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Abstract: The choice of nitrogen source in a cultivation medium can specifically affect the physiology and biochemistry
of microalgae. To increase the production of low-cost valuable biomass, the preferred nitrogen form for each alga should
be determined. The aim of our study was to analyze the effects of different nitrogen sources and cultivation times on the
growth, biochemical composition and the activities of glutamine synthetase, glutamate synthase, glutamate dehydrogenase,
malate dehydrogenase, aspartate aminotransferase and proteases of Chlorella vulgaris R-06/2. Media supplemented with
urea or ammonium nitrate provided similarly (p>0.05) high growth rates for a short cultivation time (4 days). The two
nitrogen compounds applied simultaneously ensured better biomass yield but for prolonged cultivation. In the exponential
growth phase, ammonium nitrate stimulated (p<0.05) protein production, whereas urea enhanced (p<0.05) the carbohydrate
content in older cultures as compared to the other nitrogen sources. The activity of each of the studied metabolic enzymes
of C. vulgaris R-06/2 varied specifically depending on the nitrogen source and the growth phase, ensuring the maintenance
of efficient, balanced metabolism under all cultivation conditions. When using large-scale cultivation to produce biomass
for various useful applications, the selection of nitrogen source should be based on algal metabolism.
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INTRODUCTION growth, since it is required for the synthesis of amino
acids, proteins, nucleic acids, pigments, coenzymes.
Most algae can synthesize all cellular organic nitrog-
enous compounds from inorganic N sources such as
nitrate, nitrite and ammonium. Some species may also
use certain organic N compounds, including urea [5],

as well as combinations of different N sources. To be

The use of microalgae dates back thousands of years.
In recent decades they have been rediscovered as an
excellent source of a vast range of valuable compounds
due to the strong demand for natural, safe, eco-friendly
and renewable products. The cultivation of microalgae is
a promising process for obtaining their proteins, which
contain all essential amino acids, carbohydrates, lipids
(especially essential fatty acids), pigments, vitamins,

able to utilize different N sources, microalgae have
developed a variety of N assimilation pathways which

etc., that have different potential applications in animal
or human nutrition, nutraceuticals, pharmaceuticals
and cosmetics [1,2]. To produce large quantities of
low-cost biomass through autotrophic cultivation of
microalgae, it is important to achieve efficient usage of
light [3] and nutrients [4]. Nitrogen (N) is considered
one of the most critical macronutrients for cellular
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involve the action of a number of complex enzymes [6].
All N sources taken up from the medium by the use of
active membrane transporters have to be converted to
ammonium inside the algal cells, as ammonium is the
basic unit of N for amino acid synthesis. In a medium
with mixed N sources, ammonium is preferentially
utilized over nitrate or urea [7], mainly because of the
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lower energetic costs for its uptake and assimilation.
In addition, ammonium both inhibits and represses
the transport and assimilation of nitrate [8] and, in
some green algae, of urea [7,9]. Thus, ammonium ap-
pears to be the most favorable N form for the growth
of algae. The variety of regulatory mechanisms for N
assimilation depends on the species/strain; however,
the N status of the cells and some environmental
conditions allow specific preference of each alga to a
particular N source. In addition to growth, the source
of N in the nutrient medium can also specifically in-
fluence the biochemical composition of algae [10,11].
Therefore, to increase the production of biomass and
its valuable components for practical applications, it
is important to select the most suitable N source for
each biotechnologically promising strain.

Chlorella is a widely commercialized eukaryotic
green alga used as a health food and animal feed in
aquaculture, as well as in nutraceutical and pharma-
ceutical industries. In addition, Chlorella is one of
the microalgal genera widely used for greenhouse gas
biomitigation and wastewater bioremediation [12].
Although Chlorella species are among the best studied
algae, the response of their N-metabolizing enzymes
to changes in the N source in the nutrient medium is
well characterized only when ammonium is replaced
by nitrate [13-16 and references therein].

