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Summary: The impact of different nitrogen (N) sources (urea, ammonium nitrate and urea 
plus ammonium nitrate) in the cultivation medium on the growth rate as well as the pattern 
and the activity of glutamate synthase, NAD-dependent glutamate dehydrogenase, aspartate 
aminotransferase, NAD-malate dehydrogenase, esterases and proteases of a new Bulgarian green 
alga Scenedesmus sp. strain BGP was studied. The results showed that the media supplemented 
with urea or ammonium nitrate provided similar (P > 0.05), high growth rates (0.498 and 0.497 
day-1, respectively) and biomass accumulation (3.7 and 3.9 g L-1 DW, respectively) of the 
exponentially growing algal cultures. The simultaneous application of the two N compounds 
ensured equally high biomass yield, but the value of the specific growth rate was significantly 
lower (P < 0.05). At the beginning of the stationary phase, the growth rate and biomass dry 
weight were highest (P < 0.05) for urea-grown alga and lowest (P < 0.05) for alga cultivated in a 
medium with a mixture of the two N sources. The isoenzyme patterns of Scenedesmus sp. BGP 
did not change, except for esterases and proteases, but the relative total activity of the studied 
enzymes varied depending on the cultivation conditions. The different regulation of metabolic 
enzymes in response to the change in the N source, as well as the growth phase, ensured their 
effective functioning under all cultivation conditions, as evidenced by the good, albeit differing, 
algal growth. In large scale cultivation of Scenedesmus sp. BGP for the production of biomass 
for various useful applications, urea would be the most appropriate choice not only in terms of 
productivity but also of economic profitability as it is a cheaper source of N than ammonium 
nitrate.
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INTRODUCTION 

Microalgae are photoautotrophic 
microorganisms that utilize solar energy 
and several essential nutrients (C, N, P, 
S, K, Fe etc.) in order to synthesize their 
biomass compounds and to multiply their 
cells. Some microalgae are presently 
cultivated to produce numerous high 
value products, such as proteins, lipids, 
fatty acids, polysaccharides, vitamins, 
pigments etc, which have different 
current and potential applications in 
animal or human nutrition, nutraceutics, 
pharmaceutics, cosmetics and bioenergy 
(Sharma and Sharma, 2017; Arica et 
al., 2017; Deniz et al., 2018). Nitrogen 
supply constitutes a major cost of large-
scale algal cultivation and the selection 
of an appropriate, efficiently utilized N 
source may lead to more efficient and 
economical production of algal biomass 
for high-value products (Peccia et al., 
2013; Sturm and Lamer, 2011). It is well 
known that most microalgae have the 
ability to use several inorganic forms of 
N, like nitrate, nitrite and ammonium, 
as well as urea (organic compound) as 
N sources for their photoautotrophic 
growth. These microorganisms have 
developed a diversity of pathways and 
regulatory mechanisms for conversion 
of each N source to ammonium inside 
the cells and for assimilation of 
ammonium into amino acids (Hodson 
and Thompson, 1969; Solomon and 
Glibert, 2008; Perez-Garcia et al., 
2011). Despite the lower energy costs 
of ammonium uptake and assimilation, 
many algae grow better with alternative 
N sources (Sibi, 2015; Soni et al., 2017). 
Apart from its effect on growth, the 
source of N may also be responsible 

for important changes in the metabolic 
activity and biochemical composition 
of microalgal cells (Lourenço et al., 
2002; El-Sheekh et al., 2004). There 
are a number of studies on the response 
of microalgal metabolic enzymes to 
the change of N source in the nutrient 
medium, all of which are focused on the 
replacement of nitrate with ammonium 
(Shatilov et al., 1978; Tischner and 
Lorenzen, 1980; Ahmad and Hellebust, 
1984; Muñoz-Blanco and Cárdenas, 
1989; Ahmad and Hellebust, 1993; 
Moyano et al., 1995; and references 
therein; Gérin et al., 2010) and rarely 
with urea (Muñoz-Blanco et al., 1988). 
Chlorella and Chlamydomonas species 
are the model algae in these studies, with 
their enzymes GS, GOGAT, GDH and 
AAT being best characterized for kinetic 
properties, changes in the isoenzyme 
patterns and activities. However, to 
our knowledge, the effects of different 
nitrogen sources on growth rate and 
metabolic enzymes pattern and activity 
of Scenedesmus have not been reported. 
The green algae of genus Scenedesmus 
are very suitable for both laboratory 
investigations and mass intensive 
cultivation, since they have high 
tolerance towards variation of the most 
important environmental factors such as 
light intensity, temperature, pH as well 
as the content of the nutrient medium 
(Ren et al., 2013). The purpose of this 
study was to investigate the changes 
in nitrogen and carbon metabolism in 
Scenedesmus sp. BGP in the presence 
of various sources of N in the culture 
medium, namely urea, ammonium 
nitrate and a mixture of both, focusing 
on the activity of the enzymes GOGAT, 
NAD-GDH, AAT and NAD-MDH.
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MATERIALS AND METHODS

