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ABSTRACT: Abundance, cellular contents of carbon and nitrogen, and C/N ratio of planktonic thraustochytrids in the Seto Inland Sea and the coastal Hyuga-nada, Japan, were determined. Thraustochytrid cells were stained with acrflavine and counted dlrectly by epifluorescence rnicroscopy.
Thraustochytrids were found in the water column at a density of 2.5 X 103 to 4.5 X 104cells I-', with an
overall average of 1.6 X 104 cells 1-l. In order to estimate the impact of thraustochytrid biomass on the
coastal plankton community, cellular carbon and nitrogen contents of a cultured thraustochytrid were
determned. The carbon and nitrogen for 10 pm cell contents were estimated to be 1.65 X 10-4 pg C
cell-' and 1.58 X 1W5pg N cell-', respectively. The cellular C/N ratio of 10.4 was higher than that known
for pelagic bacteria. The estimated population biomass of thraustochytrids varied from 0.41 to 7.44 pg
C I-', with an overall average of 2.60 pg C 1-'; and 0.039 to 0.71 pg N I-', with an overall average of
0.23 pg N I-'. The thraustochytrid carbon biomass corresponded to about 3.4 to 29% of total planktonic
decomposers [bacteria and thraustochytrids). It is suggested that the contribution of thraustochytrids to
the microbial food chain and carbon cycling through organic degradation and production may not be
negligible.
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INTRODUCTION

Thraustochytnds are a group of non-photosynthetic
marine fungoid protoctists, characterized by the presence of an ectoplasmic net and a cell wall composed of
non-cellulosic, sulfrylated scales (Darley et al. 1973).
Thraustochytrids are classified in the phylum Heterokonta within the kingdom Chromista, and no
longer regarded as a lower fungus. The phylum Heterokonta also includes numerous diatoms and brown
algae as well as oomycetes (Cavalier-Smith et al.
1994).
Thraustochytrids are found in saline lakes as well as
marine and estuarine waters, some being found in the
oceanic water colun~n(Schneider 1977, Moss 1986,
Raghukumar et al. 1990). A rapid detection technique
using the fluorogenic acriflavine dye was recently
developed to count thraustochytrid cells directly. Acnflavine differentiates thraustochytrids from other pro-
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toctists. Thraustochytrid cell walls and cell contents
fluoresced red and bluegreen under blue excitation,
while other protoctists fluoresced in different colors
(Naganuma et al. 1998).
This fungoid protoctist is potentially important as a n
alternative food source and an enhancer of bacterial
production in marine ecosystems (Naganuma et al.
1998). Thaustochytrids produce polyunsaturated fatty
acids such as docosapentaenoic acid and docosahexaenoic acid (Nakahara et al. 1996), which may be
an important food source for fish larvae. Furthermore,
thraustochytrids may play a role in decomposing
refractory organic substrates such as cell wall and phenolic compounds, and thus enhance the carbon cycle
in coastal waters (Bremer 1995, Bremer & Talbot 1995).
Previous studies have determined the abundance of
thraustochytrids in the coastal Seto Inland Sea
(Naganuma et al. 1998),the Arabian Sea (Raghukumar
et al. 1990) and the North Sea (Schneider 1977). However, the biomass of thraustochytrids has not been estimated, because the cellular contents of carbon and
nitrogen and C/N ratio of thraustochytrids have not
been determined.

28

Mar Ecol Prog Ser 189: 27-33, 1999

This study reports on (1) the abundance of thraustochytrids, (2) the determination of the carbon and
nitrogen contents and C/N ratio of the cultured thraustochytrid cell, and (3) biomass of natural thraustochytrids in the water column in the Seto Inland Sea,
Japan, which is a eutrophicated semi-enclosed area
that has attracted many ecological and environmental
studies (Okaichi & Yanagi 1997). This report presents
the first determination of the cellular carbon and nitrogen contents of a cultured thraustochytrid and an estimation of population biomass of natural thraustochytrids in coastal waters.