Chlorella R-06/2, isolated from a geothermal spring
(42°C) in the region of Rupite village (SW Bulgaria)
and classified as Chlorella vulgaris Beijerinck 1890
(Chlorophyta) [17], was recently characterized in
terms of its responses to environmental stressors [18],
as well as the biological activities of its cellular com-
ponents [19,20]. In this study we examined the effects
of different sources of N, urea, ammonium nitrate,
and a combination of both, on the physiology and
metabolism of C. vulgaris R-06/2 during its growth.
For this purpose, the growth rate, biomass production
and biochemical composition as well as the isoenzyme
patterns and activities of some enzymes that link N and
carbon (C) metabolism were analyzed and compared.
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MATERIALS AND METHODS

Algal strain and cultivation conditions

C. vulgaris strain R-06/2, deposited in the collection
of the Laboratory of Experimental Algology, Institute
of Plant Physiology and Genetics, BAS, Sofia, Bul-
garia, was used in this study. Non-axenic, monoalgal
cultures were grown in a modified mineral nutrient
medium composed of NH,NO, (0.4 g L"), CO(NH,),
(0.3 g L"), MgSO,.7H,0 (0.494 g L), KH,PO, (0.17
g L"), NaHCO, (2.0 g L") and trace elements [21,22],
conditionally referred to as “standard medium”. To
study the responses of the strain to different N sources,
ammonium nitrate plus urea in the standard medium
was substituted by only ammonium nitrate or only
urea separately with equal final concentrations of N
(20 mM). An initial culture density of 0.8 g L dry
weight (DW) was used for all treatments. Experi-
ments were carried out at 30+1.0°C and continuous
lateral illumination with cool-white fluorescent lamps
at a photon flux density of 132 umol photons m?s™
measured at the surface of 200 mL flasks. A source of
C was provided by bubbling sterile 2% CO, (v/v) in air
through the cultures. All experimental cultures were
harvested after 96 h (during the exponential growth
phase, as determined in preliminary experiments).
Ammonium nitrate and urea cultures were harvested
after 192 h and the ammonium nitrate plus urea culture
after 480 h (at the early stationary phase). Cells were
collected by centrifugation (5000 x g, 20 min), rinsed
three times with distilled water, frozen, and stored at
-70°C until further analysis.

Determination of biomass dry weight and specific
growth rate

The growth of C. vulgaris R-06/2 was evaluated by the
increment in algal biomass DW. The DW (g L) was
determined gravimetrically. Algal suspensions (3 x 5
mL each) were filtered through Whatman GF/C glass
filters (Whatman International Ltd, Maidstone, UK),
rinsed with tap water to eliminate salts and oven-dried
at 105°C to a constant weight.

The specific growth rate was calculated using the
following formula: u=In(m,/m )/t ~t, [23], where m |
and m,, represent the DW at the start of the experiment
(t,) (t,=0) and on the 2™ or 4™ days of cultivation (t,).
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Biochemical composition analysis

Frozen fresh biomass was used for all biochemical
analyses. Total protein content was measured as de-
scribed [24], with bovine serum albumin (BSA) as
standard. Total carbohydrates were quantified as glucose
equivalents by the phenol-sulfuric acid method [25].
For determining the lipid content, the collected algal
samples were repeatedly extracted with hot ethanol
under reflux until the extract became colorless, and
then re-extracted with chloroform. The extract was
released from the chloroform at 40-45°C on a rotary
vacuum evaporator and the amount of lipid was de-
termined gravimetrically [26].

Preparation of cell extracts, polyacrylamide gel
electrophoresis (PAGE) and in-gel enzyme activity
staining

