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ABSTRACT. Four species of microalgae were evaluated at different temperatures for their ability to remove
ammonia from intensive marine fish/shrimp culture systems. Growth rates were highest on the first of three
days of culturing for marine microalgae Nannochloropsis oculata, Isochrysis aff. galbana, Chaetoceros muel-
leri, and Tetraselmis chui. This rate was used to compare both the growth and the total ammonium nitrogen
(TAN) uptake efficiencies of these organisms at different temperatures. Their dry weights (DWs) per cell were
10.3 pg for Nannochloropsis oculata, 40.4 pg for Isochrysis aff. galbana, 39.7 pg for Chaetoceros muelleri,
and 369 pg for Tetraselmis chui at 25°C. Temperatures for their respective optimal growth rates were 26, 28,
33, and 25°C. There were no significant differences in growth rates among these four microalgal species at
25°C. Temperatures for maximal biomass production were 30°C for both Nannochloropsis oculata and Iso-
chrysis aff. galbana, 35°C for Chaetoceros muelleri, and 20~30°C for Tetraselmis chui. Temperatures for
maximal specific TAN uptake were respectively 25, 25, 20~30, and 25°C. Overall, Tetraselmis chui was the
most efficient at TAN uptake among the four species. Our results suggest that 7. chui is a good choice for re-

moving ammonia from indoor intensive marine culture systems.
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INTRODUCTION

The growth of microalgae can be affected by many
factors, such as nutrients, light intensity, salinity, pH, and
temperature. Temperature stress, in particular, influences
the growth rate and chemical composition of microalgae
and may limit nutrient interactions. Temperature has a
major effect on the phase transition of membrane lipids,
the kinetics of cellular enzymes, and active transport
systems across membranes (Quinn and Williams, 1983;
Wheeler, 1983). Microalgal growth rates can be stimulated
and cells become smaller at higher temperatures (Rijssel
and Gieskes, 2002). Although a high growth temperature
was related to a significant decrease in protein content
and increases in lipids and carbohydrates in Spirulina
species (Tomaselli et al., 1988; Oliveira et al., 1999), the
response of microalgal chemical compositions to high and
low growth temperatures varies from species to species
(Thompson et al., 1992a; Renaud et al., 1995).

Ammonia is formed as the principal product of protein
metabolism in aquatic organisms. Ammonia exists in two
forms that are convertible in water, NH; and NH,’, the
sum of which is called total ammonia nitrogen (TAN). The
ratio of NHy/NH," varies with water pH, ionic strength,
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pressure, and temperature. The proportion of un-ionized
ammonia (NHj;), the more-toxic form to aquatic organ-
isms, increases with water pH (Randall and Tsui, 2002;
Ip and Chew, 2010). Ammonia can be removed by bacte-
rial biofilters (Tseng et al., 1996; Grommen et al., 2002),
heterotrophic bacterial biofilters (Avnimelech et al., 1992;
Avnimelech, 1999), seaweed biofilters (Cohen and Neroi,
1991; Neori et al., 1996 and 2000), and microalgae (Tseng
et al., 1991; Voltolina et al., 2005; de Godos et al., 2010).
A bacterial biofilter converts ammonia into nitrate in
two steps through the action of ammonium- and nitrite-
oxidizing bacteria. However, the end product, nitrate, still
remains in the water. Although nitrate is relatively harm-
less to aquatic organisms (Russo and Thurston, 1991),
levels considered toxic to them (1000~3000 mg-L™")
should be avoided (Lawson, 1995). Heterotrophic bacteria
can absorb ammonia as a precursor for cellular protein
synthesis, but the C/N ratio imposes certain limitations on
their growth. In addition to ammonia removal, microalgae
can also produce biomass which can be used in several
ways to improve the economic efficiency of aquaculture
systems (Tenore, 1976; Arieli et al., 1993; Muller-Feuga
et al., 2003; Lubzens and Zmora, 2003; Plaza et al., 2010;
Rodriguez-Meizoso et al., 2010).

Uptake rates of nitrate and ammonium were studied as
a function of nitrate or ammonium concentrations with
cultures of Chaetoceros gracilis and Isochrysis galbana
(Eppley et al., 1969). Although the half-saturation constant



126

(the concentration at one-half the maximum uptake rate)
for the uptake of nitrate (0.3~0.1 uM) was compared
to that of ammonium (0.5~0.3 uM) in C. gracilis,
ammonium is the preferred nitrogenous nutrient of many
marine phytoplankton species (McCarthy, 1980). Since
free ammonia is toxic to algae, it does not accumulate in
their cells but is stored in the system through an ammonia-
binding reaction. Glutamate dehydrogenase and glutamate
synthetase activities are higher in green algae, which are
peculiar in having a highly effective pathway to detoxify
ammonia (Klochenko et al., 2003). Microalgae exhibit an
active, and most likely a passive, ammonium uptake. The
proportion of ammonia in marine systems can increase to
> 10% of TAN. The concentration gradient of ammonia
across a cell membrane can be maintained by ammonia
protonation within the cell and equilibration between
ammonium and ammonia outside the cell (Henderson,
1971). However, nitrate is apparently taken up by an active
transport system in algae, and this transport system appears
to be ATP-driven rather than directly dependent on an
electrochemical gradient (Falkowski, 1975; Stewart, 1980;
Wheeler, 1983). Therefore, the uptake rate of ammonium
is less temperature-dependent than that of nitrate.

