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Abstract In nature, several abiotic stresses occur simulta-
neously, leading to retarded growth and biochemical changes
in microalgae, including the commercial cyanobacterium,
Arthrospira platensis. To gain more understanding of stress
response, we investigated the integrative effects of nitrogen
depletion and high temperature stress on physiological chang-
es of A. platensis C1. The results revealed that photosynthetic
activities of the stressed cells were markedly reduced by more
than a half in comparison to the non-stressed cells. Moreover,
a reduction of biomass was observed within 24 h after
prolonged exposure to combined stress of nitrogen depletion
and high temperature. The total protein contents, including
phycocyanin (PC), in the stressed cells, decreased rapidly
within 8 h of incubation. This finding was concomitant with
the increase in carbohydrate content. However, the accumula-
tion of carbohydrates in the nitrogen depletion-treated cells
was greater than that in the cells under the combined stress.
Furthermore, the levels of polysaccharides increased only un-
der long-term incubation under nitrogen depletion but not

under the combined stress. In addition, the combination of
nitrogen depletion and high temperature stress resulted in an
increase in the proportion of linoleic acid but a decrease in γ-
linolenic acid within 24 h. These results suggest that the re-
sponse of A. platensis to the combined stress was different
from the responses of cells to individual stress. The PC deg-
radation, the increased carbohydrates, and the alteration in
fatty acids profiles were required for physiological response
to combined nitrogen depletion and high temperature stress of
A. platensis C1.

Keywords Arthrospira platensis . Carbohydrate . High
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Introduction

Cyanobacteria, including Arthrospira (Spirulina), have been
studied and used in many biotechnological applications. Most
systems for commercial production of microalgae and
cyanobacteria are operated in open ponds, where they are
frequently exposed to several stresses such as high tempera-
ture, high light intensity, acidity, alkalinity, and nutrient limi-
tation. These stresses resulted in different alterations of micro-
organisms in growth ability and synthesis of cellular compo-
sitions (Vonshak 1997; Cheng and He 2014). In general,
cyanobacteria can assimilate different forms of nitrogen such
as nitrate, nitrite, urea, and ammonium to synthesize many
biomolecules (Flores and Herrero 2005). However, severe de-
pletion of nitrogen might lead to the damage of cellular func-
tions (Collier and Grossman 1992; Krasikov et al. 2012).
Furthermore, leakage of nitrogen to the atmosphere through
denitrification may occur during cyanobacterial cultivation in
outdoor ponds (Vonshak 1997). In plants, more than half of
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nitrogen fertilizers added to crops is lost through gaseous
emission, denitrification, surface runoff, ammonia volatiliza-
tion, and bacterial competition (Raun and Johnson 1999).
Therefore, understanding stress responses in terms of the
changes in cellular physiology and metabolic processes may
bring an opportunity to increase growth and productivities of
cyanobacteria under stress (Aikawa et al. 2012; Hasunuma
et al. 2013).

Nitrogen limitation causes a decrease in growth, photosyn-
thetic activity, and pigments in many microalgae and
cyanobacteria such as Synechococcus sp. PCC 7942,
Rhodomonas sp., Botryococcus braunii, and Synechocystis
sp. PCC 6803 (Collier and Grossman 1992; Silva et al.
2009; Choi et al. 2011; Krasikov et al. 2012). Phycobilisome
degradation is well known as a response mechanism to nitro-
gen depletion in cyanobacteria such as Synechococcus sp.
PCC 7942, Synechocystis sp. PCC 6803, and A. platensis
NIES-39 (Collier and Grossman 1992; Krasikov et al. 2012;
Hasunuma et al. 2013). The breakdown of pigments in
microalgae and plants triggers chlorosis, causing change in
coloration of microalgae from blue-green to yellow (Collier
and Grossman 1992) and seedling yellowing symptoms in
plants (Scheible et al. 2004). Moreover, intracellular proteins
are degraded to provide nitrogen for the synthesis of essential
compounds in cellular metabolism, respiration, and growth
under nitrogen depletion. The excess carbon from the degra-
dation of intracellular proteins can be stored as lipids or car-
bohydrates (Scheible et al. 2004; Choi et al. 2011; Aikawa
et al. 2012). For example, the green algae, B. braunii and
Chlorella vulgaris, accumulate lipids as a carbon sink under
nitrogen deficiency (Choi et al. 2011; Mujtaba et al. 2012).
When high temperature stress was combined with nitrogen
starvation, lipid accumulation of the freshwater green alga
Scenedesmus obtusus XJ-15 could be highly induced up to
47.6 % dry weight (Xia et al. 2015). On the other hand, the
microalga Rhodomonas sp. (Silva et al. 2009) and the cyano-
bacterium A. platensisNIES-39 (Aikawa et al. 2012) grown in
a nitrogen-lacking medium preferred the accumulation of car-
bohydrates. In plants, the accumulation of sugars and starch is
increased in nitrogen-deficient seedlings of Arabidopsis
thaliana (Scheible et al. 2004). The increased glycogen in
A. platensis NIES-39 under nitrogen depletion was synthe-
sized with carbon derived from photosynthetic products and
from the degradation of intracellular proteins through gluco-
neogenesis (Hasunuma et al. 2013). Correspondingly, proteo-
mic study of Arthrospira sp. PCC 8005 revealed the up-
regulation of proteins involved in carbohydrate synthesis
and the down-regulation of proteins related to glycogen deg-
radation and inorganic carbon fixation pathways under nitro-
gen depletion (Deschoenmaeker et al. 2014). These results
indicated that the response mechanism to nitrogen depletion
of Arthrospira sp. relates to the reversible pathway of glyco-
gen synthesis and glycogenolysis. When considering the

