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Abstract

The present study was undertaken to examine the salinity stress-induced physiological and biochemical alterations in the
cyanobacterium Synechococcus sp. PCC 7942. Cyanobacterial cultures supplemented with different concentrations of NaCl
were evaluated for growth, carbohydrate, total lipid, ROS generation, and stress biomarkers to evaluate the ROS-mediated
lipid production in Synechococcus 7942. Salt concentration of 500 mM induced a five- and threefold increase in the produc-
tion of carbohydrates and lipids, respectively. The fatty acids composition in terms of total quantity and oleic acid content of
the investigated species was also improved as the salinity level increased from 0 to 500 mM NaCl. The data showed maximum
MUFA production at 10 mM NaCl with dominance of palmitoleic acid (88.3%) and oleic acid (0.31%), whereas PUFA was
found to be maximally produced at 250 mM NaCl with dominance of linoleic acid. Salt stress enhanced the accumulation
of carbohydrate and total lipids and antioxidative enzymes, and modulates the fatty acids and hydrocarbon composition of
cyanobacterium. Production of fatty acid and hydrocarbon under saline conditions indicates that salinity can be used as a

factor to modulate the biochemical pathways of cyanobacteria toward efficient biofuel production.
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Introduction

Among the several problems related with use of fossil fuels,
major one is pollution of ecosystems together with its fast
depletion (Greenwell et al. 2010). An alternative strategy to
minimize these problems is to develop the technology of bio-
fuel production using suitable biological strains. Biofuels are
most promising solution to the worlds fuel problem due to
their sustainability and biodegradability (Kiran et al. 2016).
Since the microorganisms require exogenous supplementa-
tion of carbon, utilization of these organisms for biofuel pro-
duction will be a very costly approach. On the other hand,
using land crops for biofuel production will minimize food
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crop production and increase the food cost (Machado and
Atsumi 2012; Scharlemann and Laurance 2008). Cyanobac-
teria, one of the most diverse group of oxygenic photosyn-
thetic prokaryotes with wide ecological tolerance, possess
the ability to directly convert solar energy into renewable
bioenergy and environmentally friendly biofuels (Monshu-
panee and Incharoensakdi 2013). They are currently being
explored as a commercial biofuel feedstock due to their fast
growth rate, ability to grow under several conditions such as
wastewater, reduced requirement of water and other resource
inputs, the possibility of not occupying arable lands for their
cultivation, ability to grow under extreme environments, as
well as capability to grow photoautotrophically, heterotroph-
ically, and mixotrophically (de Farias Silva and Bertucco
2016; Gomaa et al. 2016). Thus fatty acid and hydrocarbon
production by cyanobacteria seems to be a promising alter-
native to fossil fuel because they are more advantageous
in comparison with other microalgae in terms of indus-
trial production due to their fast growth, simple nutrient
requirements (mainly water, sunlight, and CO,) and easy to
genetically engineer (Heidorn et al. 2011; Huang et al. 2010;
Koksharova and Wolk 2002; Ruffing 2011). The importance
of using cyanobacteria for biofuel production is that they
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can enhance lipid production per hectare area by 100 times
compared to other microorganisms (Rittmann 2008). Salt
stress is one of main abiotic factor limiting the growth and
productivity of cyanobacteria and plants (Allakhverdiev
et al. 2001). Cyanobacteria are reported to modulate their
physiological and biochemical attributes toward salt stress
tolerance. Under high saline condition, genes involved in
compatible solute synthesis, oxidative stress, and ion chan-
nel showed increased expression (Ludwig and Bryant 2012).
Salinity stress was reported to enhance lipid accumulation
in several microalgae such as Chlamydomonas sp. JSC4,
Nannochloropsis, Scenedesmus sp. CCNM 1077 (Mar-
tinez-Roldan et al. 2014; Pancha et al. 2015). Microalga
Dunaliella salina 1650 had also been reported to produce
hydrocarbon under photoautotrophic condition (Song et al.
2008). A previous study by Pancha et al. (2015) in Scened-
esmus sp. and by Yilancioglu et al. (2014) in Dunaliella sp.
reported that salinity stress and nitrogen depletion, respec-
tively, resulted in co-occurrence of ROS (reactive oxygen
species) and lipid accumulation. In the present study, we
have examined salinity-induced modulations in growth
behavior, carbohydrate and lipid production, fatty acid and
hydrocarbon content as well as level of ROS generation and
antioxidative response of cyanobacterium Synechococcus
sp. PCC 7942 in order to elucidate the cellular mechanism
regarding ROS-induced lipid production which may be use-
ful in biofuel production under salinity stress.