Aquatic organisms in Taiwan widely consume Nan-
nochloropsis oculata, Isochrysis aft. galbana, C. muelleri,
and Tetraselmis chui as live food (Su et al., 1997). The am-
monia produced from intensive marine fish/shrimp farms
deteriorates water quality but can be removed by these
microalgae, which are then consumed by bivalves as food
(Forrest et al., 2009). However, information on the relative
efficiencies of ammonia uptake among these four species
of microalgae is scant. The aim of this study was to evalu-
ate the efficiency of ammonia uptake by these four species
of microalgae at various temperatures and finally, to select
a candidate for removing ammonia from intensive marine
fish/shrimp culture systems.

MATERIAL AND METHODS

Artificial seawater (ASW) preparation and
microalgae maintenance

ASW was prepared according to APHA et al.
(1995) guidelines, and its composition is given in Table
1. ASW (33 g-L") was freshly prepared and aerated for
3 days. Tetraselmis chui (Chlorophyta), I. aff. Galbana
(Haptophyta), C. muelleri (Bacillariophyta), and N. ocu-
lata (Eustigmatophyceae) were a gift from the Tungkang
Biotechnology Research Center, Fisheries Research Insti-
tute, Pingtung, Taiwan. They were maintained in Walne’s
Enriched Seawater (WES) medium (Walne, 1974) as
modified by Su (1999) at a continuous light intensity of 10
uE-m?-s” and 15°C.

Preparation of inoculated microalgae

Microalgae were acclimated to various temperatures
(i.e., 15, 20, 25, 30, and 35°C) for 1 week prior to the
experiment. Twenty milliliters of microalgae was inocu-
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lated in 250-mL flasks with 180 mL of WES medium at a
continuous light intensity of 180 uE-m™s™ with shaking
(125 rpm, Orbital shaker TS-520) until the microalgae
grew to ODyso,, Values of 0.2~0.3. One hundred milliliters
of microalgae was transferred to 1-L flasks with 900 mL
of WES medium aerated at a level of 3 L-min” and a con-
tinuous light intensity of 180 pE-m?-s”. Preparation was
completed after these microalgae had grown to OD50,,
values of 0.5~0.6.

Growth rate of microalgae and their TAN uptake
at different temperatures

In order to apply this approach in the field, only am-
monia and phosphate were added in the experiment on
microalgal growth and TAN uptake. Fifty milliliters of mi-
croalgae was inoculated in 1-L flasks with 950 mL of ASW
containing 13 mg-L™" TAN-N and 4 mg-L"' PO,”-P aer-
ated at 5 L-min”' under a continuous light intensity of 180
uE-m™s™. The cell densities of 7. chui, I. aff. galbana, C.
muelleri, and N. oculata at OD;s,,, values of 0.5~0.6 were
approximately 1.2 x 10° 6 x 10° 7 x 10° and 1.9 x 10’
cells/mL, respectively. Therefore, their initial respective
concentrations were 6 x 10*, 2.9 x 10%, 3.4 x 10°, and 9.3 x
10° cells'mL™". After 1 day of culture, the microalgae were
sampled to determine their cell densities and dry weights,
as well as the concentration of TAN remaining in the cul-
ture. The experiments were performed in duplicate at 15,
20, 25, 30, and 35°C.

Analytical methods

Growth rate and cell density. After the microalgae
were sampled, 0.5% povidone iodine was added to immo-
bilize them. The cell density of the microalgae was quanti-
fied with a 0.1-mm-deep Neubauer chamber in duplicate.
The growth rate was calculated as:

= {logy(N,) - loga(N)H/(t— to);
where i is the growth rate (divisions day™), and N, and N,
represent initial (t,) and at t time cell densities (cells-mL™)
in the medium, respectively.

Table 1. Composition of artificial seawater (36 g-L™).

Electrolyte Concentration (g-L™")
NaCl 24.53
Na,SO, 4.09
KCl 0.70
NaHCO; 0.20
KBr 0.10
H;BO; 0.03
NaF 0.003
MgCl, 5.20
CaCl, 1.16
SrCl, 0.03
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Table 2. Dry weight (pg) per cell of marine microalgae at various temperatures. Data represent the mean + the standard deviation.
Different letters indicate significant differences in a specific species of microalgae among different temperatures (p<0.05).

Temperature (°C)

Species 15 20 25 30 35
(Dry weight (pg) cell™)
Nannochloropsis oculata 11.9+0.91° 9.8+0.42° 10.3+0.51° 13.0+0.84" -
Isochrysis aff. galbana 46.2+2.0 46.7+4.0 40.4+1.4 51.843.0 --
Chaetoceros muelleri 35.4+1.6" 41.744.2° 39.7+2.2° 39.4+3.4° 81.4+3.7°
Tetraselmis chui 441+14° 424+8.7° 369+29" 539+15° -
Dry weight. This assay was based on a method de- 25
scribed by D’Souza and Kelly (2000). The dry weight of T Istday
the microalgae was determined by filtering 100 mL of a i:::::’
microalgae onto precombusted glass-fiber filters (What- 2299 ] f %
man GF/C for T. chui, I. aff. galbana, and C. muelleri; GF/ 3
F for N. oculata, 47 mm in diameter) and washing with § 154
0.5 M ammonia formate to remove residual salts from the g
culture. The filters were then dried at 60°C until a constant =
weight was reached. 219
TAN remaining and specific uptake. Twenty mil- Z
liliters of microalgal medium was sampled and centrifuged © 05
at 14,000 xg for 15 min at 4°C. After centrifugation, the
supernatant was removed and used to determine the TAN oo

concentration. TAN determination was according to the
phenol hypochlorite method in APHA et al. (1995). Spe-
cific TAN uptake (q,) was calculated by using the equation
below:

_E-c)rr
M

where C, and C, (mg-L™") represent the TAN concentration
initial and at t time in the medium. V(L) is the volume of
the medium, M(g) is the biomass (g).

