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Abstract This study investigated the optimal N and P re-
quirements for the growth of Isochrysis galbana under
phototrophic and mixotrophic conditions. Algae were cul-
tured in the {/2 basal medium modified with N and P concen-
trations. In the phototrophic condition, three N forms: sodium
nitrate, ammonium sulphate and urea were tested at six N
levels (0, 12.5, 25, 50, 100 and 200 mg N L") and P was
tested at five levels (0, 1.3,2.6, 5.2 and 10.4 mg P Lfl). In the
mixotrophic condition, the N or P modified f/2 basal medium
was supplemented with 50 mM glycerol as the source of
organic carbon. Growth was significantly influenced by the
trophic conditions and N sources. The optimal N was 12.5—
200 mg NO5-N L', 12.5-25 mg NH3-N L ™! or 12.5-50 mg
urea-N L', The optimal P was 1.3-5.2 mg PO4-P L' for
growth. In all treatments, the algal production in mixotrophy
was over twofold higher than that in phototrophy. The maxi-
mal algal dry weight (235.7 mg L") and nutrient to algal
biomass conversion efficiency (21.7 mg mg ') were obtained
in the cultures with urea as the N source under mixotrophy.
The requirements of N and P were not different in phototrophy
and mixotrophy, but dry weight production and nutrient con-
version efficiency in mixotrophy were greater than in
phototrophy, indicating that mixotrophic culture is more ef-
fective in the production of 1. galbana.
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Introduction

Most marine microalgae are photosynthetic organisms that are
the essential food for marine grazers including mollusc, crus-
tacean larvae and zooplankton due to the proper nutritional
value and digestibility of microalgae (Gladue and Maxey
1994). With the increasing demand of seafood from aquacul-
ture, hatcheries require a large quantity of live algae to feed
marine larvae in their early developmental stage (Borowitzka
1997). To a certain extent, live microalgae are indispensable as
a diet for major aquatic animals in aquaculture as alternative
feed to live algae usually gives poor growth and survival for
marine larvae (Hemaiswarya et al. 2011). Thus, the supply of
adequate microalgae with high nutrition quality is a challenge
for a marine hatchery (Azma et al. 2011). Currently, the
cultivation of microalgae in a phototrophic system is the
dominant protocol to supply live algae in aquaculture, but
algal productivity in such a system is low due to self-
shading and light limitation (Wang et al. 2014). A high algal
growth rate and high cell density can be achieved by the
manipulation of algal growing conditions (Li et al. 2014).
Under a heterotrophic or mixotrophic conditions, organic
carbon substrates such as sugar and alcohol play an important
role to supply energy and carbon for algal growth (Chen and
Chen 2006). Heterotrophic and mixotrophic growth have
been reported as a useful approach to boost production for
some microalgae species with no light or low light supply
(Andrade and Costa 2007; Andruleviciute et al. 2013;
Cheirsilp and Torpee 2012). Consequently, the addition
of organic carbon to the culture medium has been used
to increase algal production and improve algal nutrition as
live food for marine larvae. For example, in the culture of
Nannochloropsis sp., the addition of glycerol to the media
can increase dry weight production by 40 % and the lipid
content by 30 % compared with the solely phototrophic
culture (Das et al. 2011).
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Besides carbon and light supply, microalgae also require other
nutrients for growth and cell division. Nitrogen and phosphorus
are the two fundamental elements required in algal culture media.
Microalgae can utilize nitrogen in different forms such as nitrate,
ammonium and urea, and the preferred nitrogen source is alga
species specific (Perez-Garcia et al. 2011). While most
microalgae prefer nitrate and urea, ammonium is considered an
inconvenient source of nitrogen since the assimilation of ammo-
nium causes pH to drop and the acidic condition may lead to the
decline of algal growth (Kim et al. 2013a; Wen and Chen 2001;
Yongmanitchai and Ward 1991). The effect of nitrogen source on
the uptake rate depends on culture conditions. For instance, the
growth rate of Phaeodactylum tricornutum was lower in ammo-
nium than in nitrate or urea in a phototrophic condition
(Yongmanitchai and Ward 1991). However, Cer6on Garcia et al.
(2000) found that the maximal growth of P. tricornutum occurred
in ammonium chloride when the culture medium was supple-
mented with organic carbon as glycerol. In contrast, Combres
et al. (1994) found that the uptake rate of ammonium by
Scenedesmus obliquus was lower in a mixotrophic condition
than in a phototrophic condition. Moreover, the requirement of
phosphorus differs between trophic conditions. For instance,
Chlorella pyrenoidosa require less phosphate in the presence of
glucose than without glucose (Qu et al. 2008). Therefore, there is
a need to further explore the difference of nutrient requirements
in algae between phototrophic and mixotrophic conditions.