Cells, collected from 50 mL of each culture by cen-
trifugation (5000 x g, 20 min), were resuspended in
15 mL of 60 mM Tris base with 0.1 mM EDTA (TE)
buffer (pH 7) and mechanically homogenized at 4°C,
using the vibration homogenizer VHGI1 (Germany).
The cell homogenate was centrifuged at 13000 x g for
15 min. The concentration of soluble proteins in the
supernatant was determined by the method of Bradford
[27], with BSA as a standard. Equal amounts (9 pg) of
protein from cells grown under different conditions
were subjected to discontinuous PAGE as described
[28], but under non-denaturing, non-reducing condi-
tions (in the absence of sodium dodecyl sulfate (SDS)
and B-mercaptoethanol (BME). Electrophoretic sepa-
ration was performed on 10% polyacrylamide gels at
a constant current of 35 mA per gel for 3-4 h. Upon
completion of the electrophoresis, separate gels were
stained for the activities of glutamine synthetase (GS, EC
6.3.1.2) [29], glutamate synthase (NADH-GOGAT, EC
1.4.1.14) [30], glutamate dehydrogenase (NAD-GDH,
EC 1.4.1.2) [31], malate dehydrogenase (NAD-MDH,
EC 1.1.1.37) [32] and aspartate aminotransferase
(AAT, EC 2.6.1.1) [33]. Substrate gel electrophoresis
and detection of protease activities were performed
as described [34]. Non-heated, non-reduced samples
(9 ug protein each) were separated on gels, prepared
by copolymerization of 10% acrylamide/0.1% gelatin
(wA7) in the presence of 2% SDS. Electrophoresis was
30 min at 100 V, followed by 75 min at 150 V. After
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electrophoresis, the proteins were renatured in 2.5%
(vA7) Triton X-100 for 15 min, two times prior to in-
cubation, overnight in 50 mM Tris-HCI, pH 8, 10 mM
CaCl, at 37°C. The gels were stained with 0.1% (WA)
Coomassie Brilliant Blue G250 in 30% ethanol and
10% (v4) acetic acid. The reagents used for enzyme
activity staining were purchased from Sigma (Sigma
Inc., St. Louis, MO, USA).

Gel patterns were photographed immediately
after staining using the UVItec gel documentation
system (Cambridge, UK). Image analysis of the gels
was performed on a PC using Gel-Pro32 Analyzer
software (Media Cybernetics, Bethesda, MD USA).
The activity of each isoenzyme (band) was recorded
as integrated optical density (IOD), in arbitrary units.
When an enzyme had multiple bands, the sum of their
10D values was considered as total enzyme activity for
a specific experimental condition. For easier compari-
son, the values in the figures are presented relative to
the total enzymatic activity of the exponentially grown
urea culture, the value of which was conditionally as-
sumed to be 100%.

Statistical analysis

Experiments were conducted in triplicate. The data
were presented as the means+standard deviation. The
significance of differences between the treatments was
evaluated by one-way analysis of variance (ANOVA)
and Bonferroni’s post hoc test using GraphPAD InStat
Software (San Diego, CA, USA). Values of p<0.05 were
considered significant.

RESULTS

Comparison of growth on different N sources

On the 2" and 4™ days of cultivation, the DW and the
specific growth rate of C. vulgaris R-06/2 grown on
ammonium nitrate or urea were significantly higher
(p<0.05) than that of algae grown on ammonium
nitrate plus urea (standard) medium (Table 1). There
was no significant difference (p>0.05) in the DW and
growth rate between the ammonium nitrate- and urea-
cultured cells at both measurement points. On the 8
day of cultivation, however, the value of DW in the
standard medium was similar (p>0.05) to that in the
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Table 1. Effect of N source and cultivation time on the biomass dry weight and specific

growth rate of C. vulgaris R-06/2.
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30.5-34% of DW in the stationary
cultures (Fig. 1A). On the 4™ day, the

Nitrogen source DW t=2 pt=2

DWt=4 | pt=4

DW t=8 cultures grown in standard medium

Urea 3.0+0.1a | 0.64+0.02a | 4.5+0.1a |0.422+0.006a | 3.6+0.2a

and medium supplemented with am-

Ammonium nitrate | 3.0+0.1 a | 0.64+0.02 a | 4.7+0.1a | 0.433+0.005a | 4.5+0.2b

Urea+ammonium
nitrate

2.1+0.1b | 0.46+0.02b | 3.5+0.1b | 0.359+0.007b | 4.9+0.2b

monium nitrate showed significantly
increased (p<0.05) protein synthesis

DW - biomass dry weight (g L); [u] - specific growth rate; t — cultivation time (days). Means
in a column indicated by different letters are significantly different (p<0.05) between N sources

for a specific cultivation time (ANOVA and Bonferroni’s post hoc test).