4q,

Data analysis

The mean values of growth rates, and of TAN removal
at studied conditions were compared by variance analysis
(ANOVA) using SigmaStat statistical software from SPSS
(SPSS, Chicago, IL, USA), ver. 10. Duncan’s test for pair-
wise comparisons was used at the 5% significance level.

RESULTS

Dry weights per cell of marine microalgae

Dry weights per cell of . aff. galbana and C. muelleri
were temperature-independent at temperatures of < 30°C
(Table 2). Among these four microalgal species, only C.
muelleri could grow at 35°C. The dry weight of C. muel-
leri at 35°C was much higher than those at < 30°C. The
dry weight of N. oculata at 20, and 25°C was significantly
lower than those at 15, and 30°C. However, the dry weight
of T. chui at 30°C was significantly higher than those at
<25°C.

N. oculata I aff. galbana  C. muelleri T. chui

Figure 1. Growth rates of four microalgae species on the first,
second, and third days of culture at 25°C. Each bar represents
the mean value with the standard deviation. Different letters in-
dicate a significant difference in a specific species of microalgae
among different days culture (p < 0.05).

Temperature effect on the growth rates (p) and
biomass production

Microalgae in log-phase were inoculated into ASW
only with 13 mg-L" TAN-N and 4 mg-L"' PO,*-P at 25°C.
The 3-day microalgal culture growth rates are given in
Figure 1. First-day growth rates for N. oculata and C. mu-
elleri were significantly higher than those for the second
and third days. First-day growth rates of 1. aff. galbana
and T chui were comparable to those for the second day
but significantly higher than those for the third day. There-
fore, first-day growth rates for the four microalgal species
could be used to evaluate their growth rates and their TAN
uptake rates at different temperatures.

Figure 2 shows the microalgal growth rates at different
temperature levels. The p values for N. oculata and T. chui
were significantly greater than those for /. aff. galbana and
C. muelleri at 20°C, while values of the latter were signifi-
cantly greater than the former at 30°C. Based on polyno-
mial regression data, respective optimal temperatures for
N. oculata, 1. aff. galbana, C. muelleri, and T. chui growth
were 26, 28, 33, and 25°C.
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Figure 3 shows the biomass production in dry weight
(DW, mg-L™") per liter of microalgae at various tem-
peratures. Biomass values of 7. chui, 1. aff. galbana, C.
muelleri, and N. oculata were 85, 43, 39, and 33 DW
mg-L'-day” at 25°C, respectively. The N. oculata and I.
aff. galbana biomass production levels at 30°C were sig-
nificantly higher than those at 15~25°C. T. chui biomass
production at 15°C was significantly lower than it was be-
tween 20 and 30°C, where there was no significant differ-
ence. The biomass production of C. muelleri at 35°C was
much higher than levels at 15~30°C.
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Figure 2. Effects of temperature on the growth rate of microal-
gae. The polynomial regressions of the growth rate (i) against
temperature (T) between 15 and 35°C were: Nannochloropsis
oculata: 1 = -1.02 + 0.066T + 0.0077T* — 0.0002T°, R* = 0.96;
Isochrysis aff. galbana: p = 10.03 — 1.683T + 0.091T> — 0.0015°,
R* = 0.99; Chaetoceros muelleri: p = 3.364 — 0.44T + 0.023T*
—0.0003T?, R? = 0.98; and Tetraselmis chui: p = 3.78 — 0.74T +
0.05T*>-0.001T?, R*=0.99.
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Figure 3. Effects of temperature on the daily algal biomass
production per liter of microalgae. Each bar represents the mean
value with the standard deviation. Different letters indicate sig-
nificant differences in a specific species of microalgae among
different temperatures (p < 0.05).
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Effect of temperature on microalgal TAN uptake

The specific TAN uptake rates of microalgae at
different temperatures are given in Figure 4. The optimal
temperature for specific TAN uptake by N. oculata, I. aff.
galbana, and T. chui was 25°C. However, there was no
significant change in the specific TAN uptake rates by C.
muelleri between 20 and 30°C. The specific TAN uptake
rates by N. oculata and T. chui were higher than those for
1 aff. galbana and C. muelleri at 25°C. Figure 5 shows the
efficiency of the daily TAN uptake per liter for the four
microalgal species at various temperatures. The daily TAN
uptake rate for 7. chui was much greater than for the other
three microalgal species at all temperatures tested. The
temperatures for optimal TAN uptake by 7. chui, I. aff.
galbana, and C. muelleri were 25, 25, and 35°C. Howev-
er, TAN uptake by N. oculata at 25°C was comparable to
that at 30°C. TAN uptake by 7. chui at 25°C was roughly
2-fold that at other temperatures and 3-fold that of other
microalgal species. Although the specific TAN uptake
rate (111 mg TAN-N-g"' dry weight-day™) of T. chui was
smaller than that (130 mg TAN-N-g" dry weight-day™) for
N. oculata at 25°C, the biomass produced by the former
(85 mg dry weight-L"-day™") was much greater than for the
latter (33 mg dry weight-L™"-day™). 7 chui was thus more
efficient at daily TAN uptake per liter due to this higher
biomass production.