MATERIALS AND METHODS
Sample collection and site description. Water samples were collected at 21 coastal sites (Table 1) in the
Seto Inland Sea and the Hyuga-nada area, Japan, during cruises of the RV Toyoshiomaru, Hiroshima University, in June and July 1998 (Fig. 1). Samples were
collected using Van Dorn bottles at 3 to 6 depths, 0 to
100 m, depending on the water depths of the sampling

Fig. 1. Sites of sample collection in and near the Seto Inland
Sea (Sites 1 to 14) and the Hyuga-nada (Sites 15 to 21), Japan

Table 1. Sites of sample collection and sea area names
Site

Sea area name

1 to 3
4 to 8
9 to 14

Hiroshima Bay
Iyo-nada
Suo-nada
Uwakai
Hyuga-nada

15
16 to 21

Seto Inland Sea
Seto Inland Sea
Seto Inland Sea
Outer Seto Inland Sea
Kuroshio' -affected

'Kuroshio Current, NW Pacific

sites. The Van Dorn bottles were pre-washed and prerinsed with distilled water, and re-washed with seawater from the same site and depth immediately before
sample collection.
Vertical profiles of water temperature, salinity, dissolved oxygen concentration and fluorescence intensity were monitored with a Sea Bird CTD at each
sampling site. Water temperature ranged from 15.0
(Site 10, 30 m) to 27.4OC (Site 14, 1 m) among the sampling sites and depths. Salinity (psu)ranged from 30.89
(site 11, 1 m) to 34.85 (site 6, 49 m). Dissolved oxygen
concentration was within the range of 2.62 (site 6, 9 m)
to 4.48 mg O2I-' (site 10, 29 m).
Thraustochytrid and bacterial cell staining and
counting. Thraustochytrid and bacterial cells were collected on pre-blackened polycarbonate filters (Isopore,
Millipore; pore size 0.2 pm; diameter, 25 mm) immediately after water collection. 10 to 20 m1 of sample water
was filtered for collection of thraustochytnd cells, and
0.5 to 2 m1 was filtered for bacterial cell counts.
Thraustochytrid cells on filters were immediately
stained with 4 m1 of the 0.2 pm-filtered 0.05% acriflavine (Sigma) in 0.1 M citrate buffer at pH 3.0 (prepared from a 0.5% stock solution of acriflavine in
distilled water) for 4 min, and rinsed with the 0.2 pmfiltered 7 5 % isopropanol for 1 min. (Raghukumar &
Schaumann 1993). Distilled water was used to prepare
acriflavine and isopropanol solutions.
Bacterial cells on filters were stained with the
0.2 pm-flltered 0.01 % acridine orange solution In
10 mM phosphate buffer at pH 8.0 (Hobbie et al. 1977).
The filters were air-dried and kept frozen at -10°C
unt1.1microscopic examination.
Thraustochytnd and bacterial cells were counted in
20 to 30 microscopic fields, and each count was duplicated. The stained cells were counted by epifluorescence microscopy with 420 to 490 nm violet-blue excitation. Acriflavine stained both the nuclear DNA and
the cell wall sulfated polysaccharides, fluorescing
green and red, respectively. Thraustochytrid cells fluoresced red and green, and thus were distinguished
from other protoctists that fluoresce green only
(Raghukumar & Schaumann 1993).
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The limitation of the current staining technique is
dried. The cells on the GF/F filters were used for deterdue to the fact that zoospores of most thraustochytrid
mining carbon and nitrogen by a CHN analyzer
species lack a cell wall (Moss 1986). Also, very snlall
(Model MT-5; Yanaco CO. Ltd Kyoto, Japan). Simultaneously, the cells on the Isopore filters were stained