(by 17 and 20%, respectively) com-
pared to the urea culture. There were
slight variations (p>0.05) in the pro-
tein levels between the older cultures
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Carbohydrates were the most
abundant component of C. vulgaris
R-06/2 biomass. Their content, rang-
ing from 41 to 47.6% DW, was not
significantly affected by the N source
in the culture medium or the growth
time. A moderate but significant in-
crease (p<0.05) in carbohydrates (by
11-14%) was only observed in the
older culture grown in urea as com-
pared to the other two cultures in the
stationary phase (Fig. 1B).

Fig. 1. Effect of N source and cultivation time on the protein (A), carbohydrate (B) and
lipid (C) contents of C. vulgaris R-06/2. U - urea, AN - ammonium nitrate, U+AN —
urea plus ammonium nitrate. Means with different lowercase letters are significantly
different (p<0.05) between N sources for a specific growth phase; different capital letters

The lipid content of the C. vul-
garis R-06/2 biomass varied within
the range 15.8-18% DW in the young
cells and 19.6-21.4% in the older cells

indicate significant difference (p<0.05) for a specific N source between exponential

and stationary growth phase.

ammonium nitrate culture, while the algae grown in
urea had a lower value (p<0.05). It should be noted that
at that time, the urea and ammonium nitrate cultures
entered into the stationary growth phase, while in the
standard medium the exponential growth of C. vulgaris
R-06/2 continued until the 20" day when the biomass
DW was 9.9+0.1 g L'\

Effect of N source and cultivation time on the
biochemical composition

Variations in the content of the main biomass compo-
nents of C. vulgaris R-06/2 depending on the N source
in the medium and the cultivation time are presented
on Fig. 1. The protein content ranged between 30-36%
of DW in exponentially grown cells, and between

(Fig. 1C). The selection of N source

had no significant impact on lipid

synthesis. All cultures, however,
showed a significant increase (by 16-25%, p<0.05) in
their lipid content in the stationary as compared to
the exponential phase.

Isoenzyme pattern and activity of metabolic
enzymes of C. vulgaris R-06/2 grown in a medium
with different nitrogen sources

GS of C. vulgaris R-06/2 was represented by two diffu-
sion bands designated as “a-b” and arranged according
to the increase in their migration mobility (Fig. 2A, left).
The relative total GS activity was the least pronounced
in the urea culture and grown until the exponential
phase (Fig. 2A, right). In the stationary phase it was
increased by 220%. When algae were grown with am-
monium nitrate, the enzyme activity was relatively high
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Fig. 2. Isoenzyme patterns (on the left) and changes in total en-
zyme activity (on the right) of C. vulgaris R-06/2 in response to
the N source in the medium and cultivation time. A - glutamine
synthetase (GS); B - glutamate synthase (GOGAT); C - NAD-
dependent glutamate dehydrogenase (NAD-GDH); D - aspartate
aminotransferase (AAT). The bands of GS and GOGAT enzyme
activities are indicated by letters according to the increase in
their electrophoretic motility. Equal amounts (9 pg) of protein
were loaded in each lane. Lanes 1 and 2 (U) - urea; lanes 3 and
4 (AN) - ammonium nitrate; lanes 5 and 6 (U+AN) — urea plus
ammonium nitrate; lanes 1, 3 and 5 - exponential phase; lanes 2,
4 and 6 - stationary phase. For the activity of each enzyme, mean
values with different lowercase letters are significantly different
(p<0.05) between N sources for a specific growth phase, and dif-
ferent capital letters indicate significant difference (p<0.05) for
a specific N source between exponential and stationary phase.
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and did not show cultivation time-dependent changes.
The highest GS activity was observed in the standard
medium culture during the exponential phase, but
with entry of the culture into the stationary phase, it
decreased by about one-third.

