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Small single-celled Chaetoceros sp. are often widely
distributed, but frequently overlooked. An estuarine
diatom with an extremely high growth potential
under optimal conditions was isolated from the
Shinkawa-Kasugagawa estuary in the eastern part of
the Seto Inland Sea, western Japan. It was identified
as Chaetoceros salsugineum based on morphological
observations. This strain had a specific growth rate
of 054K ! at 30°C under 7001mol - m’? ¢!
(about 30% of natural maximal summer light) with
a 14:10 LD cycle; there was little growth in the
dark. However, under continuous light it grew at
only 0.35 K' or a daily specific growth rate of
84d ' In addition, cell density, chlorophyll a, and
particulate organic carbon concentrations increased
by about 1000 times in 24 h at 30°C under 700 1 mo-
1-m’' 2§ " with a 14:10 L:D cycle, showing a growth
rate of close to 7 d’ . This very rapid growth rate
may be the result of adaptation to this estuarine
environment with high light and temperature. Thus,
C. salsugineum can be an important primary pro-
ducer in this estuary in summer and also an impor-
tant organism for further physiological and genetic
research.

Key index words: estuarine diatom; Chaetoceros;
growth rate; high light; high temperature
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There are many reports of the growth rate of cul-
tured marine phytoplankton species isolated from
coastal or oceanic habitats that have been grown
under various temperatures and light intensities
(Eppley 1977, Furnas 1990). Phytoplankton species
growing over a temperature range 2-41°C, and a
light intensity range 4-4201mol - m'2 9" with a
light:dark cycle, haye specific growth rates ranging
from 0.14 to 3.0d ' (converted from log » to In
units per day). Hi%her growth rates for marine dia-
toms, such as 4.2 d’ ! for Chaetoceros gracilis (Thomas
1966), or close to 3.5 & ! for C. caldtrans (Thompson
et al. 1992), have also been reported, although
these rates were obtained under continuous light.

Phytoplankton growth is often concentrated in
the subsurface layer where the light intensity is not
s0 high and high temperatures around 30°C rarely
occur in northern middle latitudes even in coastal
areas. Most of the previous culture studies were
carried out at relatively low temperatures and light
intensities. Therefore, there is a lack of studies on
phytoplankton growth rates at both high tempera-
tures and light intensity that are typical of some
shallow estuarine ecosystems in summer. Further
studies using estuarine phytoplankton species and
higher temperatures and irradiances are required to
determine the potential growth rates of phytoplankton
growing in this special habitat.

We isolated a small diatom, Chaetocaros salsugineum
Takano, which has an extremely high growth rate
from the ShinkawaKasugagawa estuary located near
Takamatsu city in the eastern part of the Seto Inland
Sea, Japan. This eutrophic estuary comprises a
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relatively wide tidal flat (~80 ha) with a mean tidal
range of <2 m (Magni and Montani 1997). In 2005
at high tide, the annual range of water temperatures
and salinity were 5.4-34.4°C and 7.2-29.4, respec-
tively (Ichimi et al. 2008a). In this study, we report
the extremely high growth potential of this species
when it was grown under both high temperature
and irradiance.

The dominant phytoplankter, a very small Chaetooaos,
was isolated by micro-pipetting a single cell from sea-
water collected at Stn B (34° 21.054" N, 134° 04.881
W: Ichimi et al. 2008b) in August 2006. The clonal
culture (strain C.sal. SK-0608) was maintained in mod-
ified ES culture medium. The medium was based on
natural seawater (salinity ~31 psu) collected from
the Seto Inland Sea. It was enriched with nutrients as
follows: 1.4 mM NaNOg, 28.7 1M K;HPO,4, 88.0 1 M
NaySi0-9H,0 (N:SiiP = 49:3:1), trace metals, vita-
mins, and Tris was added with pH adjustment to ~8.2
(Okaichi et al. 1983). Cultured cells were collected
during the log phase growth to identify the species.
After fixation with 1% glutaraldehyde and removal of
organic matter on the cell surface with an alkali solu-
tion, the fine structure of the cells was observed using
a scanning electron microscope (SEM) and transmis-
sion electron microscope (TEM). Chain-forming cells

with 3-4 cells or sometimes >6 cells were also
observed frequently during mid-log phase growth,
but many solitary cells were observed especially in late
log phase growth. The cell diameter was ~3-6 1 m.

