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The marine benthic diatom Navicula cinctawas cultured in order to evaluate its capacity to produce both neutral
lipid-triacylglycerols (TAG) for biodiesel, and exopolysaccharides (EPS), as valuable co-products, under the same
environmental conditions. The species was cultured without applying stress conditions, except for the ones nat-
urally created by the culture age. Peaks of neutral lipid accumulation were estimated by fluorimetry by Nile Red.
Consequently, lipids were extracted and fractionated into neutral and polar fractions and the fatty acid profile of
each fraction analysed by GC. The stationary phase began on day 6,when phosphate and silicate reached limiting
values for diatom growth. Total lipids and lipid fractions did not show differences between harvesting time
points, reaching total lipid up to 41% of ash-free dry weight (AFDW) and TAG the dominant fraction (ca. 90%
of total lipids). Particularly noticeablewas the storage of palmitoleic acid (ca. 54% of total fatty acidmethyl esters)
and a lower level of polyunsaturated fatty acids, which may impart overall favourable properties to a biodiesel
fuel, especially cold flow and oxidative stability. The maximum concentrations of EPS corresponded to soluble
fraction, which was most significant when the cultures reached the stationary phase and when the medium
was almost phosphate and silicate depleted. The characterization of soluble EPS indicated the presence of N-gly-
copeptides. According to the present results, a hypothetical schemeof demonstrative cultures under a biorefinery
approach is proposed for N. cincta.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Diatoms are important microalgae in the planet because they repre-
sent one of the major biomass and oxygen producers in the oceans [1].
Furthermore, they play a key role in the biogeochemical cycling of silica
because they are surrounded by a highly structured silica cell wall [2].
There are more than 200 genera of living diatoms comprising approxi-
mately 100,000 species [3]. Despite their abundance and diversity, few
diatom species are used for the production of biotechnologically rele-
vant products [4,5]. Examples of some application include the follow-
ing: (1) the use of silica from their cell walls, for technological
applications in nanotechnology, pollution bioremediation, abrasive
products, insecticides and (2) the production of intracellular metabo-
lites, such as lipids, particularly eicosapentaenoic acid (EPA), and
icos y Biotecnológicos en Algas
a Zona Semiárida (CERZOS) —
a, Argentina.
).
amino acids, for pharmaceutical and cosmetic applications [5,1]. How-
ever, the major biotechnological focus of diatoms has been on aquacul-
ture, due to the ability of certain species to synthesize omega 3-
polyunsaturated fatty acids (Ω3-PUFAs), e.g. EPA and docosahexaenoic
acid (DHA) [6,7]. In addition, some species of diatoms can accumulate
high triacylglycerol levels (TAG) as a carbon storage metabolite than
can be easily transesterified to biodiesel. However, the competitiveness
of biotechnologically relevant products from diatoms will depend on
their cost of production.

Recent studies have indicated that economically feasible production
of biodiesel by microalgae requires the use of a biorefinery approach.
For example, the utilization of high added value components of the har-
vested biomass (e.g. β-carotene, PUFAs, astaxanthin, C-phycocyanin)
contributes to both economic success and environmental sustainability
[8,9]. However, the synthesis of these biomolecules is not at random. A
biorefinery approach to biodiesel production requires an appropriate
selection of microalgal species, as well as the optimisation of culture
conditions to stimulate simultaneously the production of TAG and
valuable co-products in a synchronized mode. Regarding diatoms, the
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production of lipids [11,12] and TAG [12–15] related to biodiesel pro-
duction has been studied in some species. Although there is not a com-
mon pattern for all diatoms species, in general, the TAG production
increases naturally during stationary growth phase [16,17] and when
diatom cultures are imposed to starvation of nitrogen and silicate [12,
10] or phosphate and nitrate [14]. On the other hand, the production
of EPA [18] and DHA [19] as valuable co-products has been highlighted.
These long chainΩ-3 PUFAs provide significant health benefits, particu-
larly in reducing cardiac diseases such as arrhythmia, stroke and high
blood pressure [20]. However, and contrary to TAG production, the syn-
thesis of PUFAs ismore active in cells growing in exponential phase [16],
under optimum levels of nutrients. Therefore, based on biorefinery con-
cept, the production of TAG and valuable Ω-3 PUFAs in diatoms would
not present the same environmental scenario.