Four isoforms of GOGAT (a-d) were observed
on the gels after native PAGE and subsequent stain-
ing (Fig. 2B). The ammonium nitrate-supplemented
medium had a strong enhancing effect on relative total
GOGAT activity in the exponential phase of growth
of C. vulgaris R-06/2 (Fig. 2B). The total enzyme ac-
tivity of algae grown in urea medium did not change
significantly with cultivation time, but the activities
of isoforms “c” and “d” were higher in the younger as
compared to the older culture. With prolonged cultiva-
tion of the alga in the standard medium, the activity
increased approximately two-fold when compared to
the exponential phase.

C. vulgaris R-06/2 showed one isoform (a) of
NAD-dependent GDH (Fig. 2C). The enzyme activity
was the highest in the case of algae cultivated in urea
medium to the stationary phase (Fig. 2C), whereas in
the exponentially growing culture in the same medium,
the band intensity was more than nine times weaker. In
the ammonium nitrate and standard media, the NAD-
GDH activity was higher in the samples obtained in
the exponential than in the stationary phase of growth.
Among the older cultures, the activity was lowest in
the algae cultivated in ammonium nitrate medium.

One band of AAT activity was observed in C. vul-
garis R-06/2 under all cultivation conditions examined
(Fig. 2D). The enzyme activity was highest in the alga
that was grown in ammonium nitrate-supplemented
medium to the exponential phase (Fig. 2D). AAT
functioned better in the urea medium compared to
the standard medium during both growth phases, and
in the stationary compared to the exponential phase
in both media.

During the study of the isozyme profile of NAD-
MDH of C. vulgaris R-06/2, the presence of seven iso-
forms (a-g) was established (Fig. 3A). Isoform “c” was
clearly visible only when using the standard medium,
its activity being 4-fold higher in the exponential than
in the stationary phase. Isoforms “g” and “a” were the
most intensive (active) in all samples. The intensity of
isoform “g” changed with the changes in cultivation



296
NAD - MDH
240
z A A [ exponential phase
1; 180 aB D stationary phase
2
g
K] 1209 aA
o
it M bA
2 60
U AN U+AN K
€
A N R O
¥ &P
L
I proteases
450
= aB [ exponential phase
e; 360 D stationary phase
H
E 270 bB bB
8
S 180 bA
H aA aA
U AN U+AN g o0
¢
0
B SR
NN

Fig. 3. Isoenzyme patterns (on the left) and changes in total enzyme activity
(on the right) of C. vulgaris R-06/2 in response to N source in the medium and
cultivation time. A - NAD-dependent malate dehydrogenase (NAD-MDH); B
- proteases. The bands of each enzyme activity are indicated by letters according
to the increase in their electrophoretic motility. Equal amounts (9 pg) of protein
were loaded in each lane. Lanes 1 and 2 (U) - urea; lanes 3 and 4 (AN) — am-
monium nitrate; lanes 5 and 6 (U+AN) - urea plus ammonium nitrate; lanes 1,
3 and 5 - exponential phase; lanes 2, 4 and 6 - stationary phase. For the activity
of each enzyme, mean values with different lowercase letters are significantly
different (p<0.05) between N sources for a specific growth phase and different
capital letters indicate significant difference (p<0.05) for a specific N source
between exponential and stationary phase.
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the urea-grown cells were with the most
active proteases among the older cultures.

DISCUSSION

The results of our investigation showed that
the media supplemented with only urea or
only ammonium nitrate provided faster
growth of C. vulgaris R-06/2 and biomass
accumulation for a short period of time (4
days), while the medium with both urea
and ammonium nitrate ensured better
biomass yield but at prolonged cultivation
(more than 8 days). This pattern could be
the consequence of the higher assimilation
rate of the single N-containing compounds
than a mixture of two. In contrast to what
was observed for C. vulgaris R-06/2, the
ammonium nitrate-containing modified
Hoagland medium was found not to be
growth-supportive for the green algae
Chlorella pyrenoidosa and Scenedesmus
obliquus and the eustigmatophyceaen
alga Nannochloropsis oculata cultured for
10 days [35]. Chlorella sorokiniana did
not show a preference for any of the N
sources, displaying similar (p>0.05) specific
growth rates with sodium nitrate, urea,
ammonium carbonate and ammonium
chloride, while Chlorella vulgaris had a
clear preference for sodium nitrate over
the other N sources [36]. In general, the

conditions and most strongly affected overall enzyme
activity, while isoform “a” activity varied slightly. When
using the urea medium, the intensity of band “g” and
total NAD-MDH activity were by about 60% higher in
the stationary as compared to the exponential phase (Fig.
3A). The relative total enzyme activities of algae culti-

vated in ammonium nitrate medium were the weakest.