The golden brown flagellate Isochrysis galbana is a common
species used as a live food in aquaculture because of its rapid
growth in mass culture (Liu et al. 2013). This species is preferred
by most marine larvae due to cell size, nutrient content and
digestibility (Wikfors and Patterson 1994). In addition, its prox-
imate composition contains a high level of polyunsaturated fatty
acids, particularly docosahexaenoic acid (DHA) (Liu et al. 2013).
This species is able to grow mixotrophically with high growth
rate and biomass production (Alkhamis and Qin 2013). The
requirements of nitrogen and phosphorus for the growth of
1 galbana have been studied only under phototrophic conditions
(Fidalgo et al. 1998; Liu et al. 2013). However, the requirements
of nitrogen and phosphorus by . galbana under a mixotrophic
condition are unknown. This study aimed to compare the re-
sponses of I galbana to different nutrient sources, nitrogen
concentrations and phosphorus concentrations in phototrophic
and mixotrophic conditions. The optimization of nutrient require-
ments of 1. galbana in mixotrophic conditions will contribute to
the improvement of algal growth efficiency and the mass pro-
duction of this commonly used species in aquaculture and other
industrial uses.

Materials and methods

The marine microalga 1. galbana (CS-22) was obtained from
the Australian National Algae Culture Collection (Hobart,
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Tasmania). Algal cultures were carried out in natural seawater
(35%o) enriched with the basal f/2 nutrients (Guillard and
Ryther 1962) with variations of N and P concentrations.
Prior to the experiment, the culture media were autoclaved at
121 °C for 15 min. Glycerol as a source of organic carbon was
sterilized in an autoclave at 115 °C for 10 min and was only
supplemented to the mixotrophic cultures. All cultures were
carried out in 250 mL sterilized flasks containing 100 mL
medium and 10 % (v/v) algal inoculum. The flasks were
placed on an orbital shaker at 100 rpm at 24 °C under a daily
illumination of 12 h light at 50 pmol photons m 2 s~' mea-
sured at the surface of the media using a Light ProbeMeter
(Extech Instruments Corp, USA). Illumination was provided
with white cool fluorescent lamps.

Experimental design

Three nitrogen sources: nitrate as NaNO3;, ammonium as
(NH4),SO, and urea (CH4N,O) at six concentrations 0,12.5,
25,50, 100 and 200 mg N L™" were tested in the phototrophic
condition with three replicates. Except for nitrogen, other
nutrients were added as the same as in the /2 medium. The
environmental and nutrient conditions for the mixotrophic
algal culture were identical to the phototrophic conditions
except that 50 mM glycerol was supplemented to each treat-
ment as organic carbon. The dissolved organic carbon in the
original seawater was not measured, but the zero glycerol
addition in the phototrophic medium was used as the control
to the mixotrophic medium added with 50 mM glycerol. All
experiments with different nitrogen sources lasted 10 days
when the stationary phase of growth was reached.

Based on the results of the nitrogen experiments, urea was
identified as the optimal source of nitrogen, and 12.5 mg urea-
N L" was the optimal level of nitrogen for 1. galbana growth
in the trial for testing phosphorus requirement. Five levels of P
as sodium di-hydrogen orthophosphate (NaH,PO,) at 0, 1.3,
2.6,5.2 and 10.4 mg P L' were used in the media contained
12.5 mg urea-N L™". In the mixotrophic condition, 50 mM
glycerol was supplemented to each P treatment as the source
of organic carbon. Three replicates were used in both
phototrophic and mixotrophic cultures, and each experiment
lasted 10 days when the stationary phase of algal growth was
reached.