Strain and growth conditions 
Scenedesmus sp. strain BGP 

used in this study was isolated from 
a rainwater puddle (Sofia, Bulgaria). 
The strain is deposited in the collection 
of the Laboratory of Experimental 
Algology, Institute of Plant Physiology 
and Genetics, BAS, Sofia, Bulgaria. 
Monoalgal, non-axenic cultures of 
Scenedesmus sp. BGP were grown 
autotrophically in the nutrient medium 
of Setlik (1967), modified by Georgiev 
et al. (1978) containing both urea and 
ammonium nitrate (conditionally called 
“standard medium”), or in the same 
medium, but with only urea and only 
ammonium nitrate as a source of N. Each 
of the three variants of N source had a 
final N concentration of 20 mM. The 
remaining cultivation conditions were 
as following: bubbling with air, enriched 
with 2% CO2; 24°C; continuous lateral 
illumination with cool-white fluorescent 
lamps at a photon flux density of 132 μmol 
m-2 s-1 measured at the surface of 200 mL 
flasks. An initial culture density of 0.80-
0.87g L-1 dry weight (DW) was used. The 
experimental cultures were harvested 
after 72 h (in an exponential growth 
phase, as determined by preliminary 
experiments). In separate experiments, 
all cultures wеre harvested after 192 h 
(at the early stationary phase). Cells were 
collected by centrifugation (5000×g, 20 
min), rinsed three times with distilled 
water, frozen, and stored at -70°C until 
analyzed.

Analytical methods 
For biomass DW determination, algal 

suspensions (3×5 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 growth of Scenedesmus was 
evaluated gravimetrically by the increase 
in biomass DW. The specific daily 
growth rate [µ] was calculated using the 
formula: μ=ln(mt2/mt1)/t2–t1 (Levasseur et 
al., 1993), where mt1 and mt2 represent the 
DW at the starting day of the experiment 
(t1) (t1=0) and on the third or eight day of 
cultivation (t2). 

Preparation of cell extracts, 
polyacrylamide gel electrophoresis 
(PAGE) and activity staining of 
metabolic enzymes and proteases 

The cells were mechanically 
homogenized using vibrations 
homogenisator VHG1 (Germany) in a 60 
mM TE buffer (Tris base with 0.1 mM 
EDTA) (pH 7), at 4°C and centrifuged at 
13000×g for 15 min. The concentration 
of soluble proteins in the supernatant was 
determined by the method of Bradford 
(1976), with BSA as a standard. Equal 
amounts (13 μg) of protein from cells 
grown under different conditions were 
subjected to discontinuous PAGE as 
described by Laemmli (1970), but 
under non-denaturing, non-reducing 
conditions (in the absence of SDS and 
βME). Electrophoretic separation 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 
glutamate synthase (NADH-GOGAT, 
EC 1.4.1.14) (Matoh et al., 1980), 
glutamate dehydrogenase (NAD-GDH, 
EC 1.4.1.2) (Nash and Davies, 1975), 
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malate dehydrogenase (NAD-MDH, EC 
1.1.1.37) (Honold et al., 1966), aspartate 
aminotransferase (AAT, EC 2.6.1.1) 
(Griffith and Vance, 1989) and esterases 
(Murphy et al., 1996). Substrate gel 
electrophoresis and detection of protease 
activities were performed according to 
the method of Lodemel et al. (2004). 
Nonheated, nonreduced samples (9 μg 
protein each) were separated on gels, 
prepared by copolymerization of 10% 
acrylamide–0.1% gelatin (w⁄v) in the 
presence of 2% SDS. Electrophoresis 
took place for 30 min at 100 V followed 
by 75 min at 150 V. After electrophoresis, 
the proteins were re-natured in 2.5% (v⁄v) 
Triton X-100 for 15 min twice prior to 
incubation overnight in 50 mM Tris–HCl, 
pH 8, 10 mM CaCl2 at 37°C. The gels 
were stained with 0.1% (w⁄v) Coomassie 
Brilliant Blue G250 in 30% ethanol 
and 10% (v⁄v) 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 IOD values was considered as 
a total enzyme activity for a particular 
experimental condition. For easier 
comparison, the values on the figures are 
presented relative to the total enzymatic 
activity of the exponential culture 
grown with urea, the value of which is 
conditionally assumed to be 100%.

Statistical analysis 
The experiments were conducted in 

triplicate. All data are presented as the 
means±standard deviation (SD). The 
significance of differences between the 
treatments was evaluated by one-way 
analysis of variance (ANOVA) and a 
Bonferroni post hoc test using InStat 
(GraphPad Software Inc., La Jolla, CA, 
USA). Values of P < 0.05 were considered 
significant.

RESULTS  

Nitrogen source impact on the specific 
growth rate of Scenedesmus sp. BGP

The variations in the dry weight of 
biomass and the specific growth rate of 
Scenedesmus sp. BGP, depending on 
the nitrogen source in the medium were 
followed during the exponential and the 
early stationary growth phase (on the 3rd 
and the 8th day of cultivation). The obtained 
results showed that during the exponential 
growth phase, the media supplemented 
with only urea and only ammonium nitrate 
provided similar (P > 0.05), high growth 
rates and biomass accumulation (Table 1). 
The simultaneous administration of urea 
and ammonium nitrate also provided good 
algal growth, but the specific growth rate 
(µ/3) was significantly lower (P < 0.05). 
At the 8th day of cultivation, the values of 
both parameters were highest (P < 0.05) 
for urea-grown algae and lowest (P < 
0.05) for the algae cultivated in a medium 
with a mixture of the two N sources.

