC 34304  AB022110
Thraustochytrium roseum ATCC 28210  AB973566

Parietichytrium sp. H1-14  AB073305
SEK 592  AB973508

Parietichytrium sarkarianum SEK 351  AB355411
Parietichytrium sarkarianum SEK 364  AB244715

Thraustochytrium kinnei KMPB 1694d  L34668
SEK 680  AB973523

SEK 617  AB973521
SEK 618  AB973522

Thraustochytrium gaertnerium ATCC PRA-148  AY705753
SEK 582  AB973511

Schizochytrium aggregatum ATCC 28209  AB022106
SEK 579  AB973510
SEK 674  AB973512

SEK 577  AB973509
Schizochytrium sp. NBRC 102615  AB290576
Schizochytrium sp. NBRC 102617  AB290578

Thraustochytrium striatum ATCC 24473  AB022112
SEK 687  AB973527

SEK 686  AB973526
Ulkenia amoeboidea SEK 214  AB290355
Ulkenia visurgensis ATCC 28208  AB022116
SEK 689  AB973530
SEK 615  AB973528
SEK 688  AB973529
Ulkenia profunda BUTRBG 111  DQ023615
Ulkenia profunda KMPB N 3077a  L34054

SEK 705  AB973561
Thraustochytrium sp. HK5  FJ821499

SEK 690  AB973545
SEK 692  AB973547

SEK 691  AB973546
SEK693  AB973548
SEK 694  AB973549
SEK 695  AB973550

Thraustochytriidae sp. M4-103  AB073307
SEK 697  AB973552
SEK 696  AB973551

SEK 698  AB973553
Thraustochytrium sp. AR2-19  AB810952

Sicyoidochytrium minutum NBRC 102975  AB290585
Sicyoidochytrium sp. NBRC 102979  AB183659
SEK 675  AB973513
SEK 676  AB973514

Thraustochytrium caudivorum ATCC PRA-210  EF114348
SEK 616  AB973518

SEK 678  AB973519
SEK 679  AB973520

SEK 703  AB973558
SEK 701  AB973556
Aurantiochytrium sp. BAFC cult. 3545  HQ228949

SEK 700  AB973555
Aurantiochytrium sp. JC3  KF718864

Thraustochytriidae sp. H41  DQ459556
SEK 702  AB973557

SEK 699  AB973554
Aurantiochytrium sp. BAFC cult. 3537  HQ228987

Thraustochytrium sp. HK8a  FJ821495
Thraustochytriidae sp. #32  DQ367052

Aurantiochytrium limacinum ATCC MYA-1381  AB973564
Aurantiochytrium sp. mh0186  AB362211
Aurantiochytrium sp. RCC 893  AB973565

Aurantiochytrium sp. SEK 217  AB290572
Aurantiochytrium sp. SEK 218  AB290573
Thraustochytriidae sp. BURABG 162  DQ100295

Aurantiochytrium sp. N1-27  AB073308
SEK 605  AB973502

Aurantiochytrium sp. NBRC 102614  AB290574
SEK 634  AB973503

SEK 706  AB973559
Thraustochytrium aggregatum KMPB N-BA-110  AB022109

SEK 619  AB973515
Labyrinthulid quahog parasite QPX  AY052644

SEK 683  AB973562
SEK 684  AB973563

Thraustochytriidae sp. C9G  AF474172
SEK 681  AB973524

Thraustochytrium pachydermum KMPB N-BA-114  AB022113
SEK 682  AB973525

SEK 704  AB973560
Thraustochytrium sp. AR2-1  AB810959

SEK 635  AB973504
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Correlation between thraustochytrid abundance
and environmental parameters at the Shukugawa

River mouth

Correlation coefficients were calculated among
thraustochytrid abundance, bacterioplankton abun-
dance, water temperature, salinity, chl a concentra-
tion, POC, PON, and DOC at the Shukugawa River
mouth, excluding data during thraustochytrid peaks.
While thraustochytrid abundance was well corre-
lated with POC and DOC, there was no relationship
with chl a concentration (Table 3, Fig. S1 in the sup-
plementary material). This phenomenon suggests
that the most abundant thraustochytrids in the river
mouth consumed POC and DOC derived from non-
phytoplankton as their nutrient sources. Average
POC (from 7 December 2010 to 19 September 2013)
and DOC (from 4 April 2012 to 19 September 2013),
excluding the peak values, at the Shukugawa River
mouth were 2.07 and 3.36 mg l−1, respectively. We
estimated the ratio of POC derived from phyto-
plankton from the regression line of chl a concen-
tration and POC at the Shukugawa River mouth
using the method of Kimura et al. (2001) (Fig. 5).
The slope of the minimum model (y = ax + b) was
0.099 (Fig. 5). The maximum model, in which we
assume that all POC is phytoplanktonic and set the
y-intercept to 0 (y = a’x), gives a slope of 0.16
(Fig. 5). Using the average concentration of chl a
(8.51 µg l−1), phytoplankton bio mass was calculated
as 0.84 and 1.36 mg C l−1 for the minimum and max-

imum models, respectively, and accounted for 40.6
and 65.7% of the average concentration of POC
(2.07 mg C l−1). The average thraustochytrid carbon
biomass was estimated to be 7.59 × 10−4 mg l−1 (from
7 December 2010 to 19 September 2013, excluding
the peak values) based on a cellular carbon content
of 1.65 × 10−4 µg C cell−1 as reported by Kimura et
al. (1999). Because the ratio of thraustochytrid car-
bon biomass to average total POC was 0.037%,
thraustochytrid POC in total POC can be ignored.
The average bacterioplankton carbon biomass was
0.033 mg l−1 (from 7 December 2010 to 19 Septem-
ber 2013, excluding the peak values) based on a cel-
lular carbon content of 30.2 fg C cell−1 (Fukuda et al.
1998), and the ratio of carbon in bacterioplankton
biomass to average total POC was 1.59%. The
microzooplankton and net-zooplankton carbon were
negligible at 0.03 to 1.4% and 0.6 to 1.7%, respec-
tively (Uye et al. 1996, Uye & Shimazu 1997). There-
fore, it was estimated that the POC derived from
non-phytoplankton was 35 to 60% at the Shuku-
gawa River mouth.

Thraustochytrid cell density and environmental
data at Osaka Bay

Sampling was carried out 24 times over 2 yr
(Table S4 in the supplementary material). The cell
density of thraustochytrids in samples from Stns 8S,
8B, 15S, and 15B varied from 0 to 475 cells l−1 (avg.
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Labyrinthula sp.