Determination of algal growth

Algal cell density was quantified by taking 2 mL sample from
each flask every 2 days during the experimental period. The
absorbance was measured at 680 nm. The regression between
algal cell densities and optical densities was assessed by
measuring the optical density of a series of diluted algal
samples with known cell densities counted on a microscope
with a haemocytometer. The optical densities (OD) at 680 nm
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were plotted versus known cell densities to determine the
linear relation (Fig. 1). The algal cell density (Y) was calcu-
lated according to the linear Eq. (1) with the optical density (x)
at 680 nm.

Y = 0.1163x-0.0025, (R* = 0.98,P < 0.05) (1)

Algal production was determined by measuring the total
dry weight as the algal production at the end of each experi-
ment. A volume of 100 mL culture was centrifuged at 5000x g
for 10 min, and the algal pellets were washed with distilled
water and dried in an oven at 65 °C until the constant weight.
The algal weight was measured to the nearest 0.001 mg. The
nutrient conversion efficiency (Yy;y) was calculated using the
amount of biomass production and nutrient reduction (Eq. 2)
(Doran 1995).

Yy = (dx/dt)/(ds/dt) (2)

where dx is the change of biomass and ds is the change of
nutrient concentration in the substrate concentrations during
time .

Determining nutrient concentrations

The utilization rate of each nutrient was determined from the
samples which were cultured in the phototrophic and
mixotrophic conditions. The initial nutrient concentrations
were the optimal N 12.5 mg N L™" and optimal P concentra-
tion (2.6 mg P L") determined from the previous trials. A
sufficient volume of the culture media was taken every 2 days
to measure residuals of N and P, and the samples were filtered
through GF/C filters and kept in a —20 °C freezer until
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Fig. 1 The standard curve of linear regression between algal cell
densities and optical densities at 680 nm

analysis. The residual of N as nitrate and ammonia and P as
phosphate was measured photometrically using nutrient test
kits (Aquaspex Water testing products, Blackwood, SA,
Australia). The residuals of urea were analyzed by the decom-
position of total nitrogen in the sample into nitrogen monox-
ide, then the total nitrogen concentration was detected using a
Shimadzu Total Organic Carbon and Total Nitrogen Analyzer
(TOC-VCSH/CSN+TNM-1, Shimadzu, Japan) by a chemi-
luminescence gas analysis.

Statistical analysis

The experimental design to test the effect of nitrogen on algal
growth included three factors (nitrogen sources, concentra-
tions and trophic conditions). Significant differences between
means of each variable were tested by three-way ANOVA. To
detect the treatment effects, this test was followed by
MANOVA unless the interaction effects were found signifi-
cant (P<0.05). In the phosphorus trial, the differences be-
tween the means of the algal density, algal production and
nutrient conversion efficiency were tested by two-way
ANOVA with P concentration and trophic conditions as two
fixed factors. Multiple comparisons were tested by Tukey post
hoc analysis when the main treatment effect was significant at
P<0.05. Data were analyzed using SPSS (version 18).

Results
Effect of nitrogen sources and nitrogen concentrations

The growth of I galbana was tested in six N concentrations
(0, 12.5, 25, 50, 100 and 200 mg N L_l) of each nitrate,
ammonium and urea under both phototrophic and
mixotrophic conditions. Each of the three treatment factors
nitrogen sources, nitrogen concentration and trophic condi-
tions had significant (P<0.05) impact on the cell density of
L. galbana (Table 1). The interaction effect between these
factors was also significantly different (P<0.05). The effect
of N concentration and trophic conditions on algal growth
with N source is presented in Fig. 2. As algal growth was not
detectable in the phototrophic or mixotrophic treatments with-
out N, these growth rates were removed from the analysis. The
effect of N concentrations on growth was not significantly
different between trophic conditions when nitrate was the N
source (P>0.05). The alga was able to grow in a wide range of
nitrate concentrations, but there were no increases in cell
densities in both mixotrophic and phototrophic cultures at
nitrate concentrations of 12.5 to 200 mg NO;-N L', The
impact of N concentration on cell density in the phototrophic
and mixotrophic conditions was significant when N was sup-
plied as ammonium or urea (P<0.05). The algal cell density in
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Table 1 Summary of the ANOVA table for testing the effect of
nitrogen concentration, nitrogen source and trophic conditions on algal
growth

