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Abstract This study shows how relative fatty acid content
and unsaturation index of Dunaliella salina strains can be
estimated rapidly by analysis with flow cytometry and Nile
Red staining. This technique is valid for analysing intraspe-
cific variability and shows no significant distortion phenom-
ena, such as variability in the staining of strains not associated
with different fatty acid composition. These phenomena have
been related to variations in the permeability of the cell
membrane and cell wall to Nile Red in a number of microalgae
strains and species. The saturated fatty acids/monounsaturated
fatty acids/polyunsaturated fatty acids ratio was estimated
indirectly from the relative polar and neutral lipid composi-
tion. High intraspecific variability was noted in the fatty acid
composition of D. salina, which makes it an ideal species for
conducting screening tests of new strains for oil produc-
tion, using the strategic advantages associated with this
species such as the possibility of mass culturing in
inexpensive, open systems and high biomass processability
due to its lack of cell wall.
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Introduction

In 2003, we began a series of studies designed to assess the
utility of the techniques of flow cytometry and Nile Red
(NR) staining to develop methods for quick estimation of
lipid and fatty acid content in microalgae and their potential
application in culture control and mass screening of new
strains (de la Jara et al. 2003; Mendoza et al. 2008a). These
studies showed the utility of flow cytometry and NR
staining both for ascertaining lipid content in microalgae
(de la Jara et al. 2003) and in estimating variations in
these parameters associated with culture conditions
(Mendoza et al. 2009) and interspecific diversity (Mendoza
Guzman et al. 2011) as well as the potential utility of these
techniques for developing effective systems for culture control
and optimisation (Mendoza et al. 2008b).

The basic requirements of any technique valid for under-
taking screening programmes are, firstly, that the variability
detected, in this case in the NR fluorescence signal in
stained cells, must specifically obey the parameter under
study (fatty acid composition) and, secondly, that inter-
ference from other variability factors must be minimal.
Because of this, it is very important to assess the efficiency of
the technique (specific nature of the signal in relation to the
study variable) at different levels of biological, interspecific
and intraspecific diversity and the variation associated with
the culture conditions. This study assesses NR and flow
cytometry in quick estimation of relative fatty acid composi-
tion in relation to intraspecific variability in Dunaliella salina.

The possibility of prospecting for intraspecific diversity
using quick, simple and relatively inexpensive analysis tech-
niques such as fluorometry and flow cytometry would make it
possible to exploit one of the greatest technological potentials
of microalgae: their enormous diversity. This is particularly
important in species that have already demonstrated their high
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aptitude for large-scale mass culture, such as D. salina.
Having strains of hyperlipogenic D. salina readily available
would make it possible to overcome one of the dilemmas in
large-scale production of oils using microalgae; i.e. the com-
bination of high potentials for biomass production in simple,
inexpensive culture systems and high levels of lipid produc-
tion (Griffiths and Harrison 2009; Beal et al. 2011). In this
respect, D. salina is an ideal species, as its high halotolerance
allows culturing without major risk of contamination and with
adequate yield in both intensive and semi-extensive open
systems. Moreover, its lack of cell walls simplifies biomass
processing and it is one of the species that has shown highest
potential for genetic engineering, making it an ideal candidate
for developing screening programmes for new strains, whether
wild or modified (Barzegari et al. 2010).

Dunaliella salina is also an ideal species for evaluating
the analytical capacity of new techniques at intraspecific
level. Large collections of strains of this species are now
held, and its extremophile nature, closely associated with
isolated or semi-isolated environments such as saltworks and
hypersaline lakes, means high intraspecific diversity is readily
available and new strains with high variability can be easily
obtained (Guevara et al. 2005; Mendoza et al. 2008a).