Additionally, some diatom species are capable of producing
exopolysaccharides (EPSs) during the stationary growth phase [21] or
when the cells are either exposed to N or P limitation [22–24]. The com-
position of EPS is complex, mainly consisting of glycoproteins [25–27]
and heteropolysaccharides that contain substantial amounts of uronic
acid and sulphate residues [28]. The EPSs in benthic diatoms are related
to their motility, ability to nutrient capture, substrate adhesion, biofoul-
ing, avoidance of desiccation, biofilm formation and bioestabilization of
sediments [29–31]. Quantity and quality of EPS are strictly dependent
on the sludge origin and extraction method used. Although classifica-
tion of extracellular carbohydrate exudates can vary according to the
extraction protocol employed, the benthic diatom EPS are often classi-
fied as soluble EPS (S-EPS) and bound EPS (B-EPS) [32,33]. The first,
are readily soluble in the aquatic environment, while the second are as-
sociated with cells forming dense aggregates [32]. According to the de-
gree of association, the bound EPS can be termed loosely boundEPS (LB-
EPS) and tightly bound EPS (TB-EPS) [33].

Beingpolyanions, EPS exopolymers serve as biosorbing agents by ac-
cumulatingnutrients from the surrounding environment and also play a
crucial role in biosorption of heavymetals. This biadsorbent capacity has
raised considerable interest in bioremediation assays [34,35]. The
presence of anionic groups in EPS polymers is also amenable for
interpolyelectrolyte complex (IPEC) production [36]. IPECs resulting
from the interaction of polyanionic and polycationic polymers have
multiple applications, for instance in controlled delivery of pharmaceu-
tical or agronomic products [36,37]. Thus, the EPS could turn out to be a
commodity by product in the biodiesel production from diatoms.

Therefore, the principal goal of the present study is to quantify and
characterize the biochemical composition of lipids and EPS in the
Argentinian Navicula cincta strain without applying stress conditions,
except those naturally elicited by the culture ageing. Nile Red fluores-
cencewas used to detect peaks of neutral lipid accumulation and conse-
quently, to select the harvesting time in order to characterize and
quantify lipids in the biomass. This baseline information will be useful
to evaluate the potential of N. cincta to produce simultaneously TAG
for biodiesel and EPS as a valuable co-product. In this way, strategies
for large-scale cultures under a biorefinery approach can be established.

2. Materials and methods

2.1. Algal strain isolation and culture conditions

N. cincta was isolated from Bahía Blanca Estuary (South Atlantic
coast, 38°45′–39°40′ S and 61°45′–62°30′ W) by micropipette tech-
nique and successive washes with sterile culture medium. The Bahía
Blanca Estuary is located in a temperate climate region with annual
average temperature of 20 °C. The estuary is eutrophic and turbid and
presents an annual average salinity of 32 [38]. According to these
environmental conditions, non-axenic cultures were established in
Guillard's standard f/2 medium [39] at 20 °C and 32 of salinity. Light
was supplied by cool-white fluorescent lamps in a 12:12 h light–dark
cycle in order to get an average irradiance of 23 ± 2 μmol photons
m−2 seg−1; which was measured with a photoradiometer (LICOR, LI-
192SB 2πModel). The f/2 mediumwas prepared with aged and filtered
(0.45 μmMillipore) seawater fromBahía Blanca Estuary, autoclaved and
the pH was adjusted to 8.0. For experiments, six batch cultures were
carried out in 2-L Erlenmeyer flasks, which were filled with 0.9 L of f/2
and inoculated (1 × 105 cell mL−1) with cells from mid logarithmic
phase cultures in order to reach working volume of 1.2 L. The cultures
were shaken by hand twice a day. Cell density, dissolved nutrient con-
centration, EPS and fluorometric intensities of chlorophyll a and Nile
Red were measured. When, the combination of these data indicated
peaks of neutral lipid accumulation, Erlenmeyer flasks were harvested.
Volumes and inoculawere estimated in order to have sufficient biomass
for performing measurements of total lipids, lipid fractions, fatty acid
profiles and EPS composition.

2.2. Morphological study

The species was identified through lightmicroscopic examination of
cells treated with 30% hydrogen peroxide according to [40]. Identifica-
tion of the species