energetic requirements for the synthesis of lipids or carbohy-
drates, the energy required to synthesize a lipid is higher than
that for a carbohydrate. Moreover, the decreased efficiency of
carbon accumulation in lipids might be caused by a loss of
reduced carbon during the conversion of pyruvate to acetyl-
CoA (Subramanian et al. 2013). Therefore, the accumulation
of either lipids or carbohydrates in living organisms in re-
sponse to nitrogen depletion depends on the genetic charac-
teristics of each organism.

Due to the change of global environment, temperature and
light are twomajor factors considered to be the limiting factors
of nutrient-sufficient cultivation in outdoor areas. Many stud-
ies have revealed that high light intensities and high or low
temperatures reduce the photosynthetic activity of Arthrospira
(Spirulina) spp., resulting in low biomass productivity of cells
(Torzillo and Vonshak 1994; Vonshak and Novoplansky 2008;
Vonshak et al. 2014). Moreover, raising temperature above
optimal temperature caused an increase in respiration rate in
A. platensisM2 (Torzillo and Vonshak 1994). In addition, the
combination of high light intensity and high temperature
caused a greater decrease in the photosynthetic activities, in-
dicating that photosynthesis of cells was more sensitive to
these combined stresses (Torzillo and Vonshak 1994). The
increased ambient temperature affected not only the decrease
in photosynthetic activity but also the changes in levels of
biochemical compounds such as proteins, carbohydrates, pig-
ments, and fatty acids of Arthrospira sp. (Chaiklahan et al.
2007; Panyakampol et al. 2015; Zhang and Liu 2015).
Besides, previous studies on transcriptome (Panyakampol
et al. 2015) and proteome (Hongsthong et al. 2009) under high
temperature stress in A. platensis C1 revealed a correlation
between high temperature and nitrogen assimilation. High
temperature stress rapidly inhibited the transcript levels of
genes encoding nitrate transporters, nitrite transporter, and ni-
trate reductase; however, it increased the transcript levels of
gene encoding amino acid permease-associated region of
A. platensis C1 (Panyakampol et al. 2015). It corresponded
to the decrease in protein levels of nitrate reductase of
A. platensis C1 after prolonged exposure to high temperature
stress (Hongsthong et al. 2009). These findings pointed out a
decreased efficiency of the nitrate- and nitrite-uptake system
and nitrogen assimilation of A. platensis C1 under thermal
stress, which might be referred to the conditions of nitrogen
depletion concomitant with high temperature stress. The alter-
ation of biochemical compounds under the combination of
nitrogen depletion and high temperature stress also has been
studied in some green algae (Xia et al. 2015). However, there
is little knowledge on physiological and biochemical changes
under the combined stress in the commercial cyanobacteria,
including Arthrospira sp. Therefore, the aim of the current
work was to investigate the physiological changes in
A. platensis C1 under the combined stress of nitrogen deple-
tion and high temperature. Since high temperature was an
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uncontrollable factor in outdoor cultivation of microalgae, we
expect that the knowledge from changes in biomass and bio-
chemical compositions under the combined stress should pro-
vide a better strategy for the nutrient management of
microalgae outdoor cultivation to overcome low biomass pro-
ductivity under nitrogen depletion and high temperature
stress.

Materials and methods

Culture conditions and growth analysis

Cultures of Arthrospira platensis C1 or Arthrospira sp. PCC
9438 were grown at 35 °C under il lumination at
100 μmol photons m−2 s−1 with continuous stirring in
Zarrouk’s medium (Zarrouk 1966) until mid-log phase.
Then, the cells were immediately transferred to nitrogen-
depleted Zarrouk’s medium (excluding NaNO3) at normal
temperature (35 °C), representing the nitrogen depletion
conditions, and under high temperature stress (42 °C),
representing the combined stress of nitrogen depletion
and high temperature conditions. In this study, the cul-
ture of Arthrospira grown under these stress conditions
was further incubated with the same light conditions for
24 h.