DISCUSSION

Effects of temperature on the dry weight per
cell of microalgae

It is generally recognized that microalgal cell sizes
are inversely proportional to their growth rate, which

increases with temperature in a certain range (Atkinson et
al., 2003; Sayegh and Montagnes, 2011). Therefore, cell

180

[ M. oculata
1. aff. galbana
C. muelleri

160 -

140 A

120

Specific TAN-N uptake (mg.g dry weight”.day™)

Temperature ("C)

Figure 4. Effects of temperature on specific total ammonia
nitrogen (TAN) uptake of microalgae. Each bar represents the
mean value with the standard deviation. Different letters indicate
significant differences in a specific species of microalgae among
different temperatures (p < 0.05).
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Figure 5. Effects of temperature on daily total ammonia nitro-
gen (TAN) uptake per liter by microalgae. Each bar represents
the mean value with the standard deviation. Different letters in-
dicate significant differences in a specific species of microalgae
among different temperatures (p<0.05).

sizes are larger at low temperatures or above the optimal
temperature. N. oculata showed a higher dry weight per
cell at 15°C, however, the effect of temperature on dry
weights per cell of T. chui, I. aff. galbana, and C. muelleri
,was not significant. Nitrogen sources from ammonium
can probably explain this unexpected phenomenon, since
the ammonium uptake rate is less temperature-dependent
than that of nitrate, which is the sole nitrogen nutrient in
many medium formulas.

Based on dry weight per cell, the order of the four
microalgal species was T. chui > I. aff. galbana > C. mu-
elleri > N. oculata at 25°C. The value of 40~51 pg dry
weight-cell”! for 1. aff. galbana obtained in this study was
comparable to data (36~46 pg dry weight-cell") reported
by Brown (1991) and by Brown et al. (1998). The cell
dry weight of Isochrysis sp. (clone T-ISO) was affected
by the irradiance, with 30 and 62 pg dry weight-cell” at
50 and 500 pE-m™-s”, respectively (Brown et al., 1993a).
Brown et al. (1993b) reported a 10 pg-cell” dry weight
for N. oculata, which is in the 9.8~13 pg-cell”’ range in
this study. No significant difference in the dry weights
(35.4~41.7 pg-cell™) for C. muelleri cultured at 15~30°C
was observed in this study. The dry weight of C. muel-
leri cultured at 35°C, however, sharply increased to 81.4
pg-cell’. Among these four microalgal species, only C.
muelleri could grow at 35°C. High-temperature toler-
ance by Chaetoceros species was also reported by Renaud
et al. (2002), who observed that its dry weight increased
from 25 pg-cell” at 25°C to 81.7 pg-cell’ at 35°C. A sig-
nificantly lower dry weight (369 pg-cell) for T. chui at
25°C than (539 pg-cell™) at 30 °C may have been due to a
much-higher growth rate (2.0) at 25°C than (1.27) at 30°C.
However, Wikfors et al. (1996) determined a 104~135
pg-cell'dry weight for 7. chui harvested in a nitrogen-
deficient stationary phase by semi-continuous, E-medium
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cultures. These smaller sizes may be due to nitrogen nutri-
ent limitation. Lourenco and Barbarino (1998) reported
that the amount of total inorganic nitrogen 7. gracilis ac-
cumulated at the mid-log phase was 2.5-fold that of its sta-
tionary phase. The discrepancy in 7. chui dry weight may
have been due to the microalgae being in different phases.

Temperature effects on the growth rate (u) and
biomass production

As with many rate processes, the microalgal growth
rate is expected to increase with temperature, and rapidly
decline above the optimal temperature. Low temperatures
usually reduce enzymatic activity, which causes a decrease
in the growth rate (Davison, 1991). Minimal growth
rates were found at 15°C for all four microalgal species.
The temperature tolerance of C. muelleri was the high-
est among these microalgae. Renaud et al. (2002) found a
similar pattern in Chaetoceros sp., which grew well at 33
and 35°C. However, Isochrysis sp. and a commercial /so-
chrysis sp. (clone T.ISO) grew very slowly at 35°C (Re-
naud et al., 1995). Thompson et al. (1992b) also claimed
that the microalgal growth response to temperature is
species-specific.

The growth rate (0.99 day") of L. aff. galbana grown at
20°C in this study was higher than the average (0.65 day™)
of that during 7 days of culture (Valenzuela-Espinoza et
al., 1999) and was comparable to that (0.84 day") in the
comparative study on growth performance and biochemi-
cal composition of mixed culture of Isochrysis galbana
and Chaetoceros calcitrans with monocultures (Phatar-
pekar et al., 2000). The T. chui growth rate (1.63 day™)
at 180 uE-m™s™ light intensity at 20°C in this study was
much higher (0.64 day™) than for 7. chui grown at 110
pE-m?-s” light intensity at 18°C (Meseck et al., 2005).
Meseck et al. (2005) cultured 7. chui with Guillard’s {/2-
enriched medium, which contains 13 uM ethylenedi-
aminetetraacetic acid (EDTA) (Guillard, 1975). Although
EDTA can alleviate the toxic effects of some metals (e.g.,
Cd, Cu, and Mn) and increase the bioavailability of oth-
ers (e.g., Fe) by preventing precipitation, it suppressed the
growth of oceanic phytoplankton (Muggli and Harrison,
1996; Okauchi and Kawamura, 1997). In fact, we found
that the growth rate for 7. chui after 1 day of culture in
medium containing only ammonium and phosphate was
higher than for WES medium (data not shown).