The characteristic fine structure of the cells
observed under SEM and TEM was the same as
Chaetoceros salsugineum Takano (Takano 1983, Orlova
and Selina 1993). There was a central process on
the terminal valve (Fig. 1a) and on some intercalary
sibling valves (Fig. 1b). The tube of the process was
flattened (Fig. 1c). The seta showed twisted longitu-
dinal costae (Fig. 1, ¢ and d) with spinules along
the seta (Fig. le).

The C. salsugineum was grown at 30°C under
700 1mol - m’2 - 1 (using white fluorescent lamps)
with a 14:10 L:D cycle. To investigate the correlation
between the increase in cell density and in vivo chlo-
rophyll fluorescence, 10 mL of culture in late log
phase growth was inoculated into 1 L of modified ES
culture medium and 10 sub-samples were obtained
during the 14 h light period. In vivo chlorophyll fluo-
rescence was monitored using a fluorometer (model
10-AU; Turner Designs, Sunnyvale, CA, USA). Cell
densities were determined microscopically. A good
correlation between cell density and in vivo chloro-
phyll fluorescence was obtained as follows (Fig. 2);

Fic. 1. Scanning electron microscope (SEM) and transmission electron microscope (TEM) of Chaetocaros salsugineam (a) SEM — A
terminal valve with a central process, (b) SEM — Central processes on intercalary sibling valves (arrows), (¢) TEM — A terminal valve with a
central process, (d) TEM — Seta showing twisted longitudinal costae, (e) TEM — Spinules along the seta (arrows).
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Fc. 2. Correlation between cell density and in vivo chloro-
phyll fluorescence for Chaetocaros salsugineum grown during the
light period.

Cell density(cells- mL ") = 5748 - (Chl fluor)*®
r* = 0.996
(1)

To determine the growth characteristics of C. sal-
sugineum, three experiments were carried out at
30°C under 700 1mol - m’2- ¢! to determine the
growth rate in the light and dark periods of the L:D
cycle (Exp. 1 & 2, respectively) and during continu-
ous light (Exp. 3). After the cultures were acclimated
for two transfers, the cells in late log phase growth
were inoculated into triplicate glass tubes with
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30 mL of modified ES culture medium. All culture
experiments were stirred manually when in vivo
chlorophyll fluorescence was measured. In vivo chlo-
rophyll fluorescence was monitored at 1-5 h inter-
vals and converted to cell density using equation (1).

Experiment 1 was started 1h after the lights
came on to measure the growth rate during the
14:10 LD cycle. The growth curve is shown in
Fig. 3a. The hourly specific growth rate was 0.54 nt
and was estimated from the regression equation
during the 3-9 h incubation during the light period
where cell densities increased exponentially. The
culture growth stopped before the dark period.
Lack of silicate was suspected for the termination of
growth because of low 16:1 N:Si and 3:1 Si:P ratios
in the medium. However, in a followup experiment
when silicate was added just after the maximum cell
density was obtained, there was no further increase
in cell density. Therefore, the growth might have
been terminated by lack of CO,, although the pH
did not rise above 8.5.