Aplanochytrium sp. (Ap)

Oblongichytrium sp. 1 (Ob1)

Oblongichytrium sp. 2 (Ob2)

Oblongichytrium sp. 3 (Ob3)

Oblongichytrium sp. 4 (Ob4)

Oblongichytrium sp. 5

Out group

Labyrinthula sp. NBRC 33215  AB022105
Labyrinthula sp. N8  AB246794

Labyrinthula sp. L59  AB095092
Labyrinthula sp. L72  AB220158

SEK 603  AB973543
SEK 717  AB973544
Aplanochytrium stocchinoi  AJ519935
Aplanochytrium minutum  L27634
Aplanochytrium kerguelense KMPB N-BA-107  AB022103

SEK 707  AB973532
SEK 708  AB973533
SEK 600  AB973531

Oblongichytrium minutum  KMPB N-BA-77  AB022108
SEK 709  AB973534
SEK 710  AB973535

SEK 712  AB973537
SEK 713  AB973538
Oblongichytrium multirudimentale KMPB N-BA-113  AB022111
SEK 711  AB973536
Oblongichytrium sp. PBS05  FJ799794

SEK 599  AB973539
SEK 714  AB973540
SEK 715  AB973541

Oblongichytrium sp. BAFC cult. 3519  HQ228948
Oblongichytrium sp. PBS02  FJ799796
Oblongichytrium sp. PBS03  GQ354272
Oblongichytrium sp. NBRC 102618  AB290575
SEK 716  AB973542
Thraustochytriidae sp. KB9/KB16  JX481078

Bacillaria paxillifer  M87325
Ochromonas danica  M32704
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122 cells l−1), 0 to 475 cells l−1 (avg. 47 cells l−1), 0 to
4747 cells l−1 (avg. 509 cells l−1), and 0 to 266 cells l−1

(avg. 45 cells l−1), respectively (Fig. 6, Table 2).
Thraustochytrid densities at Osaka Bay were equiv-
alent to those of previous reports using the MPN
method (Gaertner 1968) (Table 1). Only 1 peak in
cell density was observed each year at 15S. The
highest cell densities in 2011 and 2012 were 4747
cells l−1 (1 August 2011) and 2664 cells l−1 (3 Sep-
tember 2012), respectively. However, the peaks

were conspicuously lower than those of the Shuku-
gawa River mouth.

Bacterioplankton cell density ranged from 0.5 to
31.4 × 108 cells l−1 across sites. Bacterioplankton
abundance was similar to that of previous reports
in the Seto Inland Sea (Naganuma et al. 1998).
Changes in water temperature were similar at all
sampling points. Water temperature ranged from
8.0 to 29.0°C, with an average of approximately
17−18°C (Fig. 6, Table 2, Table S4). At Stn 15S,
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A B

C D

Fig. 4. Thraustochytrid cells. (A) Schizochytrium sp. (SEK 579), (B) unidentified thraustochytrid 1 (SEK 691), (C) unidentified
thraustochytrid 2a (SEK 694), and (D) Oblongichytrium sp. 1 (SEK 600) with strongly extended ectoplasmic nets to pine pollen.
SEK 691 was cultured in dGPY medium, and SEK579, SEK694, and SEK600 in sterilized seawater with pine pollen. 

All scale bars = 10 µm
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salinity was influenced by rainfall and ranged from
approximately 20.4 to 30.8 PSU. At Stn 8S, salinity
was comparatively stable (29.6−32.4 PSU), except
after a typhoon which reduced salinity to 22.2 PSU.
In contrast, salinity at Stns 8B and 15B was stable
at ca. 32 PSU. Relatively large changes in chl a
concentration caused by fluctuations in dia tom
populations were observed at Stn 15S only; these
ranged from 0 (5 July 2011) to 61.1 µg l−1

(1 August 2011). Changes in thraustochytrid abun-
dance at Stns 8S and 15S were weakly related to
water temperature and bacterioplankton abun-
dance, respectively (Fig. 6, Tables S5 & S6 in the
supplementary material).

Thraustochytrid phylogenetic 
group composition at Osaka Bay

The number of isolated strains (num-
bers of 18S rRNA gene sequences are
in parentheses) at the Osaka Bay sam-
pling Stns 8S, 8B, 15S, and 15B were
71 (46), 56 (37), 113 (71), and 20 (16),
respectively. The molecular phyloge-
netic analyses re vealed at least 16
phylogenetic groups in the bay includ-
ing 8 unidentified isolates, which were
temporarily called unidentified thraus-
tochytrid 2a, 2b, 3b, 3c, 4, 5, 6, and 7
(Fig. 3, Tables S1 & S4). Stns 8S and
15S yielded similar phylogenetic

groups including 3 major groups as follows: unidenti-
fied thrausto chytrid 3b, Aplanochytrium sp., and Ob -
long i chy trium sp. 2 (Fig. 6). The phylogenetic groups
isolated at Stns 8B and 15B were also similar; these
were Oblon gi chy trium sp. 2 and Ap la no chytrium sp.
Because the number of isolates from bottom water
was low, it was not possible to determine seasonal
succession of the phylogenetic groups at Stn 8B or
15B. The phylogenetic group composition of the iso-
lates forming each peak was different at Stn 15S. The
isolates detected at significantly high cell density in
2011 were composed of 5 isolates of thraustochytrid
2b, whereas the iso lates forming the peak in 2012
comprised 2 isolates of Ap la no chy trium sp. and 1 of
Thraustochytrium aff. caudivorum.

DISCUSSION

Thraustochytrid spikes

The regular monitoring of thraustochytrid biomass
at the Shukugawa River mouth in this study revealed
1 or 2 conspicuous peaks in abundance between
spring and summer in most sampling years (Fig. 2).
Similar but smaller-scale peaks were also observed
in Osaka Bay (Fig. 6). Peaks at both locations were
never observed simultaneously, and the phyloge-
netic group composition of the isolates differed
between the river mouth and the bay area, suggest-
ing that the occurrences of these peaks are inde-
pendent events. Additionally, similar peaks were
observed in preliminary monitoring from 2006 to
2007 in Ago Bay (34° 18.10’ N, 136° 51.12’ E), a brack-
ish water body located in central Japan (D. Honda
unpubl. data). This coincidence in peaks observed at
independent sites suggests that these thraustochytrid
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               Thra         Bac        Temp      Sal         Chl        POC      PON   DOC

Thra           1                                                                                                    
Bac        0.357**         1                                                                                    
Temp    0.373**    0.401**         1                                                                    
Sal      −0.296**   0.055     −0.139        1                                                      
Chl        0.060      0.527**    0.208*   −0.032        1                                       
POC      0.589**   0.399*      0.358*   −0.247  0.762**       1                        
PON     0.458**   0.360*      0.334    −0.102  0.798** 0.952**     1          
DOC     0.815**    0.768**   0.747** 0.114    0.220     0.343     0.267      1

Table 3. Correlation coefficients of thraustochytrids (Thra), bacterioplankton
(Bac), water temperature (Temp), salinity (Sal), chl a concentration (Chl), par-
ticulate organic carbon (POC), particulate organic nitrogen (PON), and dis-
solved organic carbon (DOC) at the Shukugawa River mouth, excluding data 

during spikes in abundance of thraustochytrids. *p < 0.05; **p < 0.01
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dance. If the y-intercept is forced through 0, the slope is 0.16
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spikes probably occur as a general phenomenon of
brackish and coastal regions. 