To analyze growth of A. platensis C1 in each designated
time period under the stress conditions, the cell cultures were
filtered through a GF/C filters and washed with an equal vol-
ume of acidified water (pH 4), prepared from 0.1 N H2SO4.
Then, samples were dried at 80 °C until the weight of biomass
was constant.

Photosynthetic activity measurement

The photosynthetic activity was measured as the rate of O2

evolution (moles of O2-evolved mg−1 chl h−1) at 35 °C using a
Clark-type oxygen electrode (Vonshak et al. 1996). A cell
concentration corresponding to 2.5 μg chl mL−1 was used.

Biochemical compounds measurements

Protein content was determined by Folin-Ciocalteau method
according to the procedure of Lowry et al. (1951). The cell
suspension was mixed with an equal volume of 1 N NaOH
and boiled for 20 min. Then, 1 mL samples were mixed with
2.5 mL of reagent, containing 50 mL of 5 %Na2CO3, 1 mL of
1 % CuSO4.5H2O, and 1 mL of 2 % NaKC4H6O6.4H2O; after
10 min of incubation, 0.5 mL of twofold diluted Folin-
Ciocalteau reagent (Merck, Germany) was added. After stand-
ing at room temperature for 30 min, the supernatant was mea-
sured absorbance at 750 nm. The obtained results were

compared to standard solutions of known concentrations of
bovine serum albumin (Amresco, USA).

Total carbohydrates as reducing sugars were assayed by the
phenol sulphuric method as described by Dubois et al. (1956).
One milliliter of cell suspension was mixed with 1 mL of 5 %
w/v phenol solution and 5 mL of concentrated H2SO4. After
incubating at room temperature for 30 min, the absorbance
was measured at 490 nm. The standard solution was prepared
from D-glucose (Merck, Germany). For the extraction of poly-
saccharides, freeze-dried cells were soaked with absolute eth-
anol (ratio 1:8w/v) at 60 °C for 30 min to remove lipids.
Dried-crude cells were re-suspended in water (ratio 1:45w/v)
and incubated at 90 °C for 2 h. Polysaccharides were precip-
itated by 20%v/v of 1% of cetyltrimethylammonium bromide
overnight. After the samples were centrifuged at 10,000 rpm
for 10 min, pellets were washed with saturated sodium acetate
in 95 % ethanol, 95 % ethanol, and absolute ethanol, respec-
tively (Chaiklahan et al. 2013).

For the extraction of lipids, 100mg of freeze-dried cells were
added with 3.75 mL of chloroform/methanol (ratio 1:2v/v)
and 1 mL of water followed by vigorous mixing at room
temperature for 20 min. After adding 1.25 mL of chloroform
and 0.25 mL of water, samples were centrifuged at 4000 rpm
for 5 min. The lower phase containing lipids was added with
2.5 mL of methanol/water (ratio 10:9v/v) followed by mixing
and centrifuging as described above. Crude lipids in the lower
phase were collected. The remaining upper and intermediate
phases were pooled and added with an equal volume of chlo-
roform to extract lipids. The extraction and separation steps
were repeated two more times. The total collection of lipids
was evaporated and weighed (Sato and Murata 1988).

Transmethylation for fatty acid analysis was performed ac-
cording to the method of Lepage and Roy (1984). One hundred
milligrams of freeze-dried cells was added to 100 μL of
heptadecanoic acid (C17H33COOH), an internal standard
(Sigma, USA) prepared by dissolving 100 mg of C17H34O2 in
10 mL of petroleum ether. Then, 2 mL of methanol-
hydrochloric (ratio 95:5v/v) was added and incubated at
80 °C for 1 h. After cooling, samples were added with 1 mL
of water and 1 mL of hexane containing 0.01 % of butylated
hydroxytoluene. The fatty acidmethyl esters in the hexane layer
were analyzed by gas chromatography GC-17A (Shimadzu,
Kyoto, Japan). The capillary column used in the analysis was
a fused silica glass column OMEGAWAX™ 250 (Supelco,
USA) of 30 m length and 0.25 μm film thickness. Oven tem-
perature and the injector temperature were set at 205 and
250 °C, respectively. The relative fatty acids content was deter-
mined by comparing their peak areas with the internal standard.

Pigment analysis

Chl a was extracted by methanolic extraction (Bennett and
Bogorad 1973). Cell suspension was filtered through GF/C
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filters. Then, the filtered cells were re-suspended in 5 mL of
absolute methanol and incubated at 70 °C for 2 min. Samples
were cooled and centrifuged at 3500 rpm for 5 min.
Absorbance of clear supernatant was measured at 665 nm.