TAN-N uptake by microalgae

Although nitrogen is available to microalgae in various
forms, nitrate, ammonium ions, and urea are the dominant
forms (Syrett, 1981). Among these, ammonium ions are
preferentially taken up, followed by nitrate and urea (Le-
vasseur et al., 1990; Levasseur et al., 1993). Less energy
is required to take up ammonium, and its more-reduced
state may be the reason it is preferred over nitrate (Dortch,
1990). Ammonia is generally thought to directly assimilate
into the amino acid, glutamine (Flynn, 1991). However,
some species, e.g., Hillea sp. and Prorocentrum minimum,
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failed to grow with ammonium-N because of ammonia’s
toxic effects in high concentrations (Lourenco et al.,
2002). Similarly, I. galbana grown with ammonium-N had
a lower growth rate (Lourenco et al., 2002). Valenzuela-
Espinoza et al. (1999) reported that 2.16 mg ammonium-
N-L"' was taken up by I. galbana after the first day of
incubation. This value is very close to the 2.06 mg TAN-
N-L"' in our data. A similar phenomenon was observed
with N. oculata. The amount of ammonium-N (3.73 mg
ammonium-N-L™") taken up by microalgae reported by Su
et al. (1997) was comparable to the 4.27 mg TAN-N-L" in
our study. A rate of 9.4 mg TAN-N-L"-day' taken up by 7.
chui at 25°C can be approximately expressed as 40 ug am-
monium-N-10 cells-day™ which is 2-fold that taken up by
Chlorella vulgaris grown in 20 mg ammonium-N-L™ (Tam
and Wong, 1996). The ammonium uptake efficiency of
T. chui was comparable to that of Scenedesmus obliquus,
which took up 9.27 mg TAN-N-L"'-day™ in a semi-contin-
uous culture with a 30% water exchange rate (Voltolina et
al., 2005).

Less than 30% and 21% of the supplied nitrogen is re-
spectively recovered as harvested fish and shrimp by aqua-
culture (Porter et al., 1987; Hall et al., 1992; Briggs and
Funge-Smith, 1994). Most nutrients are released into the
environment and contribute to water pollution. In addition
to environmental impacts, discharging nutrients causes
economic losses and reduces farm profitability. The dis-
charged nutrients could be taken up by microalgae which
could then be used as aquaculture feed. Although 7. chui
is more efficient at TAN removal, its growth is greatly
limited above 30°C (data not published). Therefore, 7. chui
is not a practical solution to the problem of TAN removal
from outdoor ponds in the summer in Taiwan. Tseng et
al. (2006) reported that the water quality of the shrimp
ponds was not well controlled by the addition of 7. chui.
It is very important to maintain the dominant microalgal
species when removing TAN from aquacultural systems.
Those microalgal species dominant in batch reactors are
more stable than those found in continuous-flow reactors
(Tseng et al., 1991). In our previous work, we used batch
reactors in a recirculating aquaculture system for indoor
tilapia culture (Chen et al., 2010). In that study, 7. chui
took ammonia up so that TAN levels in the tilapia tank
water remained at < 3 mg-L"'. Therefore, T. chui is a
good candidate for removing ammonia from intensive cul-
ture systems.

Acknowledgements. The authors are grateful for the
financial support from the National Science Council
(NSC97-2313-B-415-003-MY3), Taipei and National
Chia-Yi University (NCYU 97T001-05-06-001), Chiayi,
Taiwan.

LITERATURE CITED

APHA, AWWA, and WEF (eds.). 1995. Standard Methods for
the Examination of Water and Wastewater, 19" ed., Ameri-

Botanical Studies, Vol. 53, 2012

can Public Health Association (APHA), Washington, DC,
USA, pp. 4-80, 82.

Arieli, A., D. Sklan, and G. Kissil. 1993. A note on the nutritive
value of Ulva lactuca for ruminants. Anim. Prod. 57: 329-
33]1.

Atkinson, D., B.J. Ciotti, and D.J.S. Montagnes. 2003. Protists
decrease in size linearly with temperature: ca 2.5% C™.
Proc. R. Soc. Lond. B. Biol. Sci. 270: 2605-2611.

Avnimelech, Y., S. Diab, and M. Kochva. 1992. Control and
utilization of organic nitrogen in intensive fish ponds. Aqua-
cult. Fish. Manage. 23: 421-430.

Avnimelech, Y. 1999. Carbon/nitrogen ratio as a control element
in aquaculture systems. Aquaculture 176: 227-235.

Briggs, M.R.P. and S.J. Funge-Smith. 1994. A nutrient budget of
some intensive marine shrimp ponds in Thailand. Aquacult.
Fish. Manage. 25: 789-811.

Brown, M.R. 1991. The amino-acid and sugar composition of
16 species of microalgae used in mariculture. J. Exp. Mar.
Biol. Ecol. 145: 77-99.

Brown, M.R., G.A. Dunstan, S.W. Jeffrey, J.K. Volkman, S.M.
Barrett, and J.M. LeRoi. 1993a. The influence of irradiance
on the biochemical composition of the prymnesiophyte Iso-
chrysis sp. (clone T-ISO). J. Phycol. 29: 601-612.