Thraustochytrid spikes occurred for short periods
of time. Repeated weekly sampling from April to
May 2010 showed that the peaks lasted less than
2 wk. To clarify the cause of the rapid increase in the
number of thraustochytrid cells, both chl a concentra-
tion and phytoplankton composition were consid-
ered. Blooms of Heterosigma akashiwo, Skeleto nema
spp., Chaetoceros spp., and Prorocentrum spp. were
observed in the monitoring area, but thraustochytrid
spikes were not strongly correlated with these.
Although Gaertner (1979) showed that thraus-
tochytrids parasitize living diatoms, we found little
correlation between phytoplankton and thrausto -
chytrid abundance.

In contrast, salinity and water temperature were
likely related to thraustochytrid spikes. A reduction
in salinity was observed either during the same
period or just prior to the occurrence of each spike.
Low salinity in coastal water indicates that the area
has received river discharge. Thus, one explanation
may be that thraustochytrids grow on terrestrial
organic matter supplied by river discharge (Kimura &
Naganuma 2001). It is also possible that physical
changes in the seawater environment and the sup-
plied terrestrial organic matter act as the stimulus to
release zoospores; in fact, thraustochytrids tend to
release zoospores after physical changes in their
environment take place (e.g. Honda et al. 1998,
Yokoyama & Honda 2007).

At the river mouth, seawater temperature rose rap-
idly after the rainy period in the spring and summer.
Spikes in cell abundance in spring and summer cor-
responded with seawater temperatures exceeding
20°C and 30°C, respectively (Fig. 2). Bloom-forming
microalgae often have a cyst stage from which
swarmers simultaneously hatch following a rise in
seawater temperature. Blooms are then formed by
rapid and repeated cell division (Anderson 1980,
Imai 1989). The observed spikes may be caused by
germination of thraustochytrid cysts; however, there
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Fig. 6. Surface and bottom water monitoring data at Stns 8
and 15 in Osaka Bay. Sampling was carried out 24 times
once a month from March 2011 to February 2013. Line
graphs show thraustochytrid and bacterioplankton cell den-
sity, ratio of thraustochytrid to bacterioplankton carbon bio-
mass, and environmental data (water temperature, salinity,
and chl a concentration). 8S and 8B (15S and 15B) are sur-
face and bottom water at Stn 8 (Stn 15), respectively. Bars
show the number of the isolates for each major phylogenetic
group. Abbreviations of the phylogenetic groups are shown 

in Fig. 3
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are no reliable reports of a cyst stage in thrausto -
chytrids or of temperature activation of thrausto -
chytrid cells.

Conversely, a viral infection is a possible reason for
the rapid decrease in the number of thraustochytrid
cells. It is known that blooms of several microalgal
species, e.g. Heterosigma aka shiwo and Heterocapsa
circularisquama, come to an end because of viral in-
fections (Nagasaki et al. 1994, Tomaru et al. 2007,
2008). Two kinds of viruses infecting thraustochytrids
have already been isolated, viz. a single-stranded
RNA virus from Aurantiochytrium sp., and a double-
stranded DNA virus from Sicyoidochytrium sp.
(Takao et al. 2005, 2006, 2007), both of which de-
structively lyse the host cells. Viral infection may ex-
plain why thraustochytrid spikes only occurred every
other year. Some microalgae form large-scale blooms
every other year. As the virus particles are scattered
on the seabed in large quantities by the bloom,
microalgae may be unable to increase in the follow-
ing year because of infection (Tomaru et al. 2007).

Thraustochytrid biomass

As described in ‘Results’, the average cell numbers
of thraustochytrids at the river mouth were >10 times
higher than those in the bay area. However, average
total organic carbon (TOC) at the river mouth was
5.43 mg C l−1 in this study (Table S3 in the supple-
mentary material), which is only twice as large as
that of Osaka Bay and its surrounding coastal area
(2.72 mg C l−; Kimura et al. 2001). Previous studies of
thraustochytrid abundance in the water column
using the MPN method with pine pollen baiting have
reported 5 to 1000 cells l−1 in littoral regions worldwide
(Table 1). For example, averages of 68 and 173 cells l−1

were measured in an Indian Ocean estuary (Raghu -
kumar et al. 1990), and 1.3 ± 1(SD) × 102 cells l−1 were
found in the coastal Mediterranean Sea (Bongiorni &
Dini 2002). Thus, thraustochytrid densities at the
Shukugawa River mouth were substantially higher
than those previously reported. It is possible that
high thraustochytrid biomass in the estuarine envi-
ronment is caused not only by the quantity of organic
matter, but also by the quality of decomposing ob -
jects as a nutrient source. Thraustochytrids are com-
paratively abundant in coastal regions with low-
salinity seawater, where river discharge has an
influence (Kimura & Naga numa 2001). In particular,
terrestrial organic matter in the form of litter and
detritus is constantly supplied to estuaries, and
thraustochytrids have been ob served on plant mate-

rial such as litter, pollen, sea grass, and macroalgae
(Miller & Jones 1983, Ra ghu kumar et al. 1992, Bre-
mer 1995, Leander et al. 2004, Wong et al. 2005). We
suggest that there are species of thraustochytrids that
specialize and have adapted to the estuarine envi-
ronment (see next section).