Phycocyanin (PC) was extracted with 100 mM phosphate
buffer (pH 7) as described by Boussiba and Richmond (1979).
Freeze-dried cells were mixed with 5 mL of 100 mM phos-
phate buffer and incubated at 4 °C overnight. Then, samples
were centrifuged at 3500 rpm for 10 min and the absorbance
was measured at 620 nm.

Data analysis

All experiments were conducted with three independent bio-
logical replicates under nitrogen depletion and the combina-
tion of nitrogen depletion and high temperature stress.
Statistical analysis of physiological and biochemical data
among the culture conditions was performed on SPSS 16.0
package (Chicago, USA) using a one-way ANOVA and
Duncan’s test (p<0.05). Based on the statistical test results,
effect analyses under nitrogen depletion (35 °C, N−) and com-
bined stress (42 °C, N−) were performed and compared with
the control (35 °C, N+). The results of figures and tables were
represented by the averages and the standard deviations.

Results and discussion

Effects of the combination of nitrogen depletion and high
temperature stress on growth and photosynthesis
of A. platensis C1

After A. platensis C1 was immediately transferred to nitrogen
depletion and the combination of nitrogen depletion and high
temperature stress, cell growth in terms of dry weight was
investigated (Fig. 1). No significant differences between both
conditions were observed in the first 12 h; however, after-
wards, the dry weight under both conditions decreased signif-
icantly, while in the control it increased gradually (p<0.05).
During the first 12 h, the dry weight of A. platensis C1 under
nitrogen depletion at 35 and 42 °C gradually increased to 0.61
±0.03 and 0.65±0.07 g L−1, respectively, even though their
growth was lower than that of the control (0.77±0.04 g L−1)
(Fig. 1). Further incubation for 24 h resulted in a decrease in
cell dry weight to about half of the control. The decrease in dry
weight of cells grown under the combination of high temper-
ature stress and nitrogen depletion was consistent with that of
cells grown under the individual stress of nitrogen depletion
over 24 h (p>0.05). Although the retarded growth of
A. platensis C1 after exposure to nitrogen depletion at both
35 and 42 °C was observed, the stressed cells still grew in the
first 12 h. This might be due to the availability of endogenous
nitrogen for the synthesis of essential compounds to strive

against the stress or to acclimate to stress, as found in many
microalgae and cyanobacteria (Silva et al. 2009; Hasunuma
et al. 2013; Deschoenmaeker et al. 2014).

The poor growth of A. platensis C1 under nitrogen deple-
tion at both normal and high temperature might reflect its
photosynthetic activity. In other cyanobacteria, such as
Synechocystis sp. PCC 6803 and Arthrospira sp., individual
stress of either nitrogen depletion or high temperature caused
rapid decline in photosynthetic activity (Krasikov et al. 2012;
Panyakampol et al. 2015; Zhang and Liu 2015). Therefore, we
investigated photosynthetic activities in the treated cells under
nitrogen depletion combined with high temperature stress.
The result in Fig. 2 showed that during the first 4 h of incu-
bation, the O2 evolution of stressed cells was significantly
lower than that of the control cells; they were continuously
decreasing until 24 h of incubation (p<0.05). The photosyn-
thetic activities rapidly declined by approximately 26 and
18 % of the initial values under nitrogen depletion at 42 and
35 °C, respectively. Then, the photosynthetic activity of the
combined stress-treated cells continuously decreased by more
than half of the control within 8 h and dropped by 78 % at
24 h, whereas the photosynthetic activity of cells under nitro-
gen depletion at normal temperature at 24 h decreased to only
half of the control. These results suggested that the combined
stress of nitrogen depletion and high temperature had stronger
negative effects on the activity of photosynthesis in the cells.
Hence, the multiple stress factors greatly affected the photo-
synthetic activity in cells. As found in S. platensis M2, the
combined stress of high light intensity and high temperature
had a greater effect compared with the individual stress
on the decrease in the photosynthetic activity (Torzillo
and Vonshak 1994).

In terms of Chl a content, no significant differences be-
tween both stress cases and the control were observed in the

Fig. 1 Dry weight of A. platensis C1 after shifting the conditions to
nitrogen depletion and the combined stress of nitrogen depletion and
high temperature. Data in each time period are the average±SD of three
independent replicates. Culture conditions of the control and after shifting
the conditions to nitrogen depletion and the combined stress of nitrogen
depletion and high temperature are represented as 35 °C, N+ (black
triangle); 35 °C, N− (white triangle); and 42 °C, N− (white circle),
respectively