Material and methods

The study included 11 strains of the phototrophic halophyte
organism Dunaliella salina (Table 1). The ITC 5.003 strain
was obtained from the Spanish Bank of Algae. The others
were isolated from solar saltworks in mainland Spain, the
Canary Islands and France using the agar plating technique
(Mendoza et al. 2008a) and deposited at the Canary
Islands Technological Institute culture collection. All
strains were identified by PCR-amplified and Internal
Transcribed Spacer region analysis based on ITS and rbcel
sequences, following the method described by Assuncao et al.
(2011). Cultures were grown in a 250-mL borosilicate flasks
containing Semenenko-Abdullaev medium (Semenenko and
Abdullaev 1980) and supplemented by 3% CO,-enriched air
bubbling at room temperature (18-23°C) under continuous
light (white light, 220 pumol photons m 2 s '). All stocks were
maintained in axenic conditions by weekly subculturing. In all
cases the stock culture was used as inocula, and the experi-
mental condition was similar to the stock culture in all strains.

Cultures were analysed by flow cytometry when the
stationary phase of cell growth had been reached, 24 h after
the first indication that no significant variations in the cell
density of the cultures had occurred, with daily estimates by
directly counting cells in a Thoma chamber. For the fatty
acid analysis cultures were first harvested by centrifugation
(5 min, 5,000xg, 5°C).
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Table 1 Various strains of Dunaliella salina: code, isolation date and
provenance

Strains Origin Isolation
year
ITC 5.002 Algarve, Portugal 2006
ITC 5.003 BCA 421, Gran Canaria, Spain 1992
ITC 5.100 Salina de Vargas, Gran Canaria, Spain 2005
ITC 5.102 Salina de Tenefé, Gran Canaria, Spain 2005
ITC 5.103 Salina de Rio, Lanzarote, Spain 2005
ITC 5.105 Salina de Janubio, Lanzarote, Spain 2005
ITC 5.106 Salina del Carmen, Fuerteventura, Spain 2005
ITC 5.107 Salinas de Afiana, Alava, Spain 2006
ITC 5.108 Salina Aguila, Cadiz, Spain 2007
ITC 5.114 Salina la Tapa, Cadiz, Spain 2007
ITC 5.128 ille de Ré, Charente-Maritime, France 2007

Chromatography analysis

Fatty acid composition, obtained from fresh samples, was
estimated following the method described by Mendoza et al.
(1999). Biomass aliquots were transmethylated with MeOH-
acetyl chloride. Gas chromatography analysis was con-
ducted in a Varian CP-3800 fitted with an FID detector
and a Varian capillary column CP7419 (50 mx0.25 mmx
0.25 pm). Fatty acid methyl esters were identified by com-
paring retention times with the Supelco standard for FAME
Mix C4-C24, and pentadecanoic acid (15:0) was used as
internal standard.

Relative fatty acid composition is expressed as the ratio
between the percentages of saturated fatty acids (SAT),
monounsaturated fatty acids (MUFA) and polyunsaturated
fatty acids (PUFA), using the formula (PUFA/SAT+MUFA)
(Guimaraes et al. 1991; Mendoza Guzman et al. 2011). The
unsaturation index was also estimated, using the formula
developed by Thi et al. (1985), the result of multiplying the
number of double bonds in each fatty acid by its concentration
(expressed as the percentage of total fatty acids).

Flow cytometry analysis

Cells from the different culture were stained with NR
(Sigma Inc.) following the protocol developed by de la
Jara et al. (2003) and modified to analyse of D. salina
strains by Mendoza et al. (2008a). An aliquot of cell
sample (1 mL at 10°-10° cells mL™') was treated with
12.5 pL of a working solution of NR (Sigma Inc.) and
acetone (0.1 mg mL™). This mix was gently vortexed
and incubated for 10 min at 37°C in darkness. Flow cytometry
determined yellow and red fluorescence of NR-stained cells,
as well as autofluorescence (chlorophyll, size and complexity),
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expressed as arbitrary units, using an EPICS XL flow cytom-
eter (Beckman Coulter Instruments) equipped with a 488-nm
argon laser. The optical system used in the EPICS XL flow
cytometer collects yellow light (575 band pass filter) in the
FL2 channel, corresponding to the NR fluorescence in a
neutral lipid matrix, and red light (620 band pass filter) in
the FL3 channel, corresponding to the NR fluorescence in
polar lipids (de la Jara et al. 2003; Mendoza Guzman et al.
2011). Cells were gated according to their chlorophyll
fluorescence characteristics to remove non-algal particles.
Approximately 3,000 cells were analysed using a log
amplification of the fluorescence signal. Equipment was
calibrated daily with Flow-Check™ fluorospheres (Beckman
Coulter). Unstained cells were used as autofluorescence
control. Data were expressed as fluorescence, FL2 and
FL3 (arbitrary units). The reference data used was the
arithmetic mean of all cytometric events (3,000 cells).