The carbon contents of thraustochytrid and bacteri-
oplankton cells have been estimated to be 1.65 × 10−4

µg cell−1 and 30.2 fg cell−1, respectively (Fukuda et al.
1998, Kimura et al. 1999). The average thrausto -
chytrid and bacterial carbon biomass values of the
whole period at the river mouth, excluding thraus-
tochytrid spikes, were 0.77 and 58.9 µg C l−1, respec-
tively (Table 2). The average ratio of thraustochytrid
to bacterial cell carbon biomass in each sample was
1.59% (0.04−12.19%). In the microbial loop, bacteria
are food for phagotrophic protists, which in turn
become food for higher trophic zooplankton such as
copepods; consequently, the energy flow from bacte-
ria via the protists is incorporated into the grazing
food chain that begins with the phytoplankton (Azam
et al. 1983). The ecological efficiency of energy trans-
port among lower trophic marine organisms is esti-
mated to be 10 to 20% (Ryther 1969). On the assump-
tion that the ecological efficiency is 10%, it was
estimated that 1% of bacterial energy is transferred
to copepod-like zooplankton after 2 trophic steps.
However, thraustochytrid cell size ranges from 5 to
20 µm, which corresponds to that of small pha go -
trophic protists. Moreover, thraustochytrids often
form colonies under culture conditions with oligotro-
phic media, which correspond to the condition of the
natural environment, and thraustochytrids possibly
attach to larger particles by their ectoplasmic nets
(Goldstein 1963, Gaertner 1968, Raghukumar 1988,
Honda et al. 1998, Bongiorni et al. 2005a; Fig. 4).
Most of them might be an ideal size (ca. 5−50 µm) for
copepod-like zooplankton to feed on (Uye 1986,
Hansen et al. 1994). In this case, 10% of thraus-
tochytrid energy is transferred to the zooplankton
after only 1 trophic step. Therefore, although thraus-
tochytrid biomass was only 1.59% of bacterial bio-
mass at the river mouth, the fixed energy (biomass)
transferred directly from thraustochytrids to zoo-
plankton was estimated to be 15.9% of that trans-
ferred from bacterioplankton via phagotrophic pro-
tists. In contrast, the ratio of thraustochytrid to
bacterial biomass during the spikes was 4.64 to
79.57%; that is, the potential effect of thraus-
tochytrids on zooplankton was ap proximately 0.5 to 8
times that of bacteria during the spikes. Moreover,
the MPN method with pine pollen baiting underesti-
mates cell numbers, because certain thraustochytrids
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are not detected if they do not settle onto the pine
pollen or grow on the agar plate with antibiotics.
Thus, it is likely that the ecological effect of thraus-
tochytrids during spikes in abundance is very strong
in the marine ecosystem, although they may also play
an important role at other times.

Many marine fishes possess high amounts of PUFAs
such as eicosapentaenoic acid (EPA) and DHA. How-
ever, they cannot synthesize enough PUFAs from
short-chain fatty acids and must obtain EPA and
DHA from their food, i.e. zooplankton and phyto-
plankton (Bell & Tocher 2009, Tocher 2010, Meesapy-
odsuk & Qiu 2012). In fact, it has been shown that the
survival ratio of cultured fish larvae fed EPA- or
DHA-enriched Artemia is higher than that of larvae
cultured without these PUFAs (Furuita et al. 1996).
Thraustochytrids accumulate high amounts of DHA
in their cells; thus, they may play an important role as
DHA suppliers in the ecosystem. Many fish larvae
were observed in the river mouth from spring to early
summer. During the same period, thraustochytrid
spikes indicated high thraustochytrid biomass and
therefore possibly increased DHA for fish larvae.
However, this connection remains unverified, and
data on the ecological connection in the food chain
between the fishes, thraustochytrids, and zooplank-
ton, such as the rotifers and copepods, is necessary.

Seasonal dynamics and distribution

In this study, the regular monitoring suggested sea-
sonal changes in thraustochytrid phylogenetic group
composition of the isolates at the Shukugawa River
mouth and in Osaka Bay. Based on the 18S rRNA
gene phylogeny, the isolated strains were separated
into 27 phylogenetic groups, which included 10 un -
identified thraustochytrid lineages (Fig. 3, Table S1).
These groups appeared at the river mouth in the fol-
lowing order: thraustochytrid 1 (March to May),
thraustochytrid 2a (May to June), Schizochytrium sp.
(June to December), thraustochytrid 2b (July to Sep-
tember), Oblongichytrium sp. 1 and 2 (October to
July), and Oblongichytrium sp. 3 (December to April)
(Fig. 2). The strains were isolated from seawater sam-
ples that had water temperature and salinity condi-
tions specific to each of these phylogenetic groups
(Fig. 7). For example, the members of thraustochytrid
1, 2a, and 2b were isolated from seawater samples at
10−15°C, 20−25°C, and 25−30°C, respectively. The
members of Schizochytrium sp., which appeared
over a comparatively long period (early summer to
winter), were isolated from seawater with broad

salinity at a high temperature (>22°C), but they were
also isolated from a high-salinity environment at a
low temperature (<22°C; Fig. 7). In contrast, in the
surface water in the bay area, Aplanochytrium sp.
appeared from summer to fall (July to November),
and thraustochytrid 3b appeared in spring (April to
July) and winter (November to January; Fig. 6).
Members of both Aplanochytrium sp. and thraus-
tochytrid 3b were mainly isolated from high salinity
seawater at 25−30°C and 10−25°C, respectively
(Fig. 7). Thus, there appears to be a seasonal succes-
sion of thraustochytrid phylogenetic groups according
to seawater temperature and salinity.

Individuals of Oblongichytrium sp. 2 were isolated
at high frequencies from both areas, but each of the
other major groups was observed primarily in 1 area.
Correlations between thraustochytrid abundance
and POC and DOC, but not chl a, suggest that most
thraustochytrids in the river mouth consumed POC
and DOC derived from non-phytoplankton as their
nutrient sources. POC derived from non-phytoplank-
ton made up 35 to 60% of POC at the river mouth, of
which terrestrial organic matter was likely the major
element with comparatively little marine detritus. Al -
though the present study did not measure POC and
DOC in Osaka Bay, Kimura et al. (2001) reported
that in Osaka Bay and the surrounding coastal
area, thraustochytrids consumed non-phytoplankton-
derived POC comprising terrestrial organic matter
and marine detritus. Our investigation found that the
thraustochytrid phylogenetic group composition of
the isolates in the bay area was different to that of the
river mouth, despite the fact that POC in both the
river mouth (this study) and the bay area (Kimura
et al. 2001) was similarly derived from non-phyto-
plankton sources. We suggest that this difference in
thrausto chytrid composition was either caused by
differences in the quality or composition of non-phy-
toplanktonic POC between the river mouth and the
bay or by other unknown factors. The fluctuating
seawater salinity and the continuous supply of terres-
trial organic matter at the river mouth are the most
conspicuous differences between these habitats. The
Schizo chy trium sp. strains that often appeared in the
river mouth had well-developed ectoplasmic nets,
possibly attaching to the particles, under culture con-
ditions (Fig. 4A) and possessed high cellulase activity
(Na gano et al. 2011). Bongiorni & Dini (2002, 2004)
also observed an abundance of S. aggregatum near a
river mouth in the Mediterranean Sea. The Ob lon gi -
chy trium sp. 1 strains isolated from the Shukugawa
River mouth extended massive ectoplasmic nets to
the pine pollen under culture conditions (Fig. 4D).
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These thraustochytrids are probably highly adapted
to the estuarine environment, and we suggest that
habitat segregation occurs between the river mouth
and the bay.