Brown, M.R., C.D. Garland, S.W. Jeftrey, [.D. Jameson, and J.M.
Leroi. 1993b. The gross and amino acid compositions of
bath and semi-continuous cultures of Isochrysis sp. (clone
T.ISO), Pavlova lutheri and Nannochloropsis oculata. J.
Appl. Phycol. 5: 285-296.

Brown, M.R., M.A. McCausland, and K. Kowalski. 1998. The
nutritional value of four Australian microalgae strains fed to
Pacific oyster Crassostrea gigas for aquaculture. Aquacul-
ture 165: 281-293.

Chen, S.Y., L.Y. Pan, and A.C. Lee. 2010. Evaluating the
culture condition of marine microalgae Tetraselmis chui
and its role in a tilapia-microalgae-clam semi-recirculating
culture system on the efficiency of removing total ammonia
nitrogen in water. J. Fish. Soc. Taiwan 37: 99-109.

Cohen, 1. and A. Neori. 1991. Ulva lactuca biofilters for marine
fishpond effluent: I. Ammonia uptake kinetics and nitrogen
content. Bot. Mar. 34: 475-482.

Davison, I.R. 1991. Environmental effects on algal photosynthe-
sis: temperature. J. Phycol. 27: 2-8.

de Godos, 1., V.A. Vargas, S. Blanco, M.C.G. Gonzalez, R. Soto,
P.A. Garcia-Encina, E. Becares, and R. Mufioz. 2010. A
comparative evaluation of microalgae for the degradation
of piggery wastewater under photosynthetic oxygenation.
Bioresour. Technol. 101: 5150-5158

Dortch, Q. 1990. The interaction between ammonium and nitrate
uptake in phytoplankton. Mar. Ecol. Prog. Ser. 61: 183-201.

D’Souza, F.M.L. and G.J. Kelly. 2000. Effects of a diet of a
nitrogen-limited algal (Tetraselmis suecica) on growth, sur-
vival and biochemical composition of tiger prawn (Penaeus
semisulcatus) larvae. Aquaculture 181: 311-329.

Eppley, R.W., J.N. Rogers, and J.J. McCarthy. 1969. Half-



CHEN et al. — Growth and ammonia uptake by microalgae

saturation constants for uptake of nitrate and ammonium by
marine phytoplankton. Limnol. Oceanogr. 14: 912-919.

Falkowski, P.G. 1975. Nitrate uptake in marine phytoplankton
(nitrate, chloride) activated adenosine triphosphate from
Skeletonema costatum (Bacillariophyceae). J. Phycol. 11:
323-326.

Flynn, K.J. 1991. Algal carbon-nitrogen metabolism: a biochem-
ical basis for modeling the interaction between nitrate and
ammonium uptake. J. Plankton Res. 13: 373-387.

Forrest, B.M., N.B. Keeley, G.A. Hopkins, S.C. Webb, and D.M.
Clement. 2009. Bivalve aquaculture in estuaries: Review
and synthesis of oyster cultivation effects. Aquaculture 298:
1-15.

Grommen, R., I. Van Hauteghem, M. Van Wambeke, and W. Ver-
straete. 2002. An improved nitrifying enrichment to remove
ammonium and nitrite from freshwater aquaria systems.
Aquaculture 211: 115-124.

Guillard, R.R.L. 1975. Culture of phytoplankton for feeding ma-
rine invertebrates. /n W.L. Smith and M.H. Chanley (eds.),
Culture of Marine Invertebrate Animal, Plenum, New York,
NY, USA, pp. 29-60.

Hall, P.O.J., O. Holby, S. Kollberg, and M.O. Samuelsson. 1992.
Chemical fluxes and mass balances in a marine fish cage
farm. IV. Nitrogen. Mar. Ecol. Prog. Ser. 89: 81-91.

Henderson, P.J.F. 1971. Ton transport by energy-conserving
biological membranes. Annu. Rev. Microbiol. 25: 393-428.

Ip, YK. and S.F. Chew. 2010. Nitrogen metabolism and excretion
during aestivation. /n C.A. Navas and J.E. Carvalho (eds.),
Aestivation: Molecular and Physiological Aspects. Progress
in Molecular and Subcellular Biology, Springer-Verlag,
Berlin, Heidelberg, New York, Tokyo, pp. 63-94.

Klochenko, P.D., V.V. Grubinko, G.B. Gumenyuk, and
O.M. Arsan. 2003. Peculiarities of ammonium nitrogen
assimilation in green and blue-green algae. Hydrobiol. J.
39: 102-108.

Lawson, T.B. (ed.). 1995. Fundamentals of Aquaculture Engi-
neering. Chapman and Hall, New York, NY, USA.

Levasseur, M.E., P.J. Harrison, B.R. Heimdal, and J.C. Ther-
risult. 1990. Simultaneous nitrogen and silicate deficiency
of a phytoplankton community in a coastal jet-front. Mar.
Biol. (Berl.) 104: 329-338.

Levasseur, M., P.A. Thompson, and P.J. Harrison. 1993. Physi-
ological acclimation of marine phytoplankton to different
nitrogen sources. J. Phycol. 29: 87-595.

Lourenco, S.O. and E. Barbarino. 1998. Distribution of intracel-
lular nitrogen in marine microalgae: basis for the calcula-
tion of specific nitrogen-to-protein conversion factors. J.
Phycol. 34: 798-811.