2180 J Appl Phycol (2016) 28:2177–2186



first 12 h (p<0.05) (Fig. 3). These results might indicate the
stability of Chl a in A. platensisC1 during short-term response
to stresses of nitrogen depletion at 35 and 42 °C. When cells
were further incubated under both stresses, Chl a content sig-
nificantly gradually increased until the end of 24 h of incuba-
tion (p<0.05). A previous study has also shown that Chl a
content of A. platensis C1 decreased after prolonged exposure
to high temperature at 43 °C for over 48 h (Chaiklahan et al.
2007). However, Chl a content of Synechocystis sp. PCC 6803
still remained constant after long-term exposure to nitrogen
deprivation (Krasikov et al. 2012). Therefore, the different
alterations of Chl a contents in cyanobacteria might depend
on species, culture conditions and range of exposure time to
stresses. Many studies have reported that either nitrogen

depletion or high temperature stress cause reduction of photo-
synthetic activity. The reduction of photosynthetic activity of
Synechocystis sp. PCC 6803 grown under nitrogen depletion
resulted from the diminished carbon fixation activity
(Krasikov et al. 2012). The change in photosynthetic activity
under high temperature was related to alteration of membrane
fluidity (Aminaka et al. 2006). Therefore, it is possible that
nitrogen depletion and high temperature may affect other met-
abolic processes of A. platensis C1. To better elucidate the
integrative effects of nitrogen depletion combined with high
temperature stress, we further examined the changes in accu-
mulation of biochemical compounds such as proteins, phyco-
cyanins, carbohydrates, polysaccharides, lipids, and fatty
acids of A. platensis C1 under these stress conditions.

Protein and phycocyanin content decreased
during exposure to nitrogen depletion and high
temperature stress

Limitation of nitrogen source causes the reduction of protein
content. As shown in Fig. 4a, comparing with the control, no
significant difference between both stress cases and the con-
trol were observed before 8 h; then, total proteins started to
decrease (p<0.05). This significant decrease reached 79 and
68 % when cells were subjected to nitrogen depletion for 12
and 24 h, respectively. A similar result was also found in cells
grown under the conditions of the combined stress of nitrogen
depletion and high temperature over 24 h (Fig. 4a). Moreover,
a previous study has shown that the protein content of
A. platensisC1 declined to approximately 72% in comparison
to the control, when cells were under high temperature stress
(Panyakampol et al. 2015). These observations indicated that
the combined stress of high temperature and nitrogen deple-
tion, as well as individual stress, caused similar effect on the
decrease in total protein content of A. platensis C1.

Furthermore, we investigated the content of PC, a pigment-
protein complex, in A. platensis C1 (Fig. 4b). Similarly to the
analysis of total proteins, we observed a significant decline to
approximately 69 % of the control at 8 h which further
declined to 45 % at 24 h under the integrative effect of nitro-
gen depletion and high temperature stress (Fig. 4b). The
changes in PC content grown under nitrogen depletion were
similar to those of cells grown under the combined stress.
After exposure to nitrogen depletion for 8 and 24 h, the PC
content decreased to approximately 72 and 41 % of the con-
trol, respectively. This result was consistent with the study of
Synechocystis sp. PCC 6803, whose PC started to degrade
after 9 h and disappeared after 48 h of nitrogen depletion
(Krasikov et al. 2012). Since the decrease in total protein of
A. platensis C1 grown under nitrogen depletion at 35 and
42 °C was slower than the decrease of PC, we analyzed the
PC/total proteins ratio to compare the rate of PC degradation
under each stress condition. The results showed that a

Fig. 2 Photosynthetic activity of A. platensis C1 after shifting the
conditions to nitrogen depletion and the combined stress of nitrogen
depletion and high temperature. Data in each time period are the
average±SD of three independent replicates. Culture conditions of the
control and after shifting the conditions to nitrogen depletion and the
combined stress of nitrogen depletion and high temperature are
represented as 35 °C, N+ (black triangle); 35 °C, N− (white triangle);
and 42 °C, N− (white circle), respectively

Fig. 3 Chl a content of A. platensis C1 after shifting the conditions to
nitrogen depletion and the combined stress of nitrogen depletion and high
temperature. Data in each time period are the average±SD of three
independent replicates. Culture conditions of the control and after
shifting the conditions to nitrogen depletion and the combined stress of
nitrogen depletion and high temperature are represented as 35 °C, N+
(black triangle); 35 °C, N− (white triangle); and 42 °C, N− (white
circle), respectively

J Appl Phycol (2016) 28:2177–2186 2181



significant reduction of the PC/total proteins ratio could be
observed at 24 h in the nitrogen-free medium grown cells at
both normal and high temperature (Fig. 4c). The alteration of
the PC/total proteins ratio in A. platensis C1 was quite similar
to that of cells grown under both conditions (p>0.05). We
suggest that nitrogen depletion, rather than high temperature

stress, had a marked effect on the reduction of PC in
A. platensis C1.