The gelatin zymograms revealed the presence of
six protease bands (a-f) in C. vulgaris R-06/2 (Fig. 3B).
The relative total protease activity was significantly
higher in the stationary than in the exponential phase
of growth due to the increased intensity of bands “b”,
“d” and “t”, regardless of the N source in the medium
(Fig. 3B). Among the younger cultures, the ammonium
nitrate-grown cells had the highest activity, whereas

efficiency of N utilization from different N sources
for growth varies among algal species.

The biochemical profile of C. vulgaris R-06/2 was
not strongly influenced by the N source of the medium
and the cultivation time. There were no significant
differences (p>0.05) between ammonium nitrate- and
ammonium nitrate plus urea-grown cultures in carbo-
hydrate, lipid and protein contents, expressed as % of
DW, during both growth phases. Only the use of urea
resulted in some significant changes (p<0.05) in the
biochemical composition. The urea-grown younger
culture had a lower protein content than the other two
exponentially growing cultures, while in the stationary
growth phase, urea stimulated carbohydrate accumu-
lation when compared to the other used N sources.
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The effect of the cultivation time was expressed as a
significant increase (p<0.05) in lipid content with aging
of the cultures, regardless of the N source. Similarly,
Chlorella sp. BUM11008 accumulated more lipids
during the stationary phase when compared to the
exponential phase [37]. This common response can
be related to a gradual depletion of N in the nutrient
medium throughout algal growth.

The influence of different N sources [10,11] and,
to a lesser extent, the simultaneous effect of cultivation
time and the N source [38] on the biochemical profile,
has been investigated in some other microalgae, with
most studies focusing on lipid accumulation [38-40].
The literature examples, along with the data of the
present study, demonstrated that the selection of N
source affects the biochemical composition of the
microalgae, providing evidence of strongly species-
specific responses to the different N sources. As a com-
mon trend, it can be noted that inefficient utilization
of the applied N source decreases the availability of
N in cells and leads to an increase in the production
of carbohydrates or lipids or both, but slows down
algal growth. Studies have shown that the N source
itself can simultaneously stimulate algal growth and
the productivity of lipids, carbohydrates and proteins
[11], lipid productivity [39] or protein productivity
(ammonium nitrate in our study).

In order to gain deeper insight into the metabolic
responses of C. vulgaris R-06/2 to the change in N
source, the alterations in the isoenzyme patterns and
relative activities of five enzymes that link N and C
(energy) metabolism (GS, GOGAT, NAD-GDH, AAT
and NAD-MDH) were followed during the exponential
and stationary phases of algal growth. Proteases were
included in the studies as they contribute to the total
intracellular amino acid pool. GS and GOGAT, as
partners in the GS-GOGAT cycle, are key enzymes in
the biosynthesis of glutamate [41], one of the central
players in N metabolism, since it is capable of both
receiving and donating to the N group [42]. NAD-
dependent GDH catalyzes the deamination of glutamate
into alpha ketoglutarate. This biochemical reaction
provides an oxidizable carbon source used for energy
production, as well as the reduced electron carrier
NADH, thus linking amino acid metabolism to the
tricarboxylic acid (TCA) cycle [6]. AAT catalyzes the
interconversion of aspartate and alpha ketoglutarate
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to glutamate and oxaloacetate. The amino group
transfer from aspartate or glutamate to the respective
keto acids is crucial in both amino acid biosynthesis
and degradation. In our study, the activity of AAT was
analyzed in a glutamate-producing direction. Using
NAD as a cofactor, MDH catalyzes the conversion of
malate to oxaloacetate [43]. This reaction is a part of
many metabolic pathways, including the TCA cycle.