cells (<5 pm) were not easily distinguishable, because
the cell wall-associated red fluorescence was weaker
with acriflavine and counted by epifluorescence
than the nucleus-associated green ftuorescence. Thus,
microscopy. The number and size (volume) of the cells
the very small cells were not counted, and the counts
were estimated during the microscopic observation.
reported in this study are probably underestimations.
Thus, the C and N contents per cell, the factor for bioCultivation and molecular identification of a thrausvolume-to-biomass conversion, and the cellular C/N
tochytrid isolate. A thraustochytrid strain was isolated
ratio were calculated.
during abalone (Haliotis discus discus) cell culture
(Naganuma et al. 1996). Thraustochytrids ar.e often
found in abalone cell cultures and caused the demise of
RESULTS AND DISCUSSION
the molluscan cell cultures (Naganuma et al. 1994).The
isolated strain was maintained in the laboratory with
Abundance of thraustochytrids and bacterioplankton
0.98 % sodium glutamate and 0.02 % sodium inosinate in
artificial seawater (Marine Art SF, Senju Seiyaku Co.
The population density of planktonic thraustochytrids
Ltd, Osaka, Japan). Cultures of the strain were cenwas within a range of 2.50 X 103cells 1-' (Site 21) to 4.52
X 104cells 1-' (Site ?), with an overall average of 1.59 X 104
trifuged at 10 000 X g for 15 min. The cell pellet was lysed
with NaI, and high molecular mass DNA was isolated
cells 1-l. Population density of bacterioplankton ranged
from the lysate. DNA was purified with silica gel matrix
from 2.49 X 10' cells 1-' (Site 17) to 2.25 X log cells 1-'
using a DNA Purification Kit (TOYOBO, Osaka, Japan).
(Site l l ) , with an overall average of 7.67 X 10' cells 1-'.
Partial 18s rDNA sequences of the
thraustochytrid strain were amplified by the
polymerase chain reaction (PCR) with 25 l o o
cycles of 96°C for 30 S, 56°C for l min and
72°C for 1 min, using Taq DNA polymerase
(Promega).The primer sequences for partial
1 8 s rDNA amplification were 5'-AACCTG----........-GTTGATCCTGCCAGT-3' (forward, 2110
mer) and 5'-TCATCCTTCTGCAGGTTCA 3' (reverse, 19-mer) (Medlin et al. 1988).The
size of the PCR products was about 1800
base pairs as expected. The PCR products
were inserted into the plasmid, pCR 2.11
TOPO, using the TOPO TA Cloning Kit
(Invitrogen). The cloning of 18s rDNA
1
2
3
4
5
6
7
B
Q
10
1 1 12 13 14 15 16 17 18 19 20 21
sequences from randomly selected reloo
combinant Escherichia coli colonies were
sequenced by the dideoxy cycle method using a model 373A DNA sequencer (Apphed
Biosystems, Inc.). Sequences of 1 8 s rDNA
amplicons, designated HUBOL-1 and
....................
HUBOL-2, were analyzed for phylogenetics
by the BLAST program (DNA Data Bank of
Japan) and CLUSTAL W (Thompson et al.
1994).
Cellular C and N contents and CIN ratio
of a thraustochytrid strain. Cultured cells
1
2
3
4
5
6
7
8
9 10 1 1 12 13 14 35 16 17 l 8 19 20 21
of the thraustochytrid strain were collected
Sampling site
separately on pre-heated glass fiber filters
(Whatman GF/F) and pre-blackened IsoFig. 2. Site-to-site variations in the abundances of planktonic bacteria
pore
The
On the GF/F
lhraustochytnds in the Seto Inland Sea and Hyuga-nada, Japan, in June and
were rinsed with 3 % NaCl sol'ution to
July 1998. Values are depth-weighted water-col.umn averages. Broken llnes
remove residual organic materials and airindicate the overall averages