CONCLUSIONS

This study is the first report in which the biomass
dynamics and phylogenetic group composition of
thraustochytrids were investigated by regular moni-
toring using the MPN method with pine pollen at
fixed points. Based on the results, we conclude that
repeated thraustochytrid spikes in abundance and a
seasonal succession cycle occur in both the estuarine
and the coastal areas. Additionally, we speculate that
thraustochytrids have a large ecological impact in
these areas. In particular, the cell density results
revealed that carbon biomass during thraustochytrid
spikes was >50% of that of the bacterioplankton. The
identification of established strains in each sample
revealed unexpectedly high thraustochytrid diver-

sity, including 10 unidentified lineages. To date,
thraustochytrid ecological knowledge has led us to
assume that all species have the same nutrient strat-
egy and occupy the same niche. However, our study
suggests that habitat segregation of thraustochytrids
occurs between estuaries and coastal areas. Addi-
tionally, the seasonal succession of phylogenetic
groups appears to be driven by differences in envi-
ronmental factors including water temperature,
salinity, and nutrient sources (Fig. 8). To understand
the true ecological impact of thraustochytrids, further
work is needed clarifying the more specific relation-
ships of each thraustochytrid phylogenetic group
with both its nutrient source and its predators.

Acknowledgements. We thank the crew of RV ‘Osaka’ and
the staff of the Research Institute of Environment, Agricul-
ture and Fisheries, Osaka Prefecture, for their assistance
with sample collection. This work was supported in part by
JSPS KAKENHI Grant Number 23580270, the Hirao Taro
Foundation of the Konan University Association for Aca-
demic Research, and the Sasakawa Scientific Research
Grant from The Japan Science Society.

201

0 
5 

10 
15 
20 
25 
30 
35 

5 10 15 20 25 30 35 

Sc

0 
5 

10 
15 
20 
25 
30 
35 

5 10 15 20 25 30 35 

UT3b

0 
5 

10 
15 
20 
25 
30 
35 

5 10 15 20 25 30 35 

Ap

0 
5 

10 
15 
20 
25 
30 
35 

5 10 15 20 25 30 35 

Ob1

0 
5 

10 
15 
20 
25 
30 
35 

5 10 15 20 25 30 35 

Ob2

0 
5 

10 
15 
20 
25 
30 
35 

5 10 15 20 25 30 35 

Ob3

0 
5 

10 
15 
20 
25 
30 
35 

5 10 15 20 25 30 35 

UT1

0 
5 

10 
15 
20 
25 
30 
35 

5 10 15 20 25 30 35 

UT2a

0 
5 

10 
15 
20 
25 
30 
35 

5 10 15 20 25 30 35 

UT2b

S
al

in
ity

 (P
S

U
)

Water temperature (ºC)

Shukugawa

Osaka Bay

Fig. 7. Plots of water temperature
and salinity of collected seawater
samples at the time of isolation of
each phylogenetic group. White
and black circles correspond to
the Shukugawa River mouth and
Osaka Bay, respectively. Abbrevi-
ations of the phylogenetic groups 

are shown in Fig. 3



Aquat Microb Ecol 74: 187–204, 2015

LITERATURE CITED

Adl SM, Simpson AGB, Lane CE, Lukeš J and others (2012)
The revised classification of eukaryotes. J Eukaryot
Microbiol 59: 429−493

Anderson DM (1980) Effects of temperature conditioning on
development and germination of Gonyaulax tamarensis
(Dinophyceae) hypnozygotes. J Phycol 16: 166−172

Anderson OR, Cavalier-Smith T (2012) Ultrastructure of
Diplophrys parva, a new small freshwater species, and a
revised analysis of Labyrinthulea (Heterokonta). Acta
Protozool 51: 291−304

Azam F, Fenchel T, Field JG, Gray JS, Meyer-Reil LA,
Thingstad F (1983) The ecological role of water-column
microbes in the sea. Mar Ecol Prog Ser 10: 257−263

Bahnweg G, Sparrow FK Jr (1974a) Four new species of
Thraustochytrium from Antarctic regions, with notes on
the distribution of zoosporic fungi in the Antarctic marine
ecosystems. Am J Bot 61: 754−766

Bahnweg G, Sparrow FK Jr (1974b) Occurrence, distribution
and kinds of zoosporic fungi in subantarctic and Antarc-
tic waters. Veröff Inst Meeresforsch Bremerhav Suppl 5: 
149−157

Bell MV, Tocher DR (2009) Biosynthesis of polyunsaturated
fatty acids in aquatic ecosystems:  general pathways and
new directions. In:  Arts MT, Brett MT, Kainz MJ (eds)
Lipids in aquatic ecosystems. Springer, New York, NY,
p 211−236

Bongiorni L, Dini F (2002) Distribution and abundance of
thraustochytrids in different Mediterranean coastal habi-
tats. Aquat Microb Ecol 30: 49−56

Bongiorni L, Dini F (2004) Thraustochytrids, fungoid protists
in Mediterranean sandy shores. Mar Biotechnol 6: S71−S75

Bongiorni L, Pignataro L, Santangelo G (2004) Thraus-
tochytrids (fungoid protists):  an unexplored component
of marine sediment microbiota. Sci Mar 68: 43−48

Bongiorni L, Jain R, Raghukumar S, Aggarwal RK (2005a)
Thraustochytrium gaertnerium sp. nov.:  a new thraus-
tochytrid stramenopilan protist from mangroves of Goa,
India. Protist 156: 303−315

Bongiorni L, Pusceddu A, Danovaro R (2005b) Enzymatic
activities of epiphytic and benthic thraustochytrids in -
volved in organic matter degradation. Aquat Microb Ecol
41: 299−305

Bongiorni L, Mirto S, Pusceddu A, Danovaro R (2005c)
Response of benthic protozoa and Thraustochytrid
protists to fish farm impact in seagrass (Psodonia ocea-
nia) and soft-bottom sediments. Microb Ecol 50:
268–276

Bremer GB (1995) Lower marine fungi (Labyrinthulo my -
cetes) and the decay of mangrove leaf litter. Hydrobiolo-
gia 295: 89−95