Lourenco, S.O., E. Barbarino, J. Mancini-Filho, K.P. Schinke,
and E. Aidar. 2002. Effects of different nitrogen sources on
the growth and biochemical profile of 10 marine microalgae
in batch culture: an evaluation for aquaculture. Phycol. 41:
158-168.

Lubzens, E. and O. Zmora. 2003. Production and nutritional

131

value of rotifers. /n J.G. Stettrup and L.A. McEvoy (eds.),
Live Feeds in Marine Aquaculture. Blackwell Science, Ox-
ford, UK, pp. 17-64.

McCarthy, J.J. 1980. Nitrogen. /n I. Morris (ed.), The
physiological ecology of phytoplankton. Berkeley:
University of California Press, pp. 191-233.

Meseck, S.L., J.H. Alix, and G.H. Wikfors. 2005. Photoperiod
and light intensity effects on growth and utilization of nu-
trients by the aquaculture feed microalga, Tetraselmis chui
(PLY429). Aquaculture 246: 393-404.

Muggli, D.L. and P.J. Harrison. 1996. EDTA suppresses the
growth of oceanic phytoplankton from the Northeast Sub-
arctic Pacific. J. Exp. Mar. Biol. Ecol. 205: 221-227.

Muller-Feuga, A., R. Robert, C. Cahu, J. Robin, and P. Divanach.
2003. Uses of microalgae in aquaculture. /n J.G. Stettrup
and L.A. McEvoy (eds.), Live Feeds in Marine Aquaculture,
Blackwell Science, Oxford, UK, pp. 253-288.

Neori, A., M.D. Krom, S.P. Ellner, C.E. Boyd, D. Popper, R.
Rabinovitch, P.J. Davison, O. Dvir, D. Zuber, M. Ucko, D.
Angel, and H. Gordin. 1996. Seaweed biofilters as regula-
tors of water quality in integrated fish-seaweed culture
units. Aquaculture 141: 183-199.

Neori, A., M. Shpigel, and D. Ben-Ezre. 2000. A sustainable
integrated system for culture of fish, seaweed and abalone.
Aquaculture 186: 279-291.

Okauchi, M. and K. Kawamura. 1997. Optimum medium for
large-scale culture of Tetraselmis tetrathele. Hydrobiologia
358: 217-222.

Oliveira, M.A.S., M.P. Monteiro, P.G. Robbs, and S.G. Leite.
1999. Growth and chemical composition of Spirulina
maxima and Spirulina platensis biomass at different
temperatures. Aquacult. Int. 7: 261-275.

Plaza, M., S. Santoyo, L. Jaime, G.G. Reina, M. Herrero, F.J.
Sefiorans, and E. Ibafiez. 2010. Screening for bioactive
compounds from algae. J. Pharm. Biomed. Anal. 51: 450-
455.

Phatarpekar, P.V., R.A. Sreepada, C. Pednekar, and C.T.
Achuthankutty. 2000. A comparative study on growth per-
formance and biochemical composition of mixed culture of
Isochrysis galbana and Chaetoceros calcitrans with mon-
ocultures. Aquaculture 181: 141-155.

Porter, C.P., M.D. Krom, M.G. Robbins, L. Brickell, and A.
Davidson. 1987. Ammonia excretion and total N budget for
gilthead seabream (Sparus aurata) and its effect on water
quality conditions. Aquaculture 66: 287-298.

Quinn, P.J. and W.P. Williams. 1983. The structural role of lipids
in photosynthetic membranes. Biochim. Biophys. Acta 737:
223-266.

Randall, D.J. and T.K.N. Tsui. 2002. Ammonia toxicity in fish.
Mar. Pollut. Bull. 45: 17-23.

Renaud, S.M., H.C. Zhou, D.L. Parry, L.V. Thinh, and K.C.Woo.
1995. Effect of temperature on the growth, total lipid con-
tent and fatty acid composition of recently isolated tropical
microalgae Isochrysis sp., Nitzschia closterium, Nitzschia



132

paleacea, and commercial species Isochrysis sp. (clone
T.ISO). J. Appl. Phycol. 7: 595-602.

Renaud, S.M., L.V. Thinh, G. Lambrinidis, and D.L. Parry. 2002.
Effect of temperature on growth, chemical composition and
fatty acid composition of tropical Australian microalgae
grown in batch cultures. Aquaculture 211: 195-214.

Rijssel, M.V. and W.W.C. Gieskes. 2002. Temperature, light,
and the dimethylsulfoniopropionate (DMSP) content of
Emiliania huxleyi (Prymnesiophyceae). J. Sea Res. 48: 17-
27.

Rodriguez-Meizoso, 1. L. Jaime, S. Santoyo, F.J. Sefiorans,
A. Cifuentes, and E. Ibafiez. 2010. Subcritical water
extraction and characterization of bioactive compounds
from Haematococcus pluvialis micoalga. J. Pharm. Biomed.
Anal. 51: 456-463.

Russo, R.C. and R.V. Thurston. 1991. Toxicity of ammonia, ni-
trite and nitrate to fishes. /n D.E. Brune and J.R. Tomasso
(eds.), Aquaculture and Water Quality, The World Aquacul-
ture Society, Baton Rouge, LA, USA, pp. 58-89.