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above the overall average was observed at the sites in
Hiroshima Bay (Sites 1 and 2), Iyo-nada (Sites 4, 6 and
7) and Uwakai area (Site 15).The abundance of thraustochytrids under the overall average was observed at
the sites in Suo-nada (Sites 9 to 14) and gradually decreased at Sites 15 to 21, with distance from the Seto Inland Sea. This is perhaps because Hiroshima Bay and
Iyo-nada are highly eutrophlcated, mainly by riverine
input (Okaichi & Yanagi 1997), but Suo-nada and the
outer Seto Inland Sea receive little riverine input from
the nearby coast. The Uwakai area (Site 15) is rather
stagnant (Yanagi & Yamamoto 1993) and receives a
large amount of organic input associated with fish
aquaculture and pearl oyster culture. The Uwakai area
(Site 15) may possibly serve as an incubator for thraustochytrids. It is likely that planktonic thraustochytrids
grow on refractory substrates of terrestrial origin, such
as cellulose and lignin (Bremer 1995; Bremer & Talbot 1995; Valiela 1995). Thus,
Bacterioplankton (x108 cells 1-l)
Thraustochytrids ( x 1 0 3 cells 1-l)
thraustochytrid abundance is suggested to
1 10 100 I 10 100 I 10 100
I 10 100
1 10 100
I
10 100
I 10 100
be influenced by riverine input of terrestrial organic matter.
0
In contrast, the abundance of bacterioplankton above the overall average was
6
found at sites in Iyo-nada (Sites 5 and 6)
5 G
P
a
and Suo-nada (Sites 11 to 14). High dena 8
sity of bacterioplankton was previously
13
reported in Suo-nada (Tada et al. 1998),
where
river inflows are not significantly
30
large. Instead, Suo-nada has high concentrations of seasonal and temporal
o
I 10 loo
I 10 100
I
10 100
I 10 loo
chlorophyll a (Naganurna & Miura 1997).
On the other hand, abundance below the
overall average was shown in Hiroshima
Bay (Sites 1 to 4) where river inflow is
significant, and in the outer Seto Inland
10
Sea (Sites 15 to 21). Thus, it is suggested
10
15
10
that bacterioplankton abundance is not
ID
22
14
10
necessarily river-associated, but rather
affected by allochthonous organic proSite 8
9
10
11
12
13
14
duction associated with chlorophyll
. . a.
This is in marked contrast to the presumed association of riverine organics
and thraustochytrids.
Previous studies using direct enumeration reported
thraustochytrid abundance of 1.0 X 104 cells 1-' in the
coastal Seto Inland Sea (Naganuma et al. 1998),a number equivalent to that found in the present study. Furthermore, the other studies reported thaustochytrid
abundance of up to 1.1 X 103cells l-' in the coastal Arabian Sea (Raghukumar et al. 1990) and to 1.5 X 103cells
1-' in coastal North Sea waters, counted as infectious
entities (Schneider 1977). The abundances in these
earlier studies were lower than the abundance in this
study. However, these earlier counts were based on
cultivation, so comparisons cannot be made with the
data obtained in this study.
Site-to-site variations of thraustochytrids and bacterioplankton abundance were observed (Fig. 2).
Higher numbers of thraustochytrids occurred at sites
closer to the coast. The abundance of thraustochytrids
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Fig. 3. Depth-to-depth variations in vertical distribution of the abundances
of planktonic bacteria and thraustochytrids in the Seto Inland Sea and the
Hyuga-nada, Japan, in June and July 1998