Materials and methods
Cyanobacterial strain and cultivation

The cyanobacterium Synechococcus sp. PCC 7942 used
in this study was a gracious gift from Karl Forchhammer,
University of Tuebingen, Germany. This strain was grown
axenically in the BG11 medium supplemented with 17 mM
NaNOj; and 10 mM NaHCOj in the fluorescent cool light
(85 uEm~2s7!) at 30 °C and 7.5 pH.

Experimental design

In order to find out optimum, LCs;, and lethal concentrations,
growth of the cyanobacterial cells were measured treated
with different concentrations of NaCl ranging from 1 to
1000 mM. It was found that 10 mM is optimum concentra-
tion, whereas 500 mM is LCjs,. To further investigate the
salinity-induced morphological and biochemical alterations,
10, 50, 100, 250, 500 mM NaCl concentrations were tested.
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Growth analysis

Cyanobacterial growth was monitored by measuring the
dried cyanobacterial biomass as well as chlorophyll a con-
tent at 663 nm according to the protocol of Mc Kinney
(1941).

Lipid and carbohydrate estimation

Cellular carbohydrate was estimated as per the protocol of
Dubois et al. (1956) to understand the role of salinity on car-
bohydrate production. Total lipids were extracted according
to Folch et al. (1957) and gravimetrically determined after
solvent evaporation. Total lipids were calculated as ug lipid
mg~! of dry wt.

Scanning electron microscopy

Morphological alterations in cyanobacteria exposed to vari-
ous NaCl concentrations were observed by scanning elec-
tron microscopy. A total of 0.5 ml control and NaCl-treated
cyanobacterial cells were harvested by centrifugation at
10,000 g for 10 min, following washing of obtained pellet
two times with double-distilled water (DDW). Then after
2.5% glutaraldehyde in 1:2 proportion (1 culture: 2 gluta-
raldehyde) was added to pellet and incubated overnight at
4 °C. Centrifugation at 8000 g for 10 min was performed,
and supernatant discarded and washed two times with
DDW. Cultures were dehydrated with 30, 50, 70, and 100%
ethanol for 15 min at each ethanol concentration. Further,
dehydrated pellet was incubated for 1 h at room temperature
in 100% ethanol following centrifugation at 10,000 g for
10 min. 0.1% AgNO; was added to the pellet and incubated
at 45 °C in water bath for 1 h. Final centrifugation was done
at 10,000 g supernatant discarded and completely dried
pellet was used for SEM analysis. SEM observations were
recorded on Fei Quanta 200 microscope fitted with LFD
detector at a 20-kV working voltage with a working distance
of 10 mm and 5000 magnification.

ROS imaging and in vivo detection of ROS

Most widely used fluorometric probe 2', 7'-dichlorodihy-
drofluoresceine diacetate (DCFH-DA) (Sigma-Aldrich,
USA) was used for the intracellular detection of ROS
(He and Hader 2002). A stock solution of 2 mM (w/v) of
DCFH-DA was prepared in ethanol and stored in dark at
—20 °C. Approximately 4 ug ml~! cyanobacterial cells from
each treatment was stained with 5 uM (final concentration)
DCFH-DA and kept in dark for 1 h. Furthermore, cells were
visualized under trinocular inverted fluorescence microscope
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(Dewinter, Italy). In addition, the fluorescence of samples
was also analyzed by spectrofluorometer (Hitachi, Tokyo,
Japan) with an excitation wavelength of 485 nm and an emis-
sion band between 500 and 600 nm.

Estimation of stress biomarkers

To determine the activity of SOD (superoxide dismutase)
(EC 1.15.1.1), 50 mg biomass was homogenized in 100 mM
EDTA phosphate buffer (pH 7.8) and centrifuged at 13,000 g
for 30 min at 4 °C. SOD activity was determined in the
supernatant by inhibition of nitroblue tetrazolium (NBT)
using 3 ml reaction mixture containing 1.3 mM riboflavin,
13 mM L-methionine, 0.05 M Na,CO; (pH 10.2), 63 uM
nitroblue tetrazolium chloride and 0.1 ml of crude extract
according to the protocol of Giannopolitis and Ries (1977).
At the end, riboflavin was added and reaction mixture was
illuminated with 78 umol m~2 s! for 15 min. Absorbance of
the irradiated sample was measured at 560 nm, compared
with non-irradiated sample, and SOD activity was calculated
by assuming that one unit of SOD activity is the amount
of enzyme that causes 50% inhibition of the photochemical
reduction of NBT (nitro blue tetrazolium).