Data analysis

In all cases data represent the mean of the three replicates
(three experimental cultures per strain). Data were analysed
for statistical significance using linear regression analysis,
with a statistical significance value of p<0.01. The variability
in fatty acid content in the various strains was estimated using
the coefficient of variation of each fatty acid considered within
all the strains studied.

Results

The PUFA/SAT+MUFA ratio and the unsaturation index
showed a significant correlation (p<0.01) to the FL3/FL2
values (Fig. 1). As seen in earlier studies, this corresponds to
the relative polar and neutral lipid content in microalgae
(de la Jara et al. 2003; Mendoza Guzméan et al. 2011).

Although the group of strains presents a similar overall
fatty acid profile, where the predominant fatty acids are
16:0, 18:3w3, 18:0, 18:2w6 and 18:1w9 (with relative
concentrations greater than 3% of all fatty acids for each
strain; Table 2), considerable variability was detected in the
less common fatty acids in the composition, that is 10:1,
12:0, 13:0, 14:1 and 17:1 (Fig. 2), which were not detected
in all strains (Table 2). 18:3w6 was present in all strains
except ITC5.128 and ITCS.114, and the highest concentra-
tions of this fatty acid were observed in ITC5.107 and
ITC5.107. Among the predominant fatty acids, the highest
variability corresponded to 18:1w?9 in its two isomeric
forms (Fig. 2), with strains ITC5.114 and ITC5.105 attain-
ing the highest concentration overall. Fatty acids 16:0 and
18:3w3 showed lower variability and strain ITCS5.105
showed the highest concentrations of 16:0. This strain also
had the lowest 18:3w3 content, along with ITC5.107.
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Fig. 1 Correlation between the polar and neutral lipid ratio, estimated
by flow cytometry on NR-stained cells (FL3/FL2) and relative fatty
acid content, expressed using the formula PUFA/SAT+MUFA (a) and
unsaturation index (b)

The differences observed in fatty acid content correspond
to those seen in both the relative fatty acid content,
expressed as PUFA/SAT+MUFA, and the unsaturation index.
The highest relative PUFA content and unsaturation index
correspond to strain ITC5.107, whereas ITC5.105 had the
lowest values in both parameters (Fig. 3).

Discussion

This study confirms earlier findings: NR staining and flow
cytometry analysis enable rapid estimation of relative fatty
acid composition in microalgae (de la Jara et al. 2003;
Mendoza et al. 2009; Mendoza Guzman et al. 2011). The
correlation between NR staining and lipid fraction in vari-
ous strains of D. salina was demonstrated in an earlier
study (Mendoza et al. 2008a).

The utility of NR in rapid analysis of lipid content in
microalgae is still questioned, particularly its use in screen-
ing tests. Cell walls inhibit permeation of NR, and between-
species variability has been detected in cellular penetration
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Fig. 2 Coefficient of variation estimated from the relative fatty acid
composition of all strains (standard deviation/mean of the% of each
fatty acid, considering all strains studied). The bars of the predominant
fatty acids in the composition of all strains (with an average greater
than 3% in the entire group of strains) are shown in bold