Depth-to-depth variation of thraustochytrid abundance (Fig. 3) was found in
the water columns at population densit~es
ranging from 0.104 X 103cells 1-l (Site 2 1 ,
100 m) to 104.3 X 103 cells 1-' (Site 7, 0 m).
the bacteriO~'ankton
abundance (Fig. 3) was shown to range
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Table 2. Coefficients for the correlations among abundance
of thraustochytrid (thra), bacterioplankton (bact) and depth.
(n= 93)

Linear equation (n = 93)
Sites
l (n = 6)
2 (n=3)
3 (n = 6)
4 (n = 3)
5 (n = 3)
6 (n = 3)
7 (n = 6)
8 (n=3)
9 (n = 3)
10 (n = 3)
11 (n = 3)
12 (n = 3)
13 (n = 3)
14 (n = 3)
15 (n = 6)
16 ( n = 6 )
17 (n = 6)
18 (n = 6)
19 (n = 6 )
20 (n = 6)
21 (n = 6)

Thra vs depth

Bact vs depth

0.801

0.622

0.95
0.968
0.913
0.998
0.031
0.77
0.922
0.998
0.908
0.985
0.999
0.999
0.915
0.76
0.79
0.929
0.714
0.785
0.702
0.28
0.514

0.799
0.921
0.723
0.59
0.73
0.994
0.877
0.28
0.448
0.67
0.986
0.322
0.628
0.242
0.768
0.512
0.576
0.499
0.228
0.57
0.691

from 1.53 X 10' cells 1-' (Site 10, 100 m) to 29.3 X 108cells
1-' (Site 6, 0 m). Generally, the abundance of thraustochytrids and bacterioplankton was high in the surface
waters and decreased with an increase in depth.
The abundance of thraustochytrids and bacterioplankton was positively correlated to the sampling
depths at each site (Table 2). The correlation coefficients were 0.801 for depth-thraustochytrids, and 0.622
for depth-bacterioplankton. This suggests that the
abundance of thraustochytrids has greater depth control, probably linked to riverine organic input. The
depth-to-thraustochytrids correlation was relatively
low at Sites 5,6, 14 and Sites 15 to 21 (outer Seto Inland
Sea), where water mixing (log [H /U3] > 3.0) is presumed (Yanagi & Okana 1993).
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the 3'-side), and registered in the DNA Data Bank of
Japan (DDBJ; accession numbers, AB019134 and
AB019135, respectively). Both HUBOL-1 and -2 were
most closely related to the 18s rDNA sequences of
Ulkenia profunda (84.83% matching), and to that of
Thraustochytfium kinnei (83-82% matching) in the
Ribosomal Database Project (RDP;Maidak et al. 1994),
all of which fell into the subclass Thraustochytridae
(Cavalier-Smith et al. 1994).These sequences seem to
be sufficient to place the cultured strain in the subclass
Thraustochytridae. By designing taxon-specific DNA
probes, it will be possible to identify and enumerate
thraustochytrid cells in natural samples by epifluorescence microscopy and flowcytometry.

Cellular C and N contents and C/N ratio
The cultured thraustochytrid was unicellular, globose to subglobose, and about 5 pm in diameter. The
cellular carbon and nitrogen contents were determined with an elemental (CHN) analyzer after collecting known numbers of the cells on GF/C filters. Thus,
the values of 2.06 X 10-5 pg of C cell-' and 1.97 X
pg of N cell-' were estimated for 5 pm cells.
Observed diameters of natural thraustochytrid cells
were 5 to 20 pm. Previous studies reported the diameter of particle-bound thraustochytrids ranges from
3.5 to 19.7 pm (Raghukumar & Schaumann 1993).Taking 10 pm as an average diameter of the observed
thraustochytrids (geometric average of 5 and 20 pm;
523 pm3),values for carbon and nitrogen of a cultured
thraustochytrids were calculated to be 1.65 X 10-4 pg of
C cell-' and 1.58 X 10-5 pg of N cell-'. This estimate
yielded a C density of 0.3 g of C cm-3. Assuming the
specific gravity of the thraustochytrid cell is 1 to 1.1,
the carbon-to-bodymass ratio is calculated as being
0.27 to 0.3. This value is higher than that of bacteria
(0.1), and implies a large impact in carbon cycling in
the marine ecosystem.
The C/N ratio of the cultured thraustochytrid cells
was determined to be 10.5 * 1.1, which was 1.5 to 1.8
times higher than that the ratio of oceanic (6.8 + 1.2)
and coastal (5.9 1.1) bacteria (Fukuda et al. 1998).
Thus, it is suggested that thraustochytrids have higher
carbon content than bacterioplankton assemblage
with a greater influence on the carbon cycling in
coastal waters than expected (Bremer 1995, Bremer &
Talbot 1995).

*

18s rDNA sequence of a cultured thraustochytrid
The 18s rDNA-based analysis has been widely accepted in eukaryote taxonomy and phylogenetics, and
a number of 18s rRNA/DNA data has been integrated.
Two partial 18s rDNA sequences from the cultured
thraustochytrid cells were determined in order to confirm that the 'thraustochytrid' culture used for C/N
determination was truly a thraustochytrid. The partial
18s rDNA sequences were designated as HUBOL-1
(564 bp from the 5'-side) and HUBOL-2 (334 bp from

Estimation of population biomass
Estimated carbon and nitrogen contents of thraustochytrids ranged from 0.41 (Site 21) to 7.44 pg C 1-'