To estimate the CAT (catalase) (EC 1.11.1.6) activity,
50 mg biomass was homogenized in the EDTA phosphate
buffer (pH 7.8) following centrifugation at 13,000 g. A total
of 0.1 ml enzyme extract was added to 3 ml reaction mixture
containing phosphate buffer (1.6 ml), 100 ul EDTA (3 mM),
200 pl H,0, (0.3%), and CAT activity was monitored by
measuring the disappearance of H,0,, by measuring a
decrease in absorbance at 240 nm against a blank of same
sample without 0.3% H,0, as per the protocol of Chance and
Maehly (1995). One unit enzyme activity corresponds to an
absorbance change of 0.01 units min~".

For analysis of APX (ascorbate peroxidase) (EC
1.11.1.11), protocol of Nakano and Asada (1981) was fol-
lowed. Fifty milligrams of biomass was homogenized in
2 ml phosphate buffer (0.5 M, pH 7.5) following centrifuga-
tion at 12,000 g at 4 °C for 30 min. One hundred microliters
of crude enzyme extract was added in a reaction mixture
containing potassium phosphate buffer, ascorbic acid, and
EDTA following addition of 0.3% H,O, to initiate the reac-
tion. The reaction was followed for 3 min at a wavelength
of 290 nm against a blank of same sample without H,0,.
Extinction coefficient for ascorbate is 2.8 mM~! cm™!.

Lipid peroxidation was analyzed in terms of total MDA
(malondialdehyde) content as per the protocol of Heath and
Packer (1968) under different salt concentration regimes.
Exponentially grown cultures were harvested and homog-
enized in 10 ml of 0.1% TCA following centrifugation at
13,000 g for 15 min. Reaction mixture containing 1 ml
supernatant and 4 ml TBA in 20% TCA was incubated at
95 °C in a water bath for 30 min, immediately cooled on ice

and again centrifuged at 10,000 g for 10 min. Absorbance
of supernatant was recorded at 532 nm, and the non-specific
absorbance at 600 nm was subtracted. Lipid peroxidation
was expressed in terms of mM mg~! protein and extinction
coefficient for MDA is 155 mM~! cm™..

Proline content was estimated as per the protocol of Bates
et al. (1975). Cultures were harvested at 10,000 g for 5 min,
and obtained pellet was crushed in 2 ml of 40% methanol.
1 ml glacial acetic acid and orthophosphoric acid (6 M, 3:2
v/v) and 25 mg ninhydrin were added to 1 ml of crushed
samples, and the reaction mixture was incubated at 100 °C
for 1 h and immediately cooled following addition of 5 ml
of toluene. Two distinct phases were formed: upper phase
was used to measure proline content at 528 nm, and content
was expressed as ug ml~".

Lipid extraction and preparation of FAMEs

Lipid extraction was done following the protocol of Kang
and Wang (2005) with slight modification. Exponentially
growing cyanobacterial cells were harvested by centrifuga-
tion at 10,000 g for 15 min, and pellet was dried, and 1 g
of dried biomass was crushed in the chloroform/methanol
(2:1) reagent. The crushed biomass was then filtered through
Whatman filter paper, and filtrate was collected in 15-ml
screw cap tube, and lipid is extracted in chloroform phase
by adding 2 ml distilled water and concentrated at room tem-
perature using speed vac (Thermo Fisher Scientific, USA)
for 20 min. For saponification, 5 ml of sodium methoxide
reagent were added and vortexed. Few drops of boron trif-
luoride-methanol reagent was added and boiled at 100 °C for
12 min and cooled at room temperature. HPLC-grade hexane
(5 ml) was added to each sample and incubated at room
temperature for 30 min. Two distinct layers were formed
with upper hexane layer containing FAMEs. Two-thirds of
the upper layer was transferred to GC vials and was allowed
to evaporate until 100 ul od sample remained.

GC/MS (gas chromatography/mass spectrometry)
analysis

Changes in FAMEs (Fatty acid methyl esters) profile were
analyzed with a Shimadzu GC-MS-QP 2010 plus connected
with FID (flame ionization detector) and RTX-5 capillary
column (30 m long, 0.25 mm diameter, and 0.25 ym film
thick) using helium as carrier gas with the flow rate of
0.7 ml min~! in splitless mode. Extracted FAMEs (3 pl)
were injected in a splitless injection mode. The column
temperature was initially held isothermally at 160 °C for
2 min and then ramped to 270 °C at 2 °C min~", and finally
held constant for 75 min. All data were obtained by meas-
uring the full-scan mass spectra within the scan range
40-950 amu. The identification of compounds present in
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sample was based on direct comparison of the retention time
and mass spectral fragmentation pattern with data provided
in WILEY8.LIB and NIST11.LIB.