The decrease in total protein content of other Arthrospira
strains, such as A. platensis NIES-39 (Hasunuma et al. 2013)
and Arthrospira sp. PCC 8005 (Deschoenmaeker et al. 2014)
under nitrogen deficiency was related to the degradation of
intracellular proteins to increase the generation of free amino
acids for the synthesis of essential proteins and metabolites for
coping with stress. In A. platensis C1, the results from Fig. 4b
clearly showed that PC was a major intracellular nitrogen
compound degraded under nitrogen depletion at both normal
and high temperature. Like other cyanobacteria, the degrada-
tion of PC under nitrogen depletion was to provide nitrogen
from intracellular proteins for growth, acclimation to stresses,
and compensation for the damaged proteins (Collier and
Grossman 1992). In Arthrospira sp. PCC 8005, nitrogen de-
pletion inhibited the levels of several proteins playing a role in
photosynthesis, Calvin cycle, and the synthesis of amino acids
and sugars; however, it increased the levels of some proteins
involved in glutamine synthesis and carbohydrate metabolism
(Deschoenmaeker et al. 2014). High temperature stress result-
ed in a decrease in the protein levels of nitrate reductase,
PC-α-phycocyanobilin lyase-related protein and several pro-
teins involved in two-component system and desaturation pro-
cess, but also caused the increase in the levels of heat-shock
proteins and some signaling proteins (Hongsthong et al.
2009). Although total protein content of cells cultivated under
nitrogen depletion and the combined stress of nitrogen deple-
tion and high temperature decreased, cells might synthesize
essential proteins to cope with stress conditions. The acclima-
tion of Arthrospira sp. under the stresses was related to the
induction or the inhibition of protein levels involved in the
different processes.

Accumulation of carbohydrates under nitrogen depletion
and high temperature stress

Changes in total carbohydrate content of A. platensis C1 were
investigated in terms of reducing sugar content, as shown in
Table 1. We observed a significant increase in carbohydrate
content ofA. platensisC1 grown in nitrogen-depleted medium
which was up to 53 and 75 % compared to the control at 12
and 24 h, respectively (Table 1). Particularly, nitrogen deple-
tion resulted in the increased polysaccharides of A. platensis
C1 to 43 % at 24 h compared to the control (Fig. 5).
Meanwhile, the induction of carbohydrate content in the cells
treated with nitrogen depletion combined with high tempera-
ture stress was only 28 and 23 % within 12 and 24 h, respec-
tively, when compared to the control. Unlike the cells grown
under nitrogen depletion at normal temperature, the combined
stress-treated cells did not show changes in polysaccharide
content within 24 h. Therefore, our observation indicated that
high temperature might retard the accumulation of total

Fig. 4 Alteration of a total proteins, b PC, and c the percentage of PC/
total protein content of A. platensis C1 after shifting the conditions to
nitrogen depletion and the combined stress of nitrogen depletion and
high temperature. Data in each time period are the average±SD of three
independent replicates. Culture conditions of the control and after shifting
the conditions to nitrogen depletion and the combined stress of nitrogen
depletion and high temperature are represented as 35 °C, N+ (black
triangle); 35 °C, N− (white triangle); and 42 °C, N− (white circle),
respectively
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carbohydrates of cells within 24 h under nitrogen limitation
conditions.

Studies of Arthrospira sp. have revealed the response
mechanisms to nitrogen depletion (Hasunuma et al. 2013;
Deschoenmaeker et al. 2014) and high temperature stress
(Panyakampol et al. 2015), which were associated with car-
bohydrate synthesis. Physiological responses to nitrogen de-
pletion and high temperature stress in cyanobacteria might be
caused by changes at molecular levels. At transcriptional re-
sponses, high temperature stress rapidly induced the transcript
levels of a gene encoding phosphoenolpyruvate synthase in-
volved in carbohydrate metabolism of A. platensis C1
(Panyakampol et al. 2015). In Arthrospira sp. PCC 8005,
several proteins involved in carbohydrate synthesis were up-
regulated after 24 h of incubation under nitrogen depletion
(Deschoenmaeker et al. 2014). As found in many microalgae,