Response of metabolic enzymes of 
Scenedesmus sp. BGP to different 
nitrogen sources in the medium 

Four main bands of GOGAT activity 
(designated a-d and arranged according 



Response of metabolic enzymes of Scenedesmus sp. BGP to nitrogen sources 109

Genetics & Plant PhysioloGy 2018 vol. 8(3–4)

Ta
bl

e 
1.

 C
ha

ng
es

 in
 th

e 
bi

om
as

s 
dr

y 
w

ei
gh

t (
D

W
, g

 L
-1
) 

an
d 

th
e 

ce
ll 

gr
ow

th
 r

at
e 

[µ
] 

of
 S

ce
ne

de
sm

us
 s

p.
 B

G
P 

in
 d

ep
en

de
nc

e 
of

 th
e 

ni
tro

ge
n 

so
ur

ce
 a

nd
 th

e 
cu

lti
va

tio
n 

tim
e 

(t,
 d

ay
s)

. M
ea

ns
 f

or
 D

W
 a

nd
 [

µ]
 w

ith
 d

iff
er

en
t l

et
te

rs
 a

re
 s

ig
ni

fic
an

tly
 d

iff
er

en
t (

P 
< 

0.
05

) 
be

tw
ee

n 
N

 so
ur

ce
s f

or
 a

 sp
ec

ifi
c 

cu
lti

va
tio

n 
tim

e.

N
itr

og
en

 so
ur

ce
In

iti
al

 D
W

t=
0

D
W t=
3 

[µ
]

t 2=
3

In
iti

al
 D

W
t=

0 
D

W
 

t=
8

[µ
]

t 2=
8

U
re

a 
(U

)
0.

84
±0

.0
5

3.
74

±0
.1

0а
0.

49
8±

0.
00

9a
0.

84
±0

.0
5

6.
14

±0
.1

0a
0.

24
8±

0.
00

2a

A
m

m
on

iu
m

 n
itr

at
e 

(A
N

)
0.

87
±0

.0
5

3.
87

±0
.1

0а
0.

49
8±

0.
00

9а
0.

80
±0

.0
4

5.
62

±0
.1

0b
0.

24
4±

0.
00

2b

U
+A

N
(s

ta
nd

ar
d 

m
ed

iu
m

)
0.

87
±0

.0
4

3.
67

±0
.1

0а
0.

48
0±

0.
00

9b
0.

80
±0

.0
4

5.
30

±0
.1

0c
0.

23
6±

0.
00

2c



Vasileva and Gigova110

Genetics & Plant PhysioloGy 2018 vol. 8(3–4)

Figure 1. Isoenzyme pattern (A) and changes in total activity (B) of glutamate synthase 
(GOGAT) in Scenedesmus sp. BGP in response to nitrogen source in the medium and growth 
phase. In (A), letters (a–e) on the right indicate the bands of GOGAT activity in order of 
increasing electorphoretic mobility. Equal amounts (13 μg) of protein were loaded per well. 
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 growth; lanes 2, 4 and 6: stationary 
phase. In (B), 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 differences for a specific N source between exponential and stationary phase.

(A) (B)

to the increment in their migration 
mobility) were observed in Scenedesmus 
sp. BGP under all growth conditions 
(Fig. 1A). The algae grown in ammonium 
nitrate supplemented medium (AN) to 
exponential phase and in the standard 
medium (U+AN) to stationary phase 
showed a fifth (e), fast-moving but weak 
band. These were also the samples that 
had the highest relative total GOGAT 
activity (Fig. 1B). Cells cultured in media 
with urea (U) and with a mixed N source 
(U+AN) to the exponential growth phase 
showed the lowest enzyme activity.

Gels stained for NAD-dependent 
GDH activity revealed one band (Fig. 
2A). In general, the intensity of this 
band was weak, indicating а low enzyme 

activity. A remarkably high was the 
activity of GDH in Scenedesmus sp. BGP 
grown in ammonium nitrate medium to 
the exponential phase (Fig. 2B).

One band of AAT activity was visible 
after native PAGE and subsequent in gel 
staining (Fig. 3A). The relative total AAT 
activity was highest in Scenedesmus 
sp. BGP, grown in ammonium nitrate-
containing medium to the exponential 
growth phase (Fig. 3B). Prolonged 
growth of cells in the standard medium 
resulted in a significant increase (over 2 
fold) of the enzyme activity compared to 
that in the exponential phase. All other 
cultivation conditions were associated 
with low AAT activity. 

Еight bands of NAD-dependent 
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Figure 2. Changes in NAD-dependent glutamate dehydrogenase (NAD-GDH) activity of 
Scenedesmus sp. BGP in response to different nitrogen sources and the growth phase. A, 
isoenzyme patterns. Letter (a) on the right indicates the band of NAD-GDH activity. B, 
relative total NAD-GDH activity.