Statistical analysis

Values presented in the text indicate mean value + SE of
three biological replicates. The levels of significance of the
data were analyzed by multivariate ANOVA using SPSS
software (SPSS Inc., version 16.0).

Results and discussion
Effects of salinity on growth of cyanobacteria

Effects of salinity on the growth of the cyanobacterium
Synechococcus sp. PCC 7942 were estimated in terms of
both chlorophyll a content and dried biomass (Fig. 1 and
supplementary Fig. S1). Results obtained from these experi-
ments showed that higher concentration of NaCl reduces
cyanobacterial growth drastically. Maximum growth of Syn-
echococcus sp. PCC 7942 was observed at 10 mM NaCl
(approx. 1.5 times) concentration as compared to control
but growth showed decreasing trend with increasing salinity
above 10 mM and was significantly (approx. 50%) reduced
at 500 mM NaCl concentration (Fig. 1). The result of growth
experiment clearly demonstrated that 10 mM NaCl was stim-
ulatory for cyanobacterial growth, whereas 500 mM was the
LCs, concentration. Growth increment of the test organism
at 10 mM NaCl concentration as compared to control may
be due to the proper metabolic activities of cyanobacterium.
Growth-promoting effect of low level of NaCl on microalgae
Chlamydomonas mexicana and Scenedesmus obliquus has

been reported by Salama et al. (2013). Similar observation
has been made by Becker (1994) who observed some strains
of Chlorella grew better in seawater than in normal medium.
Salinity-induced reduction in cyanobacterial growth might
be because of decreased chlorophyll biosynthesis which is
the primary target of salinity (Lu and Zhang 2000). It has
been reported in Synechocystis sp. PCC 6803 that salt stress
causes damage to PSII activity possibly by inhibiting the
repair of photo-damaged PSII (Allakhverdiev et al. 2002). It
appears that salinity may be negatively affecting the cyano-
bacterial metabolism that causes decreased growth at the
highest concentration tested (500 mM).

Effects of salinity on carbohydrate and lipid content

Carbohydrate and lipid content of the cyanobacterium
showed increasing trend under salinity stress. Approximately
fivefold increase in carbohydrate and threefold increase in
lipid content of Synechococcus PCC 7942 were noticed at
500 mM NaCl concentration (Fig. 1) as compared to control.
Carbohydrate content of the cyanobacterium was found to
be positively correlated with salinity level with maximum
production at 500 mM NaCl. Many previous studies also
reported stress-induced increment in carbohydrate content
(Warr et al. 1985; Kirroliaa et al. 2011). Soluble sugars were
reported to play important role in osmotic regulation during
stress conditions (Gill et al. 2002). The increase in sugar
content may be treated as an adaptive measure of cyanobac-
terium under saline conditions. In addition, Syrnechococcus
sp. also showed increased lipid accumulation with increas-
ing concentration of salt. Cyanobacteria respond to varying
salinity levels by changing the lipid synthesis and fatty acid
composition. Similar observation has been made by Takagi
and Yoshida (2006) in Dunaliella. Such observations simply

Fig. 1 Effects of NaCl stress
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indicated the positive adaptive relationship between concen-
tration of salinity and accumulation of cellular lipid.

Salinity-induced morphological changes

SEM data (Fig. 2) revealed that there was no significant
variation in the cellular appearance of the cyanobacterium
at control and 10 mM NaCl, whereas further increment in
salt concentration caused cellular alterations such as changes
in cell shape and size. Exposure to higher concentrations of
NaCl triggered cell elongation and resulted in bending of
cells. This distortion was maximum at 500 mM NaCl con-
centration with almost sickle-shaped appearance of cell. Salt
stress induces morphological alterations such as cell elon-
gation and bending in the studied cyanobacterium. These
results are in agreement with the observations of Meury
(1988) and Piuri et al. (2005) in E. coli and Lactobacillus
casei, respectively, where salt stress triggers the cell size
elongation.