Source SS DF  MS F P

Concentrations (C) 55.36 4 13.84 861.65 0.01
Sources (S) 5070 2 25.35 1578.05  0.01
Trophic conditions (7)  76.42 1 7642  4757.86  0.01
CxS 4590 8 5.74 35724  0.01
CxT 513 4 1.28 79.85  0.01
SxT 250 2 1.25 7752 0.01
CxSxT 7.81 8 0.98 60.78  0.01

mixotrophy was enhanced when the N concentration was 12.5
to 25 mg NH,-N L™ (P<0.05, Fig. 2) compared with
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Fig. 2 The effect of nitrogen concentrations and sources (nitrate,
ammonium and urea) on the final algal cell densities under phototrophic
(white circle) and mixotrophic (black circle) conditions (data shown as
mean+SE, n=3)
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phototrophy, though algal densities were not significantly
different between the N concentrations of 12.5 and 25 mg
NH4-N L' (P>0.05). When ammonium was increased to
50 mg NH,-N L', algal densities sharply decreased and algal
growth was much inhibited when the N concentration was
>100 mg NH,-N L™ in both photo and mixotrophic condi-
tions. Algal cell density in mixotrophy was higher than that in
phototrophy when urea was the N source (P<0.05). However,
the effect of urea concentration on cell density was not signif-
icant at N concentrations between 12.5 and 50 mg urea-N L™
in both trophic conditions (P>0.05). Cell density significantly
decreased when the urea concentration increased from 100 to
200 mg urea-N L' (P<0.05). Among all N treatments, the
maximal algal density occurred when nitrogen was in the
range of 12.5-50 mg urea-N L™ in both phototrophic and
mixotrophic conditions.

Effect of phosphorus concentrations

The final cell densities at the end of the trial were significantly
affected by phosphorus concentrations and trophic conditions
(P<0.05, Fig. 3). However, P concentrations did not signifi-
cantly affect growth in phototrophic cultures. The final algal
densities in the culture of 0-5.2 mg P L' were not signifi-
cantly different in the phototrophic condition (P>0.05).
However, P enrichments increased algal density in the
mixotrophic culture compared with the control (P<0.05),
but there were no significant differences in density when
phosphorus was >1.3 mg P L™! (P>0.05). The maximum cell
density reached 5.8 x 10° cells mL ™" in the mixotrophic culture
with P addition, while the minimum cell density was 3.8x 10°
cells mL ™" in cultures without P addition. Despite the same P
additions in both trophic conditions, the final cell densities in
mixotrophic conditions were significantly greater than those
in phototrophic conditions (P<0.05).

Algal production and nutrient conversion efficiency

Algal production and nutrient conversion efficiency are pre-
sented in Fig. 4. These parameters were significantly affected
(P<0.05) by N sources and trophic conditions. Among the
three N sources, the algal production in the culture with urea
was significantly higher than that with ammonium or nitrate as
the N source. In addition, production was promoted in the
mixotrophic condition, and the maximum algal dry weight in
mixotrophy (235.7 mg L") was two times higher than that in
phototrophy (115.3 mg L™"). The values of nutrient conver-
sion efficiency to algal biomass based between N sources
were significantly different (P<0.05) in both trophic condi-
tions. The nutrient to biomass conversion efficiency (Fig. 4) in
mixotrophy with urea and ammonium was 21.7 and
18.8 mg mg ', respectively, which was significantly higher
than that with nitrate (P<0.05). While in phototrophy, the
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Fig. 3 The effect of phosphorus concentrations (0, 1.3, 2.6, 5.2 and
10.4 mg L") on algal cell density in phototrophic and mixotrophic
conditions (data shown as mean+SE, n=3)

nutrient conversion efficiency in the urea treatment was
14.85 mg mg ', which was significantly higher than that in
the nitrate (11.97 mg mg ') or ammonium (9.92 mg mg ')
treatments (P<0.05).