(A) (B)

(A) (B)

Figure 3. In gel activity staining (A) and relative total activity (B) of aspartate aminotransferase 
(AAT) of Scenedesmus sp. BGP in response to different nitrogen sources and the growth 
phase.
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MDH activity (a-h) were detected 
in Scenedesmus sp. BGP under all 
treatments (Fig. 4A). The intensity of 
the bands varied between treatments and 
led to changes in total enzyme activity 
(Fig. 4B). Cells grown in the standard 
medium showed the highest levels of 
enzyme activity due to the most intensive 
“c”, “d” and “f” bands. In cells, grown 
in the urea medium, MDH activity was 
about 2 times higher in stationary than in 
exponential phase. The observed changes 
in enzyme activity with the growth phase 
were exactly opposite in the ammonium 
nitrate grown cells.

Gelatin zymograms revealed the 
presence of five constitutive proteases in 
Scenedesmus sp. BGP (Fig. 5A, b-f). In 
the culture grown in ammonium nitrate 
medium to the exponential phase, three 
new bands of protease activity (a, g and 
h) were observed and the relative total 
enzyme activity was highest (Figs. 5A 

(A) (B)

Figure 4. Isoenzyme pattern (A) and changes in total activity (B) of NAD-dependent malate 
dehydrogenase (NAD-MDH) of Scenedesmus sp. BGP in response to various nitrogen 
sources in the medium and the growth phase. In (A), letters (a–h) on the right indicate the 
bands of enzyme activity in order of increasing electorphoretic mobility.

and 5B). Тhe total protease activity was 
higher in the younger than in the older 
cultures, grown with one N source only. 
The alga grown in the medium containing 
the two N sources showed the lowest 
protease activity during both grown 
phases.

The isoenzyme pattern and the 
changes in the esterase activity of 
Scenedesmus sp. BGP under different 
growth conditions are shown in Figure 
6. Three clearly visible bands and six 
weaker bands of esterase activity were 
detected by gels analysis, indicated 
in a sequence by letters (Fig. 6A, a-i) 
starting from the anode, according to 
the increment in the negative charge. 
The relative total esterase activity (Fig. 
6B) was highest in older cells grown in 
ammonium nitrate medium, due to the 
strongest intensity of bands “a”, “b” and 
“c”. In younger cells grown in the same 
medium, the total esterase activity was 
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(A) (B)

Figure 5. Changes in intracellular proteases of Scenedesmus sp. BGP in response to different 
nitrogen sources and the growth phase. А, gelatin zymograms of protease activities. Letters 
(a–h) on the right indicate the bands of protease activity in order of increasing electorphoretic 
mobility. Equal amounts (9 μg) of protein were loaded per well. В, relative total protease 
activity.

Figure 6. Changes in isoenzyme pattern (A) and relative total activity (B) of esterases 
of Scenedesmus sp. BGP in response to different nitrogen sources in the medium and the 
growth phase. In A, letters (a–i) on the right indicate the bands of esterase activity in order of 
increasing electorphoretic mobility.

(A) (B)
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about 3.5 times lower compared to the 
older cells, although the number of their 
esterase isoenzymes (8) was greatest. 
Cells cultured in the standard medium 
(U+AN) maintained a relatively high 
level of enzyme activity, being higher 
in the stationary than in the exponential 
growth phase. The culture grown with 
urea to the stationary phase showed the 
lowest esterase activity.

DISCUSSION

In our previous study, we showed that 
the choice of N source had a substantial 
effect on the growth of the new Bulgarian 
strain Scenedesmus sp. BGP. The use of 
media with either urea or ammonium 
nitrate alone had the advantage to give 
a better biomass yield with a stable 
and balanced biochemical composition 
(about 41% carbohydrates, 29% proteins 
and 24% lipids), compared to the medium 
containing a mixture of both N sources 
(Vasileva et al., 2015). The results from 
the present work showed that not only 
the DW but also the specific growth rate 
of the alga supplied simultaneously with 
urea and ammonium nitrate were lowest 
during both growth phases (Table 1). This 
pattern could be a consequence of the less 
efficient assimilation of a mixture of two 
N-сontaining compounds than of a single 
one. The growth rate of Scenedesmus 
sp. BGP fed with ammonium nitrate 
was as high as with urea during the first 
3 days, but decreased on the 8th day of 
cultivation. Thus, urea appeared to be the 
preferred N source for this green alga. 
Our results are consistent with the data 
of Kim et al. (2016) on the growth of the 
green microalga Tetraselmis sp. which 
was weaker when grown with ammonium 

nitrate than with urea. Another study 
showed that the highest yield could be 
achieved by using mixed N sources 
(urea plus sodium nitrate). It was about 
Scenedesmus rubescens like microalga 
cultured under the abovementioned 
conditions and at the end of the 17-
days culture period it had the highest 
biomass DW (4.146 ± 0.375 g L-1) (Lin 
and Lin, 2011). Urea was found to be 
more effective than sodium nitrate and 
ammonium chloride for Scenedesmus 
obliquus and Chlorella kessleri due to its 
stimulatory effect on the cell number and 
the biomass DW (El-Sheekh et al., 2004). 
For its growth, Chlorella pyrenoidosa 
preferred potassium nitrate, while 
Chlorella sp. preferred urea (Soni et al., 
2017). The specific growth rate and the 
biomass concentration of Scenedesmus 
obliquus were significantly higher in the 
presence of sodium nitrate and potassium 
nitrate than in urea-, ammonium nitrate- 
and ammonium chloride-based media 
(Sibi, 2015). In general, the growth 
responses to different N sources are 
strongly species-specific. Therefore, 
for increasing the biomass yield, it is 
important to choose the proper nitrogen 
source for each microalgal species. 