In vivo ROS imaging and detection

The results of fluorescence microscopy (Fig. 3) showed that
increasing concentration of NaCl in the growth medium
enhanced ROS production which ultimately resulted in
intense green fluorescence under microscope. Generation of
green fluorescence is the indicative of ROS production. Most
pronounced green fluorescence was observed at 500 mM
NaCl followed by 250 mM, and almost negligible green
fluorescence was observed in control. Results obtained from
this microscopic image analysis were also supported by the
G/R ratio (Supplementary Fig. S2). G/R ratio also indicated
that maximum generation of ROS took place at 500 mM
NaCl. Further, these microscopic observations were verified
by spectrofluorometry, and result of this experiment (Fig. 4)
showed almost 177% increased fluorescence in 500 mM
NaCl-treated culture in comparison with control followed
by 141, 122, and 117% under 250, 100, and 50 mM, respec-
tively. Minimum fluorescence (77%) was observed at 10 mM
NaCl treatment in comparison with control. Thus, results of

Fig.2 Typical SEM (scanning electron microscopy) images of the
Synechococcus sp. showing morphological variations after NaCl
treatments. 1 and 2 denotes SEM analysis under 1 and 5 pm scale,

respectively. a—f corresponds to NaCl concentrations control, 10, 50,
100, 250, and 500 mM, respectively

* @ Springer
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Fig. 3 Fluorescence microscopic study of Synechococcus sp. exposed to NaCl stress with DCFH-DA dye showing intracellular green DCF fluo-
rescence as a result of ROS production. a—f corresponds to NaCl concentrations control, 10, 50, 100, 250, and 500 mM, respectively
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Fig.4 Fluorescent intensity of ROS produced in cyanobacterial cells
after NaCl stress estimated by Fluorescence spectroscopic study of all
cyanobacterial cells

both spectrofluorometry and microscopic study supported
each other and showed the extent of free radical generation
in the cyanobacterial cells under salinity stress. Under unfa-
vorable environmental conditions, several reactive oxygen
species (ROS) such as H,0,, superoxide anion, hydroxyl
radical are generally produced by cyanobacterial cells. Salt
induces osmotic stress which ultimately leads to oxidative
stress. To evaluate correlation between increased lipid accu-
mulation and ROS generation, fluorescence microscopy and
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spectrofluorometry were performed with fluorescent dye
DCFH-DA, and results showed that increased lipid accumu-
lation is correlated with increased ROS production. DCFH
is a non-fluorescent dye, but it converts to a fluorescent dye
DCF by the reaction with cellular ROS. A previous study
also reported relation between ROS production and lipid
accumulation supporting our data (Yilancioglu et al. 2014).
Further, results of ROS generation measurement by fluo-
rescence microscopy and spectrofluorometry were validated
by measuring the level of antioxidative enzymes under all
salinity-treated condition.

Effect of salinity on stress biomarkers
of Synechcococus sp.

Exposure of the cyanobacterium to different concentra-
tions of NaCl enhanced the activity of several antioxidative
enzymes. Among all the enzymes studied, SOD showed
maximum induction at 500 mM NaCl which was 152%
compared to control (Fig. 5a). Almost similar activity of
SOD was found at 50 and 100 mM NaCl concentration (82
and 85%, respectively). CAT (Fig. 5a) and APX (Fig. 5a)
also showed similar trend with maximum induction of 162
and 121%, respectively, as compared with their respective
controls at 500 mM NaCl. Lipid peroxidation estimated in
terms of MDA content showed almost tenfold increased
peroxidation at highest salinity level of 500 mM (Fig. 5b).
Among non-enzymatic antioxidant system, proline content
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Fig.5 Antioxidant enzyme activities under different NaCl concen-
trations. (a) Spectrophotometric enzymatic assays of SOD, CAT and
APX in the cyanobacterium Synechococcus sp. PCC 7942, b Effect of
different NaCl concentrations on lipid peroxidation of cyanobacterial

was estimated which showed 255% enhanced accumulation
with their respective control at 500 mM NaCl (Fig. 5¢).
Accumulated ROS under unfavorable condition damages
the cellular constituents such as protein, lipid, DNA, and
other cellular macromolecules. ROS accumulation in pho-
tosynthetic organism is prevented by intrinsic antioxidant
system that involved enzymatic defense system including
SOD, CAT, APX, and non-enzymatic defense containing
proline and ascorbic acid. These antioxidative defense sys-
tems were analyzed in order to elucidate the effect of NaCl
on ROS generation in cyanobacterial cells which is also sup-
porting the DCFH-DA experiment. SOD constitutes the first
line of defense against oxidative stress converting superox-
ide anion to O, and H,0,, a relatively more stable product,
and catalase is the main enzyme that scavenges hydrogen
peroxide (Alscher et al. 2002). Increased SOD activity in
the present experiment under saline condition suggests
increased ROS generation in the cyanobacterium. This can
be concluded that salinity leads to increased superoxide
production necessitating increased SOD activity. Similar