Bremer GB, Talbot G (1995) Cellulolytic enzyme activity in
the marine protist Schizochytrium aggregatum. Bot Mar
38: 37−41

Coleman NK, Vestal JR (1987) An epifluorescent microscopy
study of enzymatic hydrolysis of fluorescein diacetate
associated with the ectoplasmic net elements of the
 protist Thraustochytrium striatum. Can J Microbiol 33: 
841−843

Collado-Mercado E, Radway JC, Collier JL (2010) Novel
uncultivated labyrinthulomycetes revealed by 18S rDNA
sequences from seawater and sediment samples. Aquat
Microb Ecol 58: 215−228

Damare V, Raghukumar S (2008) Abundance of thraus-
tochytrids and bacteria in the equatorial Indian Ocean, in
relation to transparent exopolymeric particles (TEPs).
FEMS Microbiol Ecol 65: 40−49

Dick MW (2001) Straminipilous fungi. Kluwer Academic
Publishers, Dordrecht

Estudillo-del Castillo C, Gapasin RS, Leaño EM (2009)
Enrichment potential of HUFA-rich thraustochytrid
Schizochytrium mangrovei for the rotifer Brachionus
 plicatilis. Aquaculture 293: 57−61

Fan KW, Chen F, Jones EBG, Vrijmoed LLP (2000) Utiliza-
tion of food processing waste by thraustochytrids. Fungal
Divers 5: 185−194

Fan KW, Vrijmoed LLP, Jones EBG (2002) Zoospore chemo-
taxis of mangrove thraustochytrids from Hong Kong.
Mycologia 94: 569−578

202

E
st

ua
ri

es

C
o

as
ta

l a
re

as
Spring Summer Autumn Winter

Water temperature
High

Low

M Munidentified thraustochytrid 1

M Junidentified thraustochytrid 2a

J Sunidentified thraustochytrid 2b

J DSchizochytrium sp.

M OJ FOblongichytrium sp. 1

M FA DOblongichytrium sp. 3

M OJ FOblongichytrium sp. 2

A NJ Junidentified thraustochytrid 3b

J NAplanochytrium sp.

Fig. 8. Summarized schematic of
thraustochytrid seasonal dynam-
ics and distribution. Hypothetical
habitat segregation between es-
tuaries and the coastal areas as
well as seasonal succession of
the major phylogenetic groups of
thraustochytrids are shown. Only
Oblongichytrium sp. 2 (Ob2) ap-
peared at both estuaries and the
coastal areas. The nutrient sour -
ces of the major phylogenetic
groups at estuaries and the coast -
al areas are expected as terres-
trial organic matter (e.g. fallen
leaves) and detrius derived from
the sea (e.g. dead  diatoms),
 respectively. Letters represent 

months of the year

http://dx.doi.org/10.2307/3761708
http://dx.doi.org/10.1016/j.aquaculture.2009.04.008
http://dx.doi.org/10.1111/j.1574-6941.2008.00500.x
http://dx.doi.org/10.3354/ame01361
http://dx.doi.org/10.1139/m87-147
http://dx.doi.org/10.1515/botm.1995.38.1-6.37
http://dx.doi.org/10.1007/BF00029115
http://dx.doi.org/10.1007/s00248-004-0117-4
http://dx.doi.org/10.3354/ame041299
http://dx.doi.org/10.1016/j.protis.2005.05.001
http://dx.doi.org/10.3354/ame030049
http://dx.doi.org/10.2307/2441791
http://dx.doi.org/10.3354/meps010257
http://dx.doi.org/10.1111/j.1529-8817.1980.tb03013.x
http://dx.doi.org/10.1111/j.1550-7408.2012.00644.x


Ueda et al.: Seasonal dynamics of culturable thraustochytrids

Fukuda R, Ogawa H, Nagata T, Koike I (1998) Direct deter-
mination of carbon and nitrogen contents of natural bac-
terial assemblages in marine environments. Appl Envi-
ron Microbiol 64: 3352−3358

Furuita H, Takeuchi T, Watanabe T, Fujimoto H, Sekiya S,
Imaizumi K (1996) Requirements of larval yellowtail for
eicosapentaenoic acid, docosahexaenoic acid, and n-3
highly unsaturated fatty acid. Bull Jpn Soc Sci Fish 62: 
372−379

Gaertner A (1968) Eine Methode des quantitativen Nach-
weises niederer, mit Pollen köderbarer Pilze im Meer-
wasser und im Sediment. Veröff Inst Meeresforsch Bre-
merhav Suppl 3: 75−92

Gaertner A (1979) Some fungal parasites found in the
diatom populations of the Rusfjord area (South Norway)
during March 1979. Veröff Inst Meeresforsch Bremerhav
18: 29−33

Gaertner A (1982) Lower marine fungi from the Northwest
African upwelling areas and from the Atlantic off Portu-
gal. Meteor Forsch-Ergebnisse D 34: 9−30

Goldstein S (1963) Development and nutrition of new spe-
cies of Thraustochytrium. Am J Bot 50: 271−279

Gomaa F, Mitchell EAD, Lara E (2013) Amphitremida (Poche,
1913) is a new major, ubiquitous labyrinthulomycete
clade. PLoS ONE 8: e53046

Hansen B, Bjørnsen PK, Hansen PJ (1994) The size ratio
between planktonic predators and their prey. Limnol
Oceanogr 39: 395−403

Honda D, Yokochi T, Nakahara T, Erata M, Higashihara T
(1998) Schizochytrium limacinum sp. nov., a new thraus-
tochytrid from a mangrove area in the west Pacific
Ocean. Mycol Res 102: 439−448

Honda D, Yokochi T, Nakahara T, Raghukumar S, Nakagiri
A, Schaumann K, Higashihara T (1999) Molecular phy-
logeny of labyrinthulids and thraustochytrids based on
the sequencing of 18S ribosomal RNA gene. J Eukaryot
Microbiol 46: 637−647

Imai I (1989) Cyst formation of the noxious red tide flagellate
Chattonella marina (Raphidophyceae) in culture. Mar
Biol 103: 235−239

Kaya K, Nakazawa A, Matsuura H, Honda D, Inouye I,
Watanabe MM (2011) Thraustochytrid Aurantiochytrium
sp. 18W-13a accumulates high amounts of squalene.
Biosci Biotechnol Biochem 75: 2246−2248

Kimura H, Naganuma T (2001) Thraustochytrids:  a neg-
lected agent of the marine microbial food chain. Aquat
Ecosyst Health Manag 4: 13−18