In order to get better understanding of 
the metabolic responses of Scenedesmus 
sp. BGP to various N sources, the 
changes in the isoenzyme patterns and 
relative activities of six selected enzymes 
were tracked during the exponential and 
the stationary phase of the algal growth. 
GOGAT, AAT, NAD-GDH and NAD-
MDH are enzymes that link nitrogen 
and carbon (energy) metabolism. 
Proteases contribute to the total cellular 
amino acid pool. Intracellular esterases 
were studied as indicators of overall 
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metabolic activity. Glutamate synthase 
is a partner in the glutamine synthetase-
glutamate synthase (GS-GOGAT) 
cycle essential for the biosynthesis of 
glutamate (Scanlan and Post, 2008). 
Glutamate is one of the central players 
in the nitrogen metabolism since it is 
capable of both receiving and donating N 
group (Dagenais-Bellefeuille and Morse, 
2013). AAT catalyzes the interconversion 
of glutamate and oxaloacetate to 
aspartate and alpha ketoglutarate. The 
amino group transfer from glutamate or 
aspartate 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. NAD-
dependent glutamate dehydrogenase 
catalyzes the deamination of glutamate 
to alpha ketoglutarate. This biochemical 
reaction provides an oxidizable carbon 
source (alpha ketoglutarate) used for 
the production of energy as well as a 
reduced electron carrier (NADH), thus 
linking amino acid metabolism to the 
tricarboxylic acid (TCA) cycle (Berges 
and Mulholland, 2008). Using NAD as a 
cofactor, malate dehydrogenase catalyzes 
the conversion of malate to oxaloacetate 
(Minárik et al., 2002), a reaction that 
is part of many metabolic pathways, 
including the TCA cycle.

The GOGAT, NAD-GDH, AAT, 
NAD-MDH, esterase and protease 
isoforms of Scenedesmus sp. BGP were 
visualized using the excellent capabilities 
of the methods for separation of native 
proteins by PAGE and subsequent in 
gel еnzyme activity staining. Being 
determined in crude cell extracts with 
identical total protein content, the images 
on each gel also allowed a comparison of 

the enzyme activities. It was found that the 
isoenzyme patterns of Scenedesmus sp. 
BGP did not change, except for esterases 
and proteases, but the intensity of some 
bands varied depending on the N source 
in the culture medium and the growth 
phase, resulting in changes in the relative 
total activity of the respective enzyme. 
In cells cultured in ammonium nitrate-
containing medium to the exponential 
phase, the relative total activities of 
glutamate-producing (GOGAT and AAT) 
and glutamate-catabolizing (NAD-GDH) 
enzymes were highest, with a medium 
NAD-MDH activity level as compared 
to the exponentially growing cultures in 
the urea and standard media. The use of 
urea as a N source instead of ammonium 
nitrate led to a decrease in the activity 
of these enzymes. Despite the observed 
differences in the enzyme responses to 
urea versus ammonium nitrate, both N 
sources provided almost the same growth 
rate (P > 0.05, Table 1). Scenedesmus sp. 
BGP cells supplied simultaneously with 
both ammonium nitrate and urea showed 
the most active NAD-MDH due mainly 
to the up-regulation of “c”, “d”, and “f” 
enzyme isoforms (Fig. 4A), coupled 
with intermediary activities of NAD-
GDH and AAT. The activity of GOGAT 
in these cells was slightly higher than 
that of the urea grown culture, but not 
significantly different (P > 0.05). This 
pattern of enzyme activity was related 
to the same biomass yield but a lower 
growth rate (P < 0.05) than the other 
two exponentially growing cultures. 
In contrast to enzymes associated with 
nitrogen/carbon metabolism, the activity 
of esterases as a measure of the total 
metabolic activity was not significantly 
affected by the change of the N source in 
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the medium.
The regulation of the metabolic 

enzymes in dependence of the N source 
during the stationary growth phase 
differed from that in the exponential 
phase. Among all older cultures, the cells 
grown with ammonium nitrate plus urea 
exhibited the highest total GOGAT, AAT 
and NAD-MDH activities with NAD-
GDH and esterases being less active than 
in ammonium nitrate grown cells (P < 
0.05), but more active than in urea grown 
cells. It should be noted that although the 
difference was not significant (P > 0.05), 
the activity of NAD-GDH was by about 
20% higher in the standard medium than 
in the urea medium. Despite the up-
regulation of enzyme activities in the 
standard medium, the specific growth 
rate and the biomass yield of this culture 
were lowest (P < 0.05). Scenedesmus 
sp. BGP grown with ammonium nitrate 
to stationary phase had the most active 
NAD-GDH and esterases, intermediary 
level of AAT activity, coupled with the 
lowest GOGAT and NAD-MDH activity. 
Compared to ammonium nitrate and 
ammonium nitrate plus urea, the use of 
urea alone resulted in medium levels of 
GOGAT and NAD-MDH activity in the 
older cells, and suppressed activities of 
AAT, NAD-GDH and esterases. These 
levels of metabolic enzyme activities 
were sufficient to provide the highest 
specific growth rate. 