32

Mar Ecol Prog Ser 189: 27-33, 1999

can be postulated that the significance of thraustochytrid biomass ratio largely depends on the riverine
input of terrestrial organic materials. The influence of
riverine input on thraustochytrid biomass ratio was
also shown in the transect from Sites 15 to 21. There
was a general tendcncy for the biomass ratio of thraustochytrids to decrease with increased influence of
open ocean (Kuroshio) water. On the other hand, the
biomass rat10 of bacterioplankton increased at the
Kuroshio-affected sites, where allochthonous dissolved
organic materials (DOM) are thought to be less abundant. In the low DOM waters, small-sized (0.1 pm3)
bacterioplankton, having a greater surface-to-volume
ratio, are regarded as being more advantageous in
DOM-uptake than. large-sized (>500 pm3) th.raustochytrids.

(Site 7), with an overall average of 2.60 1-19 C 1-l; 0.039
(Site 21) to 0.71 pg N I-' (Site ? ) , with an overall average of 0.23 pg N I-', respectively.
Based on cellular C and N contents of pelagic bacterioplankton of 30.2 fg of C cell-' and 5.8 fg of N cell-'
(Fukuda et al. 1998), population biomass of bacterioplankton ranged from 7.53 (Site 18) to 68.1 pg C 1-'
(Site 11) with an average of 21.7 pg C I-', and from 1.44
(Site 18) to 13.0 pg N 1-' (Site 18) with an overall average of 4.17 pg N 1-'.
There was site-to-site variation of the thraustochytrids biomass ratio with carbon biomass (Fig. 4)
in the planktonic decomposer community (planktonic
bacteria and thraustochytrids). The ratio ranged from
3.4% (Site 9) to 29.7% (Site 7). Overall average
(14.0%) ratios were found in Hiroshima Bay (Sites 1
and 2), Iyo-nada (Sites 4, 5, 6 and 7), and the Bungo
Channel (Sites 15 and 16). This was probably due to
rivenne input of terrestrial organic matter which
thraustochytrids may utilize. In contrast, high biomass
ratio of bacterioplakton was high in Suo-nada (Sites 9
to 14), which receives fewer riverine inputs. Thus, it

Thraustochytrids have ectoplasmic nets which arise
from organelle complexes, appearing as fenestrated,
anastomosing rays (Perkins 1973). They
are not used for motility, but contain
H Bacterioplankton
extracellular enzymes that allow penetration of solid surfaces and breakdown
of organic compounds for adsorption and
transfer of nutrients (Bremer 1976, Coleman & Vestal 1987). The presence of
extensive ectoplasmic nets with highly
degradative enzymes indicates a primary
role in decomposi.tion (Fell & Newell
1998). Previous studies reported that the
nets and enzymes of thraustochytnds
penetrate and digest the cellulosic cell
wall of plants (Perkins 1973). Hence,
they are thought to play an important
ecolog~calrole in degrading refractory
substrates such as plant cell wall materials (Bremer 1995, Bremer & Talbot 1995,
Valiela 1995). This is one aspect of
thraustochytrid contribution to microbial
I.oop and carbon cycling.
In addition, the nutritional value of
thraustochytrid in the food web may be
important. Thraustochytrids contain high
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Fig 4 . Contribution (",L) of the thraustochytrid biornass to the planktonic
decomposer populat~ons(bacteria and thraustochytrids). C- and N-based
biomass .ruere estimated for both populations

levels of polyunsaturated fatty acids such
as docosahexaenoic acid (DHA) and
docosapentaenoic acid (Nakahara et al.
1996). These compounds often occur in
marine animals. They are not synthesized de novo by animals, and have to be
primary producObtained
as a diet
tion including thraustoch~trids (Fell &
Newel1 1998). In particular, it would be
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presumed that thraustochytrids are an important alternative food source for fish larvae of species known to
have a high concentration of DHA, such as sardine.
This is another aspect of thraustochytrid contribution
to the microbial loop and carbon cycling.
Abundance and biovolume of natural planktonic
thraustochytnds were previously reported (Schneider
1977, Raghukumar et al. 1990, Naganuma et al. 1998).
Our study has estimated the biomass and C/N ratio of
thraustochytnds. Further work is needed to estimate
thraustochytrid production in natural waters.
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