Employing the excellent capabilities of the meth-
ods for separation of native proteins by PAGE and
subsequent in-gel activity staining, the isoforms of GS,
GOGAT, NAD-GDH, AAT, NAD-MDH and proteases
of C. vulgaris R-06/2 were visualized. Being determined
in crude cell extracts with equal total protein contents,
the images on each gel also allowed comparison of the
enzyme activities. It was found that the isoenzyme
patterns of C. vulgaris R-06/2 did not change, but the
intensity of some bands varied, depending on the N
source in the culture medium, resulting in changes in
relative total activity of the respective enzyme. Analysis
of the results obtained also showed that there was no
direct relationship between the activity of the metabolic
enzymes in the medium with a defined N source and
the growth rate and biomass accumulation in the same
medium. For example, in cells cultured in ammonium
nitrate-containing medium to the exponential phase,
the relative total activities of glutamate-producing
(GOGAT, AAT) and glutamate-catabolizing (NAD-
GDH) enzymes were the highest and NAD-MDH
activity was the lowest, with medium GS activity
compared to the exponentially growing cultures in
the urea and the standard media. The use of urea as
a source of N instead of ammonium nitrate led to a
decrease in activity of all studied enzymes, except for
NAD-MDH. Despite the differences in the metabolic
enzymes responses to urea vs ammonium nitrate,
both N sources provided nearly equivalent growth
rates and biomass dry weight (p>0.05). The regulation
of metabolic enzymes in dependence of the N source
during the stationary growth phase differed from that
in the exponential phase. In the older urea culture of
C. vulgaris R-06/2, for example, the activities of GS,
NAD-GDH, AAT and NAD-MDH were significantly
higher (p<0.05) than those in exponentially growing
cells supplied with urea.

The relatively high activity of GS, GOGAT or
both in the stationary phase coincided with increased
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protease activity in these cells, suggesting a role for
these enzymes in the reassimilation of the ammonium
produced by protein degradation, as reported for Chla-
mydomonas reinhardtii [44]. On the other hand, the
observed high activity of NAD-GDH and especially
of NAD-MDH in cultures supplied simultaneously
with ammonium nitrate and urea during both growth
phases, was probably associated with the greater energy
requirements of these cells. As with the urea-grown
C. vulgaris R-06/2, an increase in GDH-deaminating
activity with the aging of cultures was shown in Chla-
mydomonas reinhardtii as well [45].

There are a number of earlier studies on how mi-
croalgae metabolic enzyme responses can vary with
different N sources, but all relate to the replacement of
nitrate in the nutrient medium with ammonium, or the
replacement of ammonium with nitrate [13-16,45,46]
and rarely with urea [47]. Chlorella and Chlamydomonas
species are the model algae in these studies. Their GS,
GOGAT, GDH and AAT are best characterized with
respect to the enzyme kinetic properties, changes in
the enzyme patterns and activity levels.

The activities of the studied enzymes of C. vulgaris
R-06/2 changed in response to the change in the N
source, as well as with the culture age, and these altera-
tions can be related to the uptake rates and interactions
between the different chemical forms of N, the activity
and capacity of nitrate, ammonium and urea trans-
port systems, the activity of nitrate reductase, nitrite
reductase and ATP-urea amidolyase, and the size of
endogenous pools of ammonium and intermediary
metabolites like glutamate and alpha ketoglutarate.

CONCLUSIONS

This study shows the tolerance of C. vulgaris R-06/2 to
changes in the N source in the nutrient medium. The
ability of the strain for flexible regulation in response
to a change in N source as well as cultivation time en-
sured maintenance of efficient functioning of metabolic
enzymes in each of the studied cultivation conditions
and ultimately resulted in good algal growth. When
large-scale cultivation of C. vulgaris R-06/2 is used
to produce biomass for various useful applications,
urea would be the most appropriate choice in terms
of economic profitability, as it is a cheaper N source
than ammonium nitrate.
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