The relatively high activity of 
GOGAT in the exponentially growing 
culture fed with ammonium nitrate as 
well as in the two cultures grown in 
urea and ammonium nitrate media to the 
stationary phase coincided with increased 
protease activity in these cells (Fig. 
5B), suggesting a role for the NADH-

GOGAT of Scenedesmus sp. BGP in the 
re-assimilation of ammonium, produced 
by protein degradation, as has been 
reported for Chlamydomonas reinhardtii 
(Marquez et al., 1986; Vega et al., 1987). 
It is noteworthy that the activity of 
NAD-MDH was highest in the cultures 
grown with mixed N sources (urea 
plus ammonium nitrate) during the two 
growth phases and this was probably due 
to the greater energy needs of these cells.

The activities of NADH-GOGAT, 
NAD-GDH, AAT and NAD-MDH of 
Scenedesmus sp. BGP varied in response 
to the N source, which may be related to the 
interactions between the applied different 
chemical forms of N, namely CO(NH2)2, 
NH4 and NO3. It is well known that in the 
green microalgae, as with many algae, 
ammonium (Ricketts, 1988; Cannons 
and Shiflett, 2001; De Montaigu et al., 
2010) and urea (Molloy and Syrett, 1988) 
inhibit the nitrate transport and suppress 
the nitrate-reducing enzymes nitrate 
reductase and nitrite reductase. Further, in 
Chlamydomonas reinhardii, ammonium 
is shown to act as an inhibitor of the urea 
transport activity (Williams and Hodson, 
1977) and a repressor of the synthesis 
of ATP-urea amidolyase (Hodson et al., 
1975). ATP-urea amidolyase is the urea 
hydrolyzing enzyme in this and some 
other green microalgae (Bekheet and 
Syrett, 1977). The differences in the 
size of the endogenous cellular pools 
of ammonium and the intermediary 
metabolites such as glutamate and alpha 
ketoglutarate depending on the N source 
as well as the growth phase may also have 
a considerable impact on the activity of 
the metabolic enzymes studied.

The results of the present study 
showed the metabolic flexibility of the 
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Bulgarian strain Scenedesmus sp. BGP 
when changing the N source of the 
nutrient medium. Its ability to employ 
various regulatory mechanisms in 
response to urea, ammonium nitrate or a 
mix of both as well as the cultivation time 
ensured the maintenance of an efficient 
action of the metabolic enzymes at each 
of the cultivation conditions studied 
and ultimately led to good algal growth. 
The strain utilized urea most effectively, 
resulting in the highest growth rate and 
the largest amount of final biomass. In 
large scale cultivation of Scenedesmus 
sp. BGP for the production of biomass for 
various useful applications, urea would 
be the more appropriate choice also in 
terms of economic profitability as it is 
a cheaper source of N than ammonium 
nitrate.

ACKNOWLEDGEMENTS

The authors are grateful for the 
financial support of the Program for 
career development of young scientists 
and PhD students, BAS.

REFERENCES

Ahmad I, JA Hellebust, 1984. Nitrogen 
metabolism of the marine microalgae 
Chlorella autotrophica. Plant 
Physiol, 76: 658–663.

Ahmad I, JA Hellebust, 1993. Partial 
characterization of enzymes of 
nitrogen metabolism in Chlorella 
autotrophica Shihira & Krauss. New 
Phytol, 123: 685–692.

Arica ŞÇ, A Ozyilmaz, S Demirci, 2017. 
A study on the rich compounds and 
potential benefits of algae: A review. 
Pharma Innovation, 6(12): 42–51.

Bekheet IA, PJ Syrett, 1977. Urea-
degrading enzymes in algae. Br 
Phycol J, 12(2): 137–143.

Berges JA, MR Mulholland, 2008. 
Enzymes and N cycling. In: Nitrogen 
in the marine environment. Eds DG 
Capone, DA Bronk, MR Mulholland, 
EJ Carpenter, Elsevier, Amsterdam, 
1361–1420.

Bradford MM, 1976. A rapid and sensitive 
method for the quantification of 
micrograms quantities of protein 
utilizing the principle of protein-dye 
binding. Anal Biochem, 72(1–2): 
248–254.

Cannons AC, S Shiflett, 2001. 
Transcriptional regulation of the 
nitrate reductase gene in Chlorella 
vulgaris: identification of regulatory 
elements controlling expression. 
Curr Genet, 40: 128–135.