of staining with this dye (Chen et al. 2009; Mutanda et al.
2011). Similarly, overlapping phenomena are frequently
detected between the NR signal associated with polar lipids
and chlorophyll autofluorescence, which limits the utility of
NR in quantitative lipid analysis (Chen et al. 2009). Alter-
ations in the intensity of NR fluorescence associated with
the presence of certain proteins have also been detected
(Brown et al. 1995). However, the results of the present
study demonstrate how these techniques can be used to
analyse intraspecific variability of relative fatty acid content,
at least in D. salina, by indirect estimation of the PUFA/SAT
+MUFA ratio through analysis of polar and neutral lipid
content. Strains with the highest ratio of polar lipids have
the highest PUFA content. These fatty acids are associated
in microalgae primarily with membrane structures rich in
polar lipids (Roessler 1990). No alterations in NR staining
of the cells were detected associated with other features of
intraspecific variability, such as cell permeability different to
NR or interference with other cell components. A satisfac-
tory correlation was observed between the relative fatty acid
of the various strains and the NR signal.

Flow cytometry and NR have recently been successfully
applied to intraspecific analysis of microalgae lipid content
and isolation of stable morphotypes using uniclonal micro-
algae cultures (Montero et al. 2010; Doan and Obbard 2011).

The results also show the high intraspecific variability in
fatty acid composition in D. salina, confirming the findings
of earlier studies (Petkov et al. 1990). D. salina has a high
PUFA content, specifically 18:3w3, which poses a problem
for its use in biodiesel production. Oils with more than 12%
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Fig. 3 Relative fatty acid content (PUFA/SAT+MUFA; a) and fatty
acid unsaturation index (b) in the strains of D. salina studied

content of this fatty acid are little suited for biodiesel pro-
duction (Mutanda et al. 2011). Various species of Dunaliella
have been discounted for large-scale biodiesel production
due to their low oil yields (Araujo et al. 2011). However, the
high diversity of this genus and of D. salina in particular,
associated with its high variability in fatty acid content, and
above all the possibility of culturing it in inexpensive, open
systems with little risk of culture collapse or contamination,
continue to make this species an ideal microalga both for
screening tests and biodiesel production.

Use of fatty acid content alone is a poor criterion for
selecting new strains for biodiesel production. Other selec-
tion variables more closely associated with the technological
aptitude of algae, such as culture yields, the simplicity of
production systems and biomass processability are key
aspects to consider in biodiesel production from microalgae
(Beal et al. 2011).
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The most suitable fatty acid profile for biodiesel produc-
tion seen in this study corresponds to strain ITCS.105,
which has one of the lowest 18:3w3 contents and less than
40% PUFA. It is also one of the strains with the highest 18:1
content (Table 2). This fatty acid is associated with higher
stability and resistance to oil oxidation (Knothe 2005), and
with other optimum properties for biodiesel production such
as the decrease in the cold filter plugging point for use in
cold regions (Stournas et al. 1995). Moreover, 18:1 has been
associated with the processes of (3-carotene accumulation in
D. salina (Mendoza et al. 1999), which would correspond to
the high levels of carotenogenesis observed in this strain
(data not shown), whose cultures stay a brownish colour
even in low irradiation conditions. All these data make
ITC5.105 a very interesting strain for future studies and
show that it has highly differentiated features in relation
to other strains.

Compared with other analytical techniques, flow cytom-
etry not only offers the advantages of speed and simplicity
in analysis, but also makes it possible to obtain a large
variety of parameters at the cellular level, such as cell size,
complexity and integrity, which are key elements for effec-
tively conducting microalgae mass screening programmes
for a variety of uses. Earlier studies showed the utility of
combining several parameters when screening D. salina and
revealed the high intraspecific diversity associated with
these parameters in this species (Mendoza et al. 2008a).
The strategic advantages of flow cytometry, coupled with
the use of specific cell stains such as NR and automated
isolation techniques, will provide a step forward in the
development of microalgae biotechnology, which to date
has primarily focussed on process engineering and cultures
and to a lesser degree on effective prospecting of its wide
biodiversity (Mutanda et al. 2011).
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