Nutrient depletion

The reduction of nitrate, ammonium and urea concentration in
the culture media over time is shown in Fig. 5. The reduction
rates of the three nitrogen sources in the mixotrophic condi-
tion were faster than that in the phototrophic condition. At the
end of trial, 56 % nitrate, 58 % ammonium and 62 % urea
were removed from the substrates in phototrophic culture, but
93 % nitrate, 90 % ammonium and 87 % urea were depleted
from the substrates in the mixotrophic culture. Phosphorus
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Nutrient conversion efficiency

Nitrate Ammonium Urea
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Fig. 4 Algal production and nutrient conversion efficiency to algal
biomass in different nitrogen sources under phototrophic (white bar)
and mixotrophic (dark bar) conditions (data shown as mean+SE, n=3)

depletion rate was also higher in the mixotrophic condition
than that in the phototrophic condition.

Discussion

This study compared the N and P requirements of I. galbana
in phototrophic and mixotrophic conditions with three N
sources over a broad range of N concentrations. Algal cell
abundance in all mixotrophic cultures was higher than in the
phototrophic cultures regardless of N source. Although the
dissolved organic matter was not measured in the original
seawater, the significantly higher algal abundance in the
mixotrophic medium compared with that in the phototrophic
medium without organic carbon addition suggests that the
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Fig. 5 Reduction of nitrate, ammonium, urea and phosphorus in
phototrophic (white circle) and mixotrophic (black circle) conditions
(data shown as mean+SE, n=3)

added organic carbon has enhanced algal growth. Similarly,
enhanced growth in mixotrophic culture compared to
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phototrophic culture has been reported in other marine species
such as Nannochloropsis sp. (Xu et al. 2004), P. tricornutum
(Cerdn Garcta et al. 2006), Dunaliella salina (Wan et al. 2011)
and freshwater species such as Chlorella vulgaris (Heredia-
Arroyo etal. 2011) and Scenedesmus sp. (Andruleviciute et al.
2013). The fast growth in mixotrophy is possibly due to the
supply of both light and organic carbon as energy sources
(Wang et al. 2014).

Soluble nitrogen is an essential nutrient for the growth of
1. galbana as well as for other phytoplankton species
(Grobbelaar 2004). In this study, the growth of 1. galbana
depended on N concentrations, but the algae were able to
utilize nitrate, ammonium and urea as the sole of nitrogen
source to support growth in both phototrophic and
mixotrophic conditions. The effects of these nitrogen com-
pounds were also studied on the phototrophic growth of
1. galbana in phototrophic conditions (Feng et al. 2011; Liu
et al. 2013) and on the heterotrophic growth of Nitzschia
laevis and Tetraselmis suecica where organic carbon was
supplied in the substrate (Azma et al. 2011; Cao et al. 2008).
In these studies, nitrate and urea were identified as the most
appropriate nitrogen sources for algal growth, but ammonium
was least effective. Urea as a source of organic N plays a dual
role in algal nutrition as it is metabolized into ammonia and
carbon dioxide through hydrolysis. In the present study, the
impacts of these three N sources on growth were comparable
between phototrophic and mixotrophic conditions, but growth
was N concentration dependent, except for the nitrate nitro-
gen. Similarly, comparable growth rates were also found in
Cyclotella cryptica in heterotrophic culture when different N
sources were used (Pahl et al. 2012).