Sayegh, F.A.Q. and D.J.S. Montagnes. 2011. Temperature shifts
induce intraspecific variation in microalgal production and
biochemical composition. Bioresour. Technol. 102: 3007-
3013.

Stewart, W.D.P. 1980. Transport and utilization of nitrogen by
algae. In J.W. Payne (ed.), Microorganisms and nitrogen
sources. Wiley and Sons Ltd., New York, N.Y., pp. 577-606.

Su, H.M., M.S. Su, and 1.C. Liao. 1997. Collection and culture
of live foods for aquaculture in Taiwan. Hydrobiology 358:
37-40.

Su, WM. 1999. The Culture and Utilization of Live Prey. Tung-
kang Biotechnology Research Center, Pingtung, Taiwan. (in
Chinese).

Syrett, P.J. 1981. Nitrogen metabolism of microalgae. Can. Bull.
Fish. Aquat. Sci. 210: 182-210.

Tam, N.EF.Y. and Y.S. Wong. 1996. Effect of ammonia concentra-
tions on growth of Chlorella vulgaris and nitrogen removal
from media. Bioresour. Technol. 57: 45-50.

Tenore, K.R. 1976. Food chain dynamics of abalone in a poly-
culture system. Aquaculture 8: 23-27.

Thompson, P.A., M. Guo, and P.J. Harrison. 1992a. Effects of
variation in temperature: I. On the biochemical composition

Botanical Studies, Vol. 53, 2012

of eight species of marine phytoplankton. J. Phycol. 28:
481-488.

Thompson, P.A., M. Guo, P.J. Harrison, and J.N.C. Whyte.
1992b. Effects of variation in temperature. II. On the fatty
acid composition of eight species of marine phytoplankton.
J. Phycol. 28: 488-497.

Tomaselli, L., L. Giovannetti, A. Sacchi, and F. Bochi. 1988.
Effects of temperature on growth and biochemical
composition in Spirulina platensis strain M2. In T. Stadler,
J. Mellion, M.C. Verdus, Y. Karamanos, H. Morvan and D.
Christiaen (eds.), Algal Biotechnology. Elsevier Applied
Science, London, pp. 303-314.

Tseng, K.F., J.H. Chiou, C.Z. Shyu, S.C. Chou, and I.C. Liao.
1996. Effects of pH alue and hydraulic retention time on
ammonia removal efficiency of a submerged biofilter in a
recirculating eel culture system. J. Fish. Soc. Taiwan 23:
267-278.

Tseng, K.F., J.S. Huang, and I.C. Liao. 1991. Species control
of microalgae in an aquaculture pond. Wat. Res. 25: 1431-
1437.

Tseng, K.F., W.M. Su, Z.H. Wu, and P.Y. Tsai. 2006. Production
of safe and healthy white shrimp-(1) Development of
a nursery system for shrimp Litopenaeus vannamei.
Symposium of Healthy Industry in South Taiwan, Pingtung,
Taiwan.

Valenzuela-Espinoza, E., R. Millan-Nufiez, and F. Nuifiez-
Cebrero. 1999. Biomass production and nutrient uptake by
Isochrysis aff. galbana (Clone T-ISO) cultured with a low
cost alternative to the f/2 medium. Aquacult. Engin. 20:
123-147.

Voltolina, D., H. Gémez-Villa, and G. Correa. 2005. Nitrogen re-
moval and recycling by Scenedesmus obliquus in semicon-
tinuous cultures using artificial wastewater and a simulated
light and temperature cycle. Bioresour. Technol. 96: 359-
362.

Walne, P.R. 1974. Culture of Bivalve Molluscs. 50 Years’ Expe-
rience at Conwy, Fishing News (Books), Surrey, UK, pp.
173.

Wikfors, G.H., G.W. Patterson, P. Ghosh, R.A. Lewin, B.C.
Smith, and J.H. Alix. 1996. Growth of post-set oysters,
Crassostrea virginica, on high-lipid strains of algal flagel-
lates Tetraselmis spp. Aquaculture 143: 411-419.



CHEN et al. — Growth and ammonia uptake by microalgae 133

FH R R PO R AR

R HRX BERY Frid
G R A AR RN A A YT ER

EE5RE (Nannochloropsis oculata ) ~ U E 3y (Isochrysis aff. galbana ) ~ éf SNEIE Wy (Chaetoceros
muelleri) 71 r[J,'—V’J% (Tetraselmis chui) T+ = :\EISJFFE%H”‘ JY— NpYAE SR °}{‘—’]’D“'3E§ r%?*ﬁiﬁ%
ERNIR L AR, ﬂﬁ“ffwﬁ} P g el [0y ST 5E 2 (TAN) [osef « T 25°C
[ = [ Elﬁwgui 73 HIIES 10.3 ~40.4 ~ 39.7 F1369 pg = (M FY il 75 = 1678 55 {5 26 ~ 28 ~ 33 A1
25°C ° it 25°C [ » PPV SO E B U B o DR REER IR S 4 3 BT VIEE TR 30 - 30
35~ F120~30°C » P47 il et~ PR an S8 e s rogfl R O RS 25 ~ 25 ~ 20~30 A{125°C » i BT E RS
FOTE LT fﬁj'{ﬂﬁg?ﬁg PRI BRSPS .ip%%srr%ﬁgﬁii@ﬁ Y e iy = frlj,'{b Jﬁg 1 25°C Uiz 2 g
S AR o R R R R DT TR R 5 LR Y -

RABEER © &= MR ARER ) BHER -