Kimura H, Fukuba T, Naganuma T (1999) Biomass of thraus-
tochytrid protoctists in coastal water. Mar Ecol Prog Ser
189: 27−33

Kimura H, Sato M, Sugiyama C, Naganuma T (2001) Cou-
pling of thraustochytrids and POM, and of bacterio- and
phytoplankton in a semi-enclosed coastal area:  implica-
tion for different substrate preference by the planktonic
decomposers. Aquat Microb Ecol 25: 293−300

Kirchman DL (2008) Introduction and overview. In:  Kirch-
man DL (ed) Microbial ecology of the oceans, 2nd edn.
John Wiley & Sons, Hoboken, NJ, p 1−26

Klee AJ (1993) A computer program for the determination of
most probable number and its confidence limits. J Micro-
biol Methods 18: 91−98

Larkin MA, Blackshields G, Brown NP, Chenna R and others
(2007) Clustal W and Clustal X version 2.0. Bioinformat-
ics 23: 2947−2948

Leander CA, Porter D, Leander BS (2004) Comparative mor-

phology and molecular phylogeny of aplanochytrids
(Labyrinthulomycota). Eur J Protistol 40: 317−328

Lewis TE, Nichols PD, McMeekin TA (1999) The biotechno-
logical potential of thraustochytrids. Mar Biotechnol 1: 
580−587

Li Q, Wang X, Liu X, Jiao N, Wang G (2013) Abundance and
novel lineages of thraustochytrids in Hawaiian waters.
Microb Ecol 66: 823−830

Meesapyodsuk D, Qiu X (2012) The front-end desaturase: 
structure, function, evolution and biotechnological use.
Lipids 47: 227−237

Miller JD, Jones EBG (1983) Observations on the association
of thraustochytrid marine fungi with decaying seaweed.
Bot Mar 26: 345−351

Murray MG, Thompson WF (1980) Rapid isolation of high
molecular weight plant DNA. Nucleic Acids Res 8: 
4321−4325

Nagano N, Matsui S, Kuramura T, Taoka Y, Honda D,
Hayashi M (2011) The distribution of extracellular cellu-
lase activity in marine eukaryotes, thraustochytrids. Mar
Biotechnol 13: 133−136

Naganuma T, Takasugi H, Kimura H (1998) Abundance of
thraustochytrids in coastal plankton. Mar Ecol Prog Ser
162: 105−110

Naganuma T, Kimura H, Karimoto R, Pimenov NV (2006)
Abundance of planktonic thraustochytrids and bacteria
and the concentration of particulate ATP in the Green-
land and Norwegian Seas. Polar Biosci 20: 37−45

Nagasaki K, Ando M, Itakura S, Imai I, Ishida Y (1994) Viral
mortality in the final stage of Heterosigma akashiwo
(Raphidophyceae) red tide. J Plankton Res 16: 1595–1599

Nakahara T, Yokochi T, Higashihara T, Tanaka S, Yaguchi
T, Honda D (1996) Production of docosahexaenoic and
docosapentaenoic acids by Schizochytrium sp. isolated
from Yap Islands. J Am Oil Chem Soc 73: 1421−1426

Nakai R, Nakamura K, Jadoon WA, Kashihara K, Naganuma
T (2013) Genus-specific quantitative PCR of thraus-
tochytrid protists. Mar Ecol Prog Ser 486: 1−12

Nakayama T, Watanabe S, Mitsui K, Uchida H, Inouye I
(1996) The phylogenetic relationship between the
 Chla my domonadales and Chlorococcales inferred from
18SrDNA sequence data. Phycol Res 44: 47−55

Nakazawa A, Kokubun Y, Matsuura H, Yonezawa N and
others (2014) TLC screening of thraustochytrid strains for
squalene production. J Appl Phycol 26: 29−41

Newell SY (2003) Fungal content and activities in standing-
decaying leaf blades of plants of the Georgia Coastal
Ecosystems research area. Aquat Microb Ecol 32: 95−103

Olive LS (1975) The mycetozoans. Academic Press, New
York, NY, p 215−292

Patterson DJ (1989) Stramenopiles:  chromophytes from a
protistan perspective. In:  Green JC, Leadbeater BSC,
Diver WI (eds) The chromophyte algae:  problems and
perspectives. Systematics Association Special 38.
Clarendon Press, Oxford, p 357−379

Porter D (1989) Phylum Labyrinthulomycota. In:  Margulis L,
Corliss JO, Melkonian M, Chapman DJ (eds) Handbook
of Protoctista. Jones and Bartlett Publishers, Boston, MA,
p 388−398

Raghukumar S (1985) Enumeration of thraustochytrids (het-
erotrophic microorganisms) from the Arabian Sea.
Mahasagar Bull Natl Inst Oceanogr 18: 457−465

Raghukumar S (1988) Schizochytrium octosporum sp. nov.
and other thraustochytrids from the North Sea (Rosfjord,
Norway). Trans Br Mycol Soc 90: 273−278

203

http://dx.doi.org/10.1016/S0007-1536(88)80099-8
http://dx.doi.org/10.3354/ame032095
http://dx.doi.org/10.1007/s10811-013-0080-x
http://dx.doi.org/10.1111/j.1440-1835.1996.tb00037.x
http://dx.doi.org/10.3354/meps10412
http://dx.doi.org/10.1007/BF02523506
http://dx.doi.org/10.1093/plankt/16.11.1595
http://dx.doi.org/10.3354/meps162105
http://dx.doi.org/10.1007/s10126-010-9297-8
http://dx.doi.org/10.1093/nar/8.19.4321
http://dx.doi.org/10.1515/botm.1983.26.7.345
http://dx.doi.org/10.1007/s11745-011-3617-2
http://dx.doi.org/10.1007/s00248-013-0275-3
http://dx.doi.org/10.1007/PL00011813
http://dx.doi.org/10.1016/j.ejop.2004.07.003
http://dx.doi.org/10.1093/bioinformatics/btm404
http://dx.doi.org/10.1016/0167-7012(93)90025-D
http://dx.doi.org/10.3354/ame025293
http://dx.doi.org/10.3354/meps189027
http://dx.doi.org/10.1080/146349801753569243
http://dx.doi.org/10.1271/bbb.110430
http://dx.doi.org/10.1007/BF00543353
http://dx.doi.org/10.1111/j.1550-7408.1999.tb05141.x
http://dx.doi.org/10.1017/S0953756297005170
http://dx.doi.org/10.4319/lo.1994.39.2.0395
http://dx.doi.org/10.1371/journal.pone.0053046
http://dx.doi.org/10.2307/2440021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9726882&dopt=Abstract