the excess of carbon skeletons could be stored as storage mol-
ecules of intracellular energy and/or a carbon source, such as
glycogen or lipids when cells grow in the absence of nitrogen
(Choi et al. 2011; Aikawa et al. 2012). Correspondingly,
Hasunuma et al. (2013) have proposed that A. platensis
NIES-39 responded to nitrogen depletion by synthesizing car-
bohydrates as glycogen from the carbon derived from the
degradation of intracellular proteins through gluconeogenesis.
Furthermore, Grundel et al. (2012) reported that glycogen
metabolism might be involved in maintaining redox homeo-
stasis and acclimating to changes in photosynthetic activity.
The high accumulation of polysaccharides may be suggested
as a physiological strategy for coping with nitrogen starvation
of Rhodomonas sp. (Silva et al. 2009). However, it is possible
that the lower accumulation of intracellular carbohydrates in
A. platensis C1 grown under nitrogen depletion at high tem-
perature conditions, as compared to cells grown under nitro-
gen depletion at normal temperature conditions, might have
other mechanisms for the synthesis of biochemical com-
pounds. Several studies have suggested that cyanobacteria
have the possibility to convert a two-carbon molecule of ace-
tyl-CoA, an intermediate compound, into other compounds
such as ethanol, isoprene, isobutanol, polyhydroxybutyrate,
and exopolysaccharides (Moreno et al. 1998; Asada et al.
1999; Ducat et al. 2011).

Changes in lipid and fatty acid profiles under nitrogen
depletion and high temperature stress

During the first 12 h, we observed a decrease in the lipid
content of A. platensis C1 grown under the conditions of ni-
trogen depletion at both 35 and 42 °C (p<0.05). However, the
lipid contents in the treated cells were not significantly differ-
ent compared with the control at 24 h (Table 2, p>0.05).
Moreover, the total fatty acids (% of dry weight) significantly

Fig. 5 Effects of nitrogen depletion and the combined stress of nitrogen
depletion and high temperature on the production of polysaccharides in
A. platensisC1. Data are the average±SD of three independent replicates.
Culture conditions of the control and after shifting the conditions to
nitrogen depletion and the combined stress of nitrogen depletion and
high temperature are represented as 35 °C, N+; 35 °C, N−; and 42 °C,
N−, respectively

Table 1 Carbohydrate content of A. platensis C1 after shifting the
conditions to nitrogen depletion and the combined stress of nitrogen
depletion and high temperature for 24 h

Time 

(h)

Carbohydrate (mg g-1 cell)

35 °C, N+ 35 °C, N− 42 °C, N−

0 246.7±0.9
a

246.7±0.9 246.7±0.9

12 258.0±10.2 395.8±8.3 329.9±16.3

24 329.5±13.3 575.3±37.8 406.3±3.3

a Values are the relative average±SD of three independent replicates.
Background colors indicate statistical differences among the treatments
calculated using one-way ANOVA and Duncan’s test (p<0.05). The
values in the table visualized by the same shaded background color can
be divided into not-significantly-different groups. Culture conditions in
each column are divided into the control (35 °C, N+), nitrogen depletion
(35 °C, N−), and the combined stress of nitrogen depletion and high
temperature (42 °C, N−)

Table 2 Lipid content of A. platensisC1 after shifting the conditions to
nitrogen depletion and the combined stress of nitrogen depletion and high
temperature for 24 h

Time 

(h)

Lipid (mg g-1 cell)

35 °C, N+ 35 °C, N− 42 °C, N−

0 65.8±0.4
a

65.8±0.4 65.8±0.4

12 60.5±3.8 46.6±10.1 52.7±4.1

24 50.6±7.3 47.3±7.6 48.3±8.5

a Values are the relative average±SD of three independent replicates.
Background colors indicate statistical differences among the treatments
calculated using one-way ANOVA and Duncan’s test (p<0.05). The
values in the table visualized by the same shaded background color can
be divided into not-significantly-different groups. Culture conditions in
each column are divided into the control (35 °C, N+), nitrogen depletion
(35 °C, N−), and the combined stress of nitrogen depletion and high
temperature (42 °C, N−)
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decreased by approximately 28 and 27 % of the initial value
after exposure to nitrogen depleted conditions at both 35 and
42 °C, respectively (Table 3, p<0.05). When we considered
the patterns of fatty acid profiles for 24 h, the integrative
effects of nitrogen depletion and high temperature stress, but
not nitrogen depletion at normal temperature, affected the de-
crease in the proportions of palmitoleic acid (C16:1) and γ-
linolenic acid (C18:3) and the increase in the proportion of
linoleic acid (C18:2). Correspondingly, the individual stress of
high temperature had no effect on total lipid content in
A. platensis C1 (Panyakampol et al. 2015); however, it had
effects on total fatty acids and fatty acids composition
(Chaiklahan et al. 2007). These results suggest that high tem-
perature, rather than nitrogen depletion, was more likely to
affect the alteration of fatty acid profiles in A. platensis C1.
High temperature stress causes an increase in fluidity of