Dagenais-Bellefeuille S, D Morse, 2013. 
Putting the N in dinoflagellates. Front 
Microbiol, 4: 369–382. 

De Montaigu A, E Sanz-Luque, A 
Galván, E Fernández, 2010. A 
soluble guanylate cyclase mediates 
negative signaling by ammonium 
on expression of nitrate reductase 
in Chlamydomonas. Plant Cell, 22: 
1532–1548.

Deniz I, M Garcıa-Vaquero, E Imamoglu, 
2018. Trends in red biotechnology: 
Microalgae for pharmaceutical 
applications. In: Microalgae-Based 
Biofuels and Bioproducts, Eds R 
Munõz, C Gonzalez-Fernandez, 
Woodhead Publishing, 429–460.

El-Sheekh MM, HM Eladel, MG Battah, 
SM Abd-Elal, 2004. Effect of 
different nitrogen sources on growth 
and biochemical composition of 
the green microalgae Scenedesmus 



Vasileva and Gigova118

Genetics & Plant PhysioloGy 2018 vol. 8(3–4)

obliquus and Chlorella kessleri. Proc 
3rd Int Conf Biol Sci Fac Sci Tanta 
Univ, 28-29 APRYL 2004, Vol 3: 
419–432.

Georgiev D, H Dilov, S Avramova, 1978. 
Millieu nutritif tamponne et méthode 
de culture intensive des microalgues 
vertes (Buffered nutrient medium and 
intensive culture method of green 
microalgae). Hydrobiol, 7: 14–23.

Gérin S, G Mathy, A Blomme, F 
Franck, FE Sluse, 2010. Plasticity 
of the mitoproteome to nitrogen 
sources (nitrate and ammonium) in 
Chlamydomonas reinhardtii: The 
logic of Aox1 gene localization. 
Biochim Biophys Acta, 1797: 994–
1003.

Griffith SM, CP Vance, 1989. Aspartate 
aminotransferase in alfalfa root 
nodules 1. Purification and partial 
characterization. Plant Physiol, 90: 
1622–1629.

Hodson RC, JF Thompson, 1969. 
Metabolism of urea by Chlorella 
vulgaris. Plant Physiol, 44: 691–696.

Hodson RC, SK Williams, WR Davidson, 
1975. Metabolic control of urea 
catabolism in Chlamydomonas 
reinhardi and Chlorella pyrenoidosa. 
J Bacteriol, 121: 1022–1035.

Honold GR, GL Farkas, MA Stahmann, 
1966. The oxidationreduction 
enzymes of wheat. I. A qualitative 
investigation of the dehydrogenases. 
Cereal Chem, 43: 517–528.

Kim G, G Mujtaba, K Lee, 2016. Effects 
of nitrogen sources on cell growth 
and biochemical composition of 
marine chlorophyte Tetraselmis sp. 
for lipid production. Algae, 31(3): 
257–266. 

Laemmli UK, 1970. Cleavage of structural 

proteins during the assembly of the 
head of bacteriophage T4. Nature, 
227: 680–685. 

Levasseur M, P Thompson, P Harrison, 
1993. Physiological acclimation of 
marine phytoplankton to different 
nitrogen sources. J Phycol, 29(5): 
587–595.

Lin Q, J Lin, 2011. Effects of nitrogen 
source and concentration on biomass 
and oil production of a Scenedesmus 
rubescens like microalga. Bioresour 
Technol, 102: 1615–1621.

Lodemel JB, HK Maehre, J-O Winberg, 
RL Olsen, 2004. Tissue distribution, 
inhibition and activation of 
gelatinolytic activities in Atlantic 
cod (Gadus morhua). Comp Biochem 
Physiol B Biochem Mo. Biol, 137: 
363–371.

Lourenço SO, E Barbarino, J Mancini-
Filho, KP Schinke, 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. Phycologia, 41(2): 158–
168.

Marquez AJ, F Galvan, JM Vega, 1986. 
Utilization of ammonium by mutant 
and wild types of Chlamydomonas 
reinhardtii. Studies of the glutamate 
synthase activities. J Plant Physiol, 
124: 95–102.

Matoh T, S Ida, E Takahashi, 1980. 
Isolation and characterization of 
NADH-glutamate synthase from 
pea (Pisum sativum L.). Plant Cell 
Physiol, 21: 1461–1474.

Minárik P, N Tomášková, M Kollárová, 
M Antalík, 2002. Malate 
dehydrogenases - structure and 
function. Gen Physiol Biophys, 21: 



Response of metabolic enzymes of Scenedesmus sp. BGP to nitrogen sources 119

Genetics & Plant PhysioloGy 2018 vol. 8(3–4)

257–265.
Molloy CJ, PJ Syrett, 1988. Effect of light 

and N deprivation on inhibition of 
nitrate uptake by urea in microalgae. 
J Exp Mar Biol Ecol, 118: 97–101.

Moyano E, J Cárdenas, J Muñoz-Blanco, 
1995. Involvement of NAD(P)+- 
glutamate dehydrogenase isoenzymes 
in carbon and nitrogen metabolism in 
Chlamydomonas reinhardtii. Physiol 
Plant, 94: 553–559. 