Experiment 2 was started 10 h after the lights
came on to determine if there was growth in the
dark. C. salsugineum showed rapid growth during
the remaining 4 h of the light period, however,
there was little growth in the dark (Fig. 3a; open
circles). Experiment 3 was conducted under contin-
uous light. The initial cell density at 0 h was calcu-
lated from the dilution of the inoculum because the
in vivo chlorophyll fluorescence was too low to
detect with the fluorometer. The hourly specific
growth rate during the 24 h continuous light incu-
bation was only 0.35 ! (Fig. 3b) which was 35%
lower than that measured in the light period of the
14:10 L:D cycle (Exp. 1), although the daily specific
growth rate was still very high at 8.4 d ' because
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Fc. 8. Growth curve of Chaetoceros salsugineum at 30°C under 700 1mol- m’2- €. (a) Closed circles represent growth under a
14:10 LD cycle and the open circles represent growth starting after 10 h of light and continuing through darkness and into the next light
period. The shaded area indicates the dark period. (b) Cell density increase during continuous light. The error bars represent +1 SD and

n=3.
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under the LD cycle there was little growth in the
dark. The decline in growth rate under continuous
light has been reported for some other cultures of
coastal phytoplankton, especially dinoflagellates
(Brand and Guillard 1981).

An increase in the values of other cellular param-
eters, such as in vitro Chlorophyll a (Chl a) and par-
ticulate organic carbon (POC) was also measured.
This experiment was started with a very low cell den-
sity so that the cell density would not reach a maxi-
mum within 24 h. About 1 mL of a culture in log
phase growth was inoculated into 1 L of modified
ES culture medium in triplicate in the middle of
the light period, and incubated at 30°C under
700 Imol- m’2-¢'1 (14:10 D). The initial cell
density, Chl a and POC concentration were mea-
sured and then again after 24 h. Cell densities were
determined microscopically. For Chl a, samples were
filtered through a Whatman GF/F and extracted in
90% acetone in the dark at 4°C and Chl a concen-
trations were determined fluorometrically (Parsons
et al. 1984). For POC concentrations, samples were
filtered through pre-combusted Whatman GF/F
(470°C for 2h), frozen at ) 20°C and measured
later on a CHN analyzer (Micro Coder JM-10; JSci-
ence Lab, Co., Ltd, Kyoto, Japan).

Cell density increased from 635 to 629,300
(+74,900) cells - mI. % Chl a increased from 0.0381
to 36.9 (+4.8) ug- I’' and POC increased from
1.44 to 1,446 (+121) ug - L' ' during the 24 h incu-
bation. These results revealed that C. salsugineum
increased about 1,000 times in 24 h and the specific
growth rate was nearly 7 d ' which was estimated
from the equation, In Ny — In Ny/t, where Ny and
N; are the cell densities at 24 and 0 h, respectively
and t = time (days).

Eppley (1972) showed that the relationship
between maximum growth rates expressed as 1,
(divisions ) and temperatures obtained from
many published culture experiments for photosyn-
thetic microorganisms could be represented by the
following equation; log 15,=0.0275xT (°C) )
0.070. When our 30°C incubation temperature was
applied to Eppley's equation, the predicted
maximum growth rate from the equation was ~5.7
divisions d’ * (~4 @ converted to In units). Our
results show that C. salsugineum isolated in this
study has an exceptionally high growth potential
(i.e., almost two times higher than estimated from
Eppley’s equation for growth at 30°C).

Freshwater chlorophytes and photosynthetic
bacteria also have very high growth rates under both
high temperature and continuous light. Examples
of very high growth rates are: two Chlorophyta, Chla-
mydormonas nundane (7.6 4’ * at 33.6°C) and Chlordla
pyrenoidosa (6.4 d ' at 39°C); two cyanobacteria Ana-
cystis nidulans 88.0 &' at 41°C) and Synechococcus
spp. (5.6-69d’! at 37-52°C; Hoogenhout and
Amesz 1965). The growth rate of C. salsugineum was
very similar to those rates listed above, although the

above tested temperatures were beyond the range
observed in most parts of the ocean.