cells in terms of MDA content and ¢ NaCl-induced dose-dependent
increase in proline content. Data represent the mean values of tripli-
cates

trend was also observed for CAT and APX. CAT which
is a heme-containing enzyme catalyzes the conversion of
H,0, into oxygen and water, whereas APX is involved in
the ascorbate glutathione cycle (del Rio et al. 2006; Bhaduri
and Fulekar 2012). APX is believed to be the most essential
enzyme toward its specificity for H,O, in comparison with
CAT and POX. ROS oxidizes fatty acid which leads to lipid
peroxidation and membrane damage (Ali et al. 2013). In this
study, lipid peroxidation was estimated in terms of MDA
content, and maximum lipid peroxidation at 500 mM NaCl
treatment suggest role of salinity toward lipid peroxidation.
Similar to the present study, microalgae Scenedesmus was
reported to accumulate more MDA at 400 mM NaCl (Pancha
et al. 2015) as well as shoot MDA content of Borago offici-
nalis was also reported to increase at 25 mM NaCl (Jaffel
et al. 2011). These data strongly suggest that NaCl induces
oxidative stress in the cyanobacteria. Apart from enzymatic
defense system, non-enzymatic defense involves accumula-
tion of small organic antioxidant compounds like proline and
glycine betaine. A dose-dependent increase in free proline
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content suggests its adaptive role in salinity stress in cyano-
bacteria. Proline is also known to accumulate under various
adverse environmental conditions such as nitrogen starvation
(Pancha et al. 2014) and temperature stress (Chokshi et al.
2015). It has a role in maintaining cytosolic pH, stabilization
of subcellular structures, also works as a compatible solute
and ROS-scavenging agent. Osundeko et al. (2013) reported
that in terms of biofuel production potential oxidative stress-
tolerant microalgae are more efficient in comparison with
non-tolerant microalgae.

Changes in fatty acids and hydrocarbon profile
under salinity stress

The identified biofuel precursor molecules in the FAMEs of
control and NaCl supplemented cyanobacterial cultures are
presented in Fig. 6a (Supplementary File S3 includes GC/
MS chromatograms and Supplementary Tables S1 and S2
contain the mass spectra with major mass peaks of identified
compounds), whereas identified fatty acids and hydrocar-
bons are presented in Tables 1 and 2, respectively. Of the
total compounds identified, fatty acids showed maximum
production at 500 mM, hydrocarbons at 10 mM and fatty
alcohols at 50 mM NacCl concentration. Short-chain fatty

acids were almost equally present in control as well as NaCl
supplemented cultures, whereas there was a positive cor-
relation between production of long-chain fatty acid and
increased NaCl concentration. Palmitic and palmitoleic acid
constitute the major fatty acids of the studied cyanobacteria
under control and saline conditions. NaCl-treated cultures
showed a significant reduction in production of SFA (satu-
rated fatty acid) almost 82.79% at 10 mM, 12.67% at 50 mM,
5.77% at 100 mM NaCl as well as 74.18% at 250 and 4.58%
at 500 mM in comparison with control (Fig. 6b). In all the
NaCl-treated culture, significant increase was found in
MUFA (mono-unsaturated fatty acid) content with 102.72,
16.05, 7.67, 49.14, and 6.17% increase over control at10,
50, 100, 250, and 500 mM NacCl, respectively. Synthesis
of PUFA (polyunsaturated fatty acid) was observed under
all the conditions except at 100 and 500 mM NaCl-treated
cultures. Very trace amount of odd chain fatty acids such
as C13:0, C15:0, and C17:0 were found under both control
and saline condition. C17:1 was found only at 250 mM NaCl
condition. Hydrocarbons were found in the range of C11 to
C20, C15 to C20, C15 to C20, C15 to C20, C12 to C20, and
C15 to C20 in control, 10, 50, 100, 250, and 500 mM NaCl
concentrations, respectively. There was not much variation
in SH (saturated hydrocarbon) production, but production of
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Fig.6 a Percentage distribution of different groups of compounds
under different NaCl concentrations. Fatty acids, hydrocarbons, fatty
alcohols, and others showed differential accumulation pattern under
different NaCl concentrations. b % changes (as compared to control)
in composition of individual fatty acid groups in the cyanobacte-