Muñoz-Blanco J, B Lain-Guelbenzu, J 
Cárdenas, 1988. Characterization 
of an L-aspartate aminotransferase 
activity in Chlamydomonas 
reinhardtii. Physiol Plant, 74: 433–
439.

Muñoz-Blanco J, J Cárdenas, 1989. 
Changes in glutamate dehydrogenase 
activity of Chlamydomonas 
reinhardili under different trophic 
and stress conditions. Plant Cell 
Environ, 12: 173–182. 

Murphy RW, JWJR Sites, DG Buth, CH 
Haufler, 1996. Proteins I: isozyme 
electrophoresis. In: Molecular 
Systematics, 2nd edition, Eds DM 
Hillis, C Moritz, BK Mable, Sinauer 
Associates, Sunderland, 45–126.

Nash DT, ME Davies, 1975. Isoenzyme 
changes during the growth cycle of 
Paul’s scarlet rose cell suspensions. 
Phytochemistry, 14: 2113–2118.

Peccia J, B Haznedaroglu, J Gutierrez, JB 
Zimmerman, 2013. Nitrogen supply 
is an important driver of sustainable 
microalgae biofuel production. 
Trends Biotechnol, 31: 134–138.

Perez-Garcia O, FM Escalante, LE 
De-Bashan, Y Bashan, 2011. 
Heterotrophic cultures of microalgae: 
metabolism and potential products. 
Water Res, 45: 11–36.

Ren H, B Lui, C Ma, L Zhao, N Ren, 
2013. A new lipid-rich microalga 
Scenedesmus sp. strain R-16 isolated 
using Nile red staining: effects of 
carbon and nitrogen sources and 
initial pH on the biomass and lipid 
production. Biotechnol Biofuels, 6: 1.

Ricketts RT, 1988. Homeostasis in 
nitrogenous uptake/assimilation by the 
green alga Platymonas (Tetraselmis) 
striata (Prasinophyceae). Ann Bot, 
61: 451–458.

Scanlan DJ, AF Post, 2008. Aspects 
of marine cyanobacterial nitrogen 
physiology and connection to the 
nitrogen cycle. In: Nitrogen in 
the marine environment. Eds DG 
Capone, DA Bronk, MR Mulholland, 
EJ Carpenter, Elsevier, Amsterdam, 
1073–1096.

Setlik I, 1967. Contamination of 
algal cultures by heterotrophic 
microorganisms and its prevention. 
Ann Rep Algol for the Year 1966, 
Trebon, CSAV, pp. 89–100.

Sharma P, N Sharma, 2017. Industrial 
and Biotechnological Applications 
of Algae: A Review. Journal of 
Advances in Plant Biology, 1(1): 
01–25.

Shatilov VR, AV Sofin, TI Kasatkina, 
TM Zabrodina, MG Vladimirova, 
VE Semenenko, WL Kretovich, 
1978. Glutamate dehydrogenase of 
unicellular green algae: effects of 
nitrate and ammonium in vivo. Plant 
Sci Lett, 1(1): 105–114.

Sibi G, 2015. Cultural Conditions 
and Nutrient Composition as 
Effective Inducers for Biomass and 
Lipid Production in Fresh Water 
Microalgae. Res J Environ Toxicol, 
9(4): 168-178.



Vasileva and Gigova120

Genetics & Plant PhysioloGy 2018 vol. 8(3–4)

Solomon CM, PM Glibert 2008. Urease 
activity in five phytoplankton species. 
Aquatic Microb Ecol, 52: 149.

Soni SM, SS Sankneniwar, MA Rasheed, 
PLS Rao, SZ Hasan, 2017. Effect 
of various nitrogen sources on 
microalgal growth and lipid content 
in Chlorella pyrenoidosa NCIM 2738 
and ANK-1. Int J Curr Microbiol App 
Sci, 6(8): 3099–3108. 

Sturm BS, SL Lamer, 2011. An energy 
evaluation of coupling nutrient 
removal from wastewater with algal 
biomass production. Appl Energy, 
88: 3499–3506.

Tischner R, H Lorenzen, 1980. Changes 
in the enzyme pattern in synchronous 
Chlorella sorokiniana caused 
by different nitrogen sources. Z. 

Pflanzenphysiol, 100: 333–341.
Vasileva I, G Marinova, L Gigova, 

2015. Effect of nitrogen source 
on the growth and biochemical 
composition of a new Bulgarian 
isolate of Scenedesmus sp. J BioSci 
Biotechnol, SE/ONLINE: 125–129.

Vega JM, C Gotor, A Menacho, 1987. 
Enzymology of the assimilation 
of ammonium by the green alga 
Chlamydomonas reinhardtii. In: 
Inorganic nitrogen metabolism. Eds 
WR Ullrich, PJ Aparicio, PJ Syrett, 
F Castillo, Springer-Verlag, Berlin, 
132–136.

Williams SK, RC Hodson, 1977. Transport 
of urea at low concentrations 
in Chlamydomonas reinhardi. J 
Bacteriol, 130: 266–273.