membranes in cyanobacteria (Los and Murata 2004)
which can lead to disintegration of the lipid bilayer
and may result in the loss of functionali ty of
photosynthetic machinery located on the thylakoid
membrane. Deshnium et al. (2000) revealed that the
mechanism of A. platensis C1 to cope with high tem-
perature stress was the decrease in the fluidity of the
membrane by inducing the rate of desD degradation
which may suppress the desaturation of fatty acids from
C18:2 to C18:3, resulting in the increase in the propor-
tion of C18:2. Furthermore, the transcript levels of desD
of A. platensis C1 rapidly decreased by approximately
1.5-fold in comparison with the control within the first
20 min of incubation at high temperature stress and
returned to basal levels at 120 min (Panyakampol
et al. 2015). Several studies have proposed that nitrogen
depletion contributes to the accumulation various bio-
chemical compounds in microalgae (Choi et al. 2011;
Aikawa et al . 2012). Cyanobacter ia , including
A. platensis C1, preferred to accumulate carbohydrates
rather than lipids to be used as a carbon source in
response to nitrogen depletion (Aikawa et al. 2012;
Hasunuma et al. 2013). However, some microalgae such
as B. braunii and C. vulgaris, cultured in a medium
with low nitrate concentration showed increases in lipid
contents instead (Choi et al. 2011; Mujtaba et al. 2012).
In particular, S. obtusus XJ-15 grown under the combi-
nation of nitrogen deficiency and high temperature
stress showed the highest lipid content of up to
47.6 % dry weight and alterations of fatty acids by
increasing the percentage of saturated fatty acids but
decreasing the percentage of polyunsaturated fatty acids
(Xia et al. 2015).

In conclusion, the combination of nitrogen depletion
and high temperature stress showed stronger effects on
the photosynthetic activity than the individual stress of
nitrogen depletion. Although nitrogen depletion caused a
decrease in protein content, including PC and an in-
crease in carbohydrate contents, the accumulation of
carbohydrates, especially the increase in the levels of
polysaccharides, seemed to be growth temperature-de-
pendent. In regard to fatty acid profiles, these were
changed only under the combination of nitrogen deple-
tion and high temperature stress. Although nitrogen de-
pletion highly increased the production of carbohydrates
and polysaccharides in A. platensis C1, the growth of
stressed cells decreased at 24 h of incubation. In order
to utilize carbohydrates as a source for pharmacological
applications and the production of biofuels (Aikawa
et al. 2012; Chaiklahan et al. 2013; Hasunuma et al.
2013), high productivity of carbohydrates under stress
conditions should be considered concomitant with cell
growth in further study. Moreover, nutrient management,

Table 3 Total fatty acids and fatty acids composition of A. platensisC1
after shifting the conditions to nitrogen depletion and the combined stress
of nitrogen depletion and high temperature for 24 h

Fatty acids
Time 

(h)

Fatty acid composition (%)

35 °C, N+ 35 °C, N− 42 °C, N−

0 45.9±0.5
a

45.9±0.5 45.9±0.5

C16:0 12 46.8±0.8 47.8±2.2 47.9±1.8

24 46.5±0.4 47.5±0.8 47.2±0.8

0 5.5±0.0 5.5±0.0 5.5±0.0

C16:1 12 5.2±0.5 5.5±0.3 5.0±0.4

24 5.1±0.2 5.2±0.2 4.5±0.5

0 0.9±0.1 0.9±0.1 0.9±0.1

C18:0 12 0.9±0.1 1.0±0.1 1.2±0.3

24 0.8±0.1 1.1±0.2 2.0±0.4

0 7.6±0.3 7.6±0.3 7.6±0.3

C18:1 12 8.6±0.6 6.5±0.8 6.1±0.7

24 9.3±0.8 6.7±1.9 6.5±1.8

0 20.6±0.3 20.6±0.3 20.6±0.3

C18:2 12 20.5±0.4 21.0±1.2 22.5±1.6

24 20.4±0.5 21.4±1.2 24.5±2.1

0 19.5±0.7 19.5±0.7 19.5±0.7

C18:3 12 18.0±0.9 18.2±1.4 17.3±0.9

24 17.9±0.1 18.1±0.5 15.3±1.7

Total fatty acids

(% of dry weight)

0 3.9±0.3 3.9±0.3 3.9±0.3

12 3.5±0.2 3.0±0.2 3.1±0.1

24 3.6±0.1 3.0±0.4 2.9±0.1

a Values are the relative average±SD of three independent replicates.
Background colors indicate statistical differences among the treatments
calculated using one-way ANOVA and Duncan’s test (p<0.05). The
values in the table visualized by the same shaded background color can
be divided into not-significantly-different groups. Culture conditions in
each column are divided into the control (35 °C, N+), nitrogen depletion
(35 °C, N−), and the combined stress of nitrogen depletion and high
temperature (42 °C, N−)
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as a factor that can be controlled, should be regarded as
one of the essential requirements for the improvement
of microalgal mass cultivation under stresses. Therefore,
the knowledge on physiological responses could be ap-
plied for further improvement of the management of an
outdoor cultivation of microalgae.
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