@ Springer

Concentration (mM)

rium Synechococcus sp. PCC 7942. In comparison with control SFA
(saturated fatty acids), MUFA (mono-unsaturated fatty acids), PUFA
(polyunsaturated fatty acids) showed differential accumulation pattern
under different NaCl concentrations
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Table 1 Percentage (of total

. oY Fatty Acid Common name Treatments (NaCl concentrations in mM)

fatty acid) contribution of each

fatty acid identified by GC/MS C 10 50 100 250 500

at different NaCl concentrations
C4:1 Butenedioic acid 0.28 0.71 0.37 0.44 0.74 0.49
C8:0 Caprylic acid 1.25 nd 1.74 1.80 0.40 3.53
C13:0 Tridecanoic acid 0.14 nd 0.19 nd nd 0.35
C14:0 Myristic acid 2.19 nd 2.08 4.24 nd 1.58
Cl14:1 Myristoleic acid 3.28 nd 3.28 nd nd nd
C15:0 Pentadecanoic acid 0.12 0.27 0.18 0.49 nd 1.00
Cl16:0 Palmitic acid 40.11 7.93 42.61 44.51 14.00 43.74
Clé6:1 Palmitoleic acid 40.50 88.30 38.00 38.37 39.73 28.71
Cl16:2 Hexadecadienoic acid 0.16 nd 0.16 nd nd nd
C17:0 Margaric acid nd 0.13 nd nd nd nd
C17:1 Heptadecenoic acid nd nd nd nd 21.19 nd
C18:0 Stearic acid 11.97 1.40 1.78 1.52 nd 3.02
C18:1 Oleic acid nd 0.31 9.48 8.63 4.05 17.58
C18:2 Linoleic acid nd 1.08 nd nd 19.89 nd
Y SFA 55.78 9.6 48.71 52.56 14.40 53.22
Y MUFA 44.06 89.32 51.13 47.44 65.71 46.78
Y, PUFA 0.16 1.08 0.16 nd 19.89 nd
Bold values represent the sum of corresponding categories of fatty acids and hydrocarbons

Table 2 Percentage' (of.total Hydrocarbon Treatments (NaCl concentrations in mM)

hydrocarbon) contribution of

each hydrocarbon identified C 10 50 100 250 500

by GC/MS at different NaCl

concentrations Undecane (C11) 0.88 nd nd nd nd nd
Dodecane (C12) nd nd nd nd 1.11 nd
Pentadecane (C15) 17.43 8.58 20.48 20.59 13.17 19.91
Hexadecane (C16) 2.19 nd nd nd nd nd
Heptadecane (C17) 60.74 70.06 60.60 60.56 73.26 70.56
Nonadecane (C19) 3.29 0.88 nd nd nd nd
Eicosane (C20) nd 3.06 1.71 nd nd nd
Y SH 84.53 82.58 82.79 81.15 87.55 90.47
8-heptadecene (C17:1) nd nd nd 8.02 11.05 nd
Heptadecatriene (C17:3) nd nd nd nd 1.40 nd
Dodecatetraene (C15:4) 1.44 nd nd nd nd nd
9-eicosene (C20:1) 14.03 17.42 10.17 nd nd 9.53
Y, USH 15.47 17.42 10.17 8.02 12.45 9.53
Cyclopentane (C5) nd nd 6.33 10.83 nd nd
Bicycloundec-4-ene (C11:1) nd nd 0.71 nd nd nd
Y CH - nd 7.04 10.83 nd nd

Bold values represent the sum of corresponding categories of fatty acids and hydrocarbons

USH (unsaturated hydrocarbon) and CH (cyclic hydrocar-
bon) was very much affected by salinity. USH was produced
at all the concentrations, whereas CH was produced only
at 50 and 100 mM NaCl. Heptadecane was found to be the
predominant hydrocarbon at all the tested concentrations.
The fatty acid profiling of Synechococcus under saline con-
dition reveals major shift toward production of long-chain

and mono-unsaturated fatty acid production with decreased
polyunsaturated fatty acid production. Similar observation
was also reported by the Pal et al. (2011). Increase in the
content of unsaturated fatty acid under salinity stress is an
adaptive response of cyanobacterium which is required to
maintain membrane fluidity since unsaturated fatty acids
have lower melting point than saturated fatty acid (Suutari
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Table 3 F ratios and level of significance of multivariate ANOVA
(one-way analysis of variance) test for repeated measures of NaCl
concentrations (treatments) and their interactions for chlorophyll a,
carbohydrate, lipid, SOD, CAT, APX, MDA and Proline