In this study, although the growth of I. galbana in the
mixotrophic cultures was faster than that in the phototrophic
cultures, the cell densities were not different between nitrate
concentrations from 12.5 to 200 mg N L' in both trophic
conditions. Nitrate can stimulate the growth of Chlorella
protothecoides and N. laevis at a broad range of concentra-
tions from 14 to 560 mg NO3-N L' (Shi et al. 2000; Wen and
Chen 2001). Liu et al. (2013) found that the cell density of
1 galbana was enhanced when the culture medium was
enriched with nitrate from 6.5 to 200 mg N L ~'. However,
we found that the impact of the trophic condition on growth
depended on nitrogen concentrations. The growth of
1 galbana was enhanced more in the mixotrophic condition
than in the phototrophic condition when the N concentration
was <50 mg N-NH, or <100 mg N-urea L', However, the
advantage of fast growth disappeared in the mixotrophic
condition when the ammonium and urea concentrations
exceeded these threshold values. This phenomenon was pre-
viously observed in the heterotrophic growth of C. cryptica
when the ammonium or urea concentrations were 25-300 mg
N L', but the growth advantage in heterotrophic conditions
disappeared when the N concentration exceeded 25 mg NHy-
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N or 150 mg urea-N L' (Pahl et al. 2012). The negative
impact of ammonia on cell density at high concentrations is
possibly due to its toxic effect on growth (Kéllqvist and
Svenson 2003).

The growth of 1. galbana was affected by phosphorus, but
the impact of P concentration was much less than nitrogen. In
this study, I. galbana could grow phototrophically and
mixotrophically in medium without P addition. The algal
abundance was not significantly affected by P concentrations
from 0 to 10.4 mg P L ™" in phototrophy. The P requirement in
microalgae is species dependent in phototrophic culture. For
instance, Yongmanitchai and Ward (1991) and Kim et al.
(2012) found that P. tricornutum and D. salina showed the
same growth pattern at P concentrations of 8.9-88.9 and 0.77—
12.40 mg P L™, respectively. In addition, we found that the P
concentration in the range of 1.3-10.4 mg P L' had little
effect on mixotrophic growth of I galbana. Interestingly,
when phosphate was not added to the mixotrophic culture
medium, the cell density was significantly lower than that in
the cultures with P additions. However, this P-dependent
growth did not happen in the phototrophic culture.
According to Martinez et al. (1997), S. obliquus could grow
in a P-free medium depending on the internal reserve P
content such as polyphosphate. In our study, it is likely that
algae depleted P reserves faster in mixotrophy than in
phototrophy, and the cell density significantly declined in
the mixotrophic culture without P addition.

Although the optimal N and P concentrations for the
growth of . galbana were not different between phototrophic
and mixotrophic conditions, algae in the mixotrophic culture
utilized nutrient faster than in the phototrophic culture. The
depletion rates of N and P in mixotrophy were two times faster
than in phototrophy, which is similar to the growth of
Chlorella sorokiniana where nutrients are depleted two times
faster in mixotrophy than in phototrophy (Kim et al. 2013b).
Moreover, we found that the nutrient conversion efficiency to
biomass production was higher in mixotrophy than in
phototrophy. In other studies, the conversion efficiency of
nutrients in the substrate into the biomass of N. laevis and
Spirulina sp. was also increased when algae were cultured
mixotrophically (Chojnacka and Zielinska 2012; Wen and
Chen 2000). In this study, the maximal value of nutrient
conversion efficiency and biomass production were achieved
when the alga was cultured mixotrophically with urea as the N
source. Urea is a source of organic nitrogen and supports fast
growth either in phototrophic and mixotrophic conditions
(Perez-Garcia et al. 2011). Feng et al. (2011) demonstrated
that urea is a superior N source to produce maximal cell
density and dry weight of Isochrysis zhangjiangensis.
Although the required nitrogen concentration for algal growth
was not different between trophic conditions in the present
study, the change of N source and trophic conditions could
improve growth suggesting that the mixotrophic mode is a

feasible process to grow I. galbana with urea as the recom-
mended N source.

In conclusion, the optimal N and P requirements for the
growth of I galbana was studied under phototrophic and
mixotrophic conditions. Growth was enhanced in mixotrophy
compared with that in phototrophy, but the growth advantage
disappeared when the N concentrations exceeded 50 mg NHy-
N or 100 mgurea-N L', The P requirements for the growth of
I. galbana were similar between phototrophic and
mixotrophic conditions. Algal production and the efficiency
of nutrient conversion to biomass were enhanced when the
algae were cultivated mixotrophically. This study shows that
the algae grow faster mixotrophically than phototrophically,
while the requirements for N and P concentrations are similar
between the two trophic conditions. Urea is recommended as
the N source for /. galbana at 12.5-50 mg urea-N L ™"
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