Aquat Microb Ecol 74: 187–204, 2015

Raghukumar S (2002) Ecology of the marine protists, the
Labyrinthulomycetes (thraustochytrids and labyrinthulids).
Eur J Protistol 38: 127−145

Raghukumar S, Gaertner A (1980) Ecology of the thraus-
tochytrids (lower marine fungi) in the Fladen Ground
and other parts of the North Sea II. Veröff Inst Meeres-
forsch Bremerhav 18: 289−308

Raghukumar S, Schaumann K (1993) An epifluorescence
microscopy method for direct detection and enumeration
of the fungilike marine protists, the thraustochytrids.
Limnol Oceanogr 38: 182−187

Raghukumar S, Raghukumar C, Rajendran A (1990) Abun-
dance of thraustochytrid fungi in the Arabian Sea. Estuar
Coast Shelf Sci 31: 351−358

Raghukumar C, Nagarkar S, Raghukumar S (1992) Associa-
tion of thraustochytrids and fungi with living marine
algae. Mycol Res 96: 542−546

Raghukumar S, Sharma S, Raghukumar C, Sathe-Pathak
V, Chandramohan D (1994) Thraustochytrid and fun-
gal component of marine detritus. IV. Laboratory
studies on decomposition of leaves of the mangrove
Rhizophora aqiculata Blume. J Exp Mar Biol Ecol 183: 
113−131

Raghukumar S, Ramaiah N, Raghukumar C (2001) Dynam-
ics of thraustochytrid protists in the water column of the
Arabian Sea. Aquat Microb Ecol 24: 175−186

Ryther JH (1969) Photosynthesis and fish production in the
sea. Science 166: 72−76

Song X, Zhang X, Guo N, Zhu L, Kuang C (2007) Assess-
ment of marine thraustochytrid Schizochytrium limaci -
num OUC88 for mariculture by enriched feeds. Fish Sci
73: 565−573

Sridhar KR (2012) Decomposition of materials in the
sea. In:  Jones EBG, Pang KL (eds) Marine fungi
and fungal-like organisms. Walter de Gruyter, Berlin,
p 475−500

Takao Y, Nagasaki K, Mise K, Okuno T, Honda D (2005) Iso-
lation and characterization of a novel single-stranded
RNA virus infectious to a marine fungoid protist, Schi -
zochytrium sp. (Thraustochytriaceae, Labyrinthulea).
Appl Environ Microbiol 71: 4516−4522

Takao Y, Mise K, Nagasaki K, Okuno T, Honda D (2006)
Complete nucleotide sequence and genome organiza-
tion of a single-stranded RNA virus infecting the marine
fungoid protist Schizochytrium sp. J Gen Virol 87: 
723−733

Takao Y, Nagasaki K, Honda D (2007) Squashed ball-like
dsDNA virus infecting a marine fungoid protist Sicyoi do -
chytrium minutum (Thraustochytriaceae, Labyrinthulo -
mycetes). Aquat Microb Ecol 49: 101−108

Tocher DR (2010) Fatty acid requirements in ontogeny of
marine and freshwater fish. Aquacult Res 41: 717−732

Tomaru Y, Hata N, Masuda T, Tsuji M and others (2007)
Ecological dynamics of the bivalve-killing dinoflagellate
Heterocapsa circularisquama and its infectious viruses in

different locations of western Japan. Environ Microbiol
9: 1376−1383

Tomaru Y, Shirai Y, Nagasaki K (2008) Ecology, physiology
and genetics of a phycodnavirus infecting the noxious
bloom-forming raphidophyte Heterosigma akashiwo.
Fish Sci 74: 701−711

Tsui CKM, Marshall W, Yokoyama R, Honda D and others
(2009) Labyrinthulomycetes phylogeny and its impli -
cations for the evolutionary loss of chloroplasts and gain
of ectoplasmic gliding. Mol Phylogenet Evol 50: 129−140

Tsui CKM, Fan KW, Chow RKK, Jones EBG, Vrijmoed LLP
(2012) Zoospore production and motility of mangrove
thraustochytrids from Hong Kong under various salini-
ties. Mycoscience 53: 1−9

Ulken A (1979) Phycomycetenfunde in der Sargassosee.
Veröff Inst Meeresforsch Bremerhav 18: 21−27

Ulken A (1986) Estimation of thraustochytrid propagules in
two mangrove swamps. Bot Mar 29: 85−89

Uye S (1986) Impact of copepod grazing on the red-tide
 flagellate Chattonella antiqua. Mar Biol 92: 35−43

Uye S, Shimazu T (1997) Geographical and seasonal varia-
tions in abundance, biomass and estimated production
rates of meso- and macrozooplankton in the Inland Sea
of Japan. J Oceanogr 53: 529−538

Uye S, Nagano N, Tamaki H (1996) Geographical and sea-
sonal variations in abundance, biomass and estimated
production rates of microzooplankton in the Inland Sea
of Japan. J Oceanogr 52: 689−703

Wang G, Wang X, Liu X, Li Q (2012) Diversity and biogeo-
chemical function of planktonic fungi in the ocean. In: 
Raghukumar C (ed) Biology of marine fungi. Springer-
Verlag, Berlin, Heidelberg, p 71−88

Wong MKM, Vrijmoed LLP, Au DWT (2005) Abundance of
thraustochytrids on fallen decaying leaves of Kandelia
candel and mangrove sediments in Futian National
Nature Reserve, China. Bot Mar 48: 374−378

Yamasaki T, Aki T, Mori Y, Yamamoto T, Shinozaki M,
Kawamoto S, Ono K (2007) Nutritional enrichment of lar-
val fish feed with thraustochytrid producing polyunsatu-
rated fatty acids and xanthophylls. J Biosci Bioeng 104: 
200−206

Yokoyama R, Honda D (2007) Taxonomic rearrangement of
the genus Schizochytrium sensu lato based on morphol-
ogy, chemotaxonomic characteristics, and 18S rRNA
gene phylogeny (Thraustochytriaceae, Labyrinthulo -
mycetes):  emendation for Schizochytrium and erection
of Aurantiochytrium and Oblongichytrium gen. nov.
Mycoscience 48: 199−211

Yokoyama R, Salleh B, Honda D (2007) Taxonomic re -
arrangement of the genus Ulkenia sensu lato based on
morphology, chemotaxonomical characteristics, and 18S
rRNA gene phylogeny (Thraustochytriaceae, Lab y rin -
thulomycetes):  emendation for Ulkenia and erection of
Botryochytrium, Parietichytrium and Sicyoido chy trium
gen. nov. Mycoscience 48: 329−341

204

Editorial responsibility: Karel Šimek, 
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