S. no. Parameters Treatments

1. Chlorophyll a 0.001%**
2. Carbohydrate 0.0007%**
3. Lipid 0.0005%**
4. SOD 267.35%**
5. CAT 0.007%**
6. APX 277.32%%%
7. MDA 929.96%**
8. Proline 0.002%**

ns not significant
Level of significance: *p <0.05; **p <0.01; ***p <0.001

of ROS

and Laakso 1992). According to Quintana et al. (2011) the
contributions of fatty acids C10:0, C16:1 and C18:1 has
been focused for best properties to produce high-quality
biodiesel. In NaCl-treated cultures of Synechococcus sp.,
production of high amount of C16:1 and C18:1 fatty acids
can be used to produce improved biodiesel. Linoleic acid
is an important fatty acid required for good human health,
so its production under salt stress is pharmaceutically ben-
eficial. Maximum MUFA and PUFA production at 10 and
250 mM NaCl concentrations, respectively, suggested that
it is not always necessary that increasing salinity will lead
increased efficiency for biofuel production potential, so for
the industrial application, first it is necessary to optimize
the concentration of salt for fatty acid production. Results
of the present study demonstrated that salt stress leads to
increase in unsaturation of fatty acids. Allakhverdiev et al.

In Creg se

lipiq
”%
n

Fig.7 A conceptual model describing the salt stress response in
Synechococcus sp. PCC 7942. Salt stress leads to osmotic and ionic
stress that ultimately generates ROS production in cyanobacterium.
Increased ROS production affects the ultrastructure of cyanobacte-
rium and induces membrane lipid peroxidation. As a protective mech-
anism against salt-induced ROS production cyanobacteria up regu-

* @ Springer

lates the accumulation of osmoprotectants (carbohydrate and proline)
and the activity of antioxidative machinery SOD, CAT, APX). Apart
from all these aspects, salt stress leads to desaturation of membrane
lipid fatty acids and enhanced the fatty acid and hydrocarbon produc-
tion that could be used to induce the biofuel production potential of
cyanobacterium Synechococcus sp. PCC 7942
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(2001) reported that increase in unsaturation of fatty acids
in membrane lipids is associated with salt stress tolerance.
The observations made in the present study clearly dem-
onstrate that 100 mM NaCl concentration may be used in
the production of quality biofuel, while 500 mM NaCl con-
centration can be taken for quantity production of biofuel.
Production of odd-numbered fatty acids under saline stress
can be explained as may be these fatty acids play important
role in the tolerance of cyanobacterial cells to salt stress.
A previous study by Zhu et al. (2007) also reported pro-
duction of odd-numbered fatty acids under temperature
and salt stress. Alkanes of C4-C23 chain length possess
higher energy density, hydrophobic property, and compat-
ibility with existing liquid fuel infrastructure, which are the
predominant constituents of gasoline, diesel, and jet fuels
(Peralta-Yahya and Keasling 2010). Alkanes from nonane to
hexadecane form major part of diesel and aviation fuel. This
study clearly shows that as the salinity level increased from
10 to 500 mM, proportion of higher alkanes increased mak-
ing it suitable for production of biodiesel and aviation fuel.
Fatty acid is the precursor molecule for alkane production
in cyanobacteria which is converted first into an aldehyde
and then to alkane by two-step process in cyanobacteria.
So, production of maximum alkanes and lower fatty acid
at 10 mM concentration may be hypothesized that salinity
might be affecting genes involved in alkane production in
the present case. Such type of study focusing cyanobacterial
morphology and physiology might have strong impact on the
development of biotechnological approaches toward biofuel
production. Each experiment was performed in triplicate and
the standard deviations were denoted as bars in the graphs.
Statistical evaluation of experimental data using analysis of
variance (ANOVA) showed high degree of significance with
p <0.001 (Table 3).

Conclusion

Although Synechococcus grew well in 10 mM NaCl con-
centration but the production of carbohydrate, lipid, fatty
acid, and hydrocarbon was found to be more in 500 mM
NaCl concentration. The present study showed that salt
exposure leads to transient generation of ROS which further
signal enhanced osmolyte accumulation and lipid synthe-
sis (Fig. 7). This study also supported the previous studies
regarding oxidative stress-mediated lipid production. Pro-
duction of diverse fatty acids, long-chain linear hydrocar-
bons, and other high-value products such as fatty alcohols
under saline condition suggest that Synechococcus sp. PCC
7942 has great potential for petrol-diesel like biofuel produc-
tion and seems to be a promising natural resource for food
and cosmetic industries.
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