Small marine phytoplankton have higher growth
rates than larger species (Banse 1982, Geider et al.
1986, Montagnes and Franklin 2001), especially
many small Chaetocaros species which have a higher
growth potential. For example, C. gracilis grew at
42 @1 at 29°C under ~240 1mol - m’2- ¢! (24:0
L:D; Thomas 1966). Thompson et al. (1992) showed
that C. calcitrans (Paulsen) Takano, C. gracilis Schutt,
and C. S'me)lex Ostenfeld had specific growth rates of
30-35d 1 1.520d" and 20-25d 7, respec-
tively at 25°C under 220 1 mol - m’ 2- ¢ of continu-
ous light. When C. calcitrans f. pumilus was grown at
25-30°C at a higher light intensity of 500 1 mol -
m?2-¢! with a 1212 L:D cycle, the growth rates
were 2-3d’ ' (Raghavan etal. 2008). Montagnes
and Franklin (2001) established an equation for the
relationship between specific growth rate of diatoms
and temperature and cell wlume as follows 1
(") =0.544 +0.0206 x T (°C) ) 0.0864 x log V
(1m®. When a small Chaetocavs species including
our C. salsugineum is regarded as a cylinder with a
diameter and a height of 51m, the cell wolume is
estimated to be ~100 1 m® (Hillebrand et al. 1999)
and ~1 & ! for the growth rate at 30°C (Montagnes
and Franklin 2001). Therefore, the growth rates of
these small Chaetocaros species listed above are faster
than those rates calculated from the Montagnes and
Franklin equations, however, the growth rate of our
C. salsugineum isolated from the Shinkawa-Kasugagawa
estuary was the highest. The growth potential of
C. salsugineum isolated from Amurskii Bay, Sea of
Japan, was also measured in general culture condi-
tions (Orlova and Aizdaicher 2000). They showed a
typical growth rate of 1.3 d’ ! at a lower temperature
of 20°C and under low light intensities of ~60 1 mol -
m 2§ (12:12 L'D). At present, we do not know
whether other C. salsugineum strains isolated from
various habitats also have an extremely high growth
potential in both high light and temperatures, or
whether our isolated clone has unusually high
growth rate characteristics.

The C. salsugineum tested in this study was well-
adapted to both high temperatures and high irradi-
ances which is rare among coastal and oceanic
phytoplankton. In fact, C. salsugineum was observed
in various estuarine waters in temperate regions,
such as Peter the Great Bay in the eastern coast of
Russia (Orlova and Selina 1993, Shewchenko et al.
2004, 2006, Orlova et al. 2009), the Urdaibai estuary
in northern Spain (Trigueros and Orive 2001, Trigu-
eros et al. 2002), some brackish lakes (Takano 19883,
Ueda et al. 2005), and shallow bays (Takano 1983)
along the coast of Japan. Estuarine environments
have comparatively higher nutrient concentrations
than off-shore waters, and therefore with its very
high growth rate, C. salsugineum should be able to
outcompete other species under high nutrient and
light conditions. Even though C. salsugineum
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sometimes occurred at high cell densities, generally
it was not normally the dominant species in the
observed habitats, including our study site. In nat-
ure, net growth rate is determined by the growth
rate minus loss rates such as grazing by zooplankters
like ciliates. However, our preliminary in situ experi-
ments using natural seawater showed that their graz-
ing rates were insignificant. In our eutrophic
estuary, we expect that fast growth may be con-
trolled by some internal or external factors and not
by the supply of nutrients.

The C. salsugineum that was isolated in this study
has the highest known specific growth rate of any
autotroph. Hence, this microalga is an important
primary producer in this estuary in the summer.
The identification of small Chaetoceros species is diffi-
cult because the morphological forms were quite
similar, hence the exact distinction between species
or strains from various habitats should be deter-
mined in the future using molecular techniques.
Future research will explore how C. salsugineum uti-
lizes high light energy for photosynthesis so effi-
ciently and examine the physiological mechanisms
it uses to achieve high speed cell division combined
with genetic analysis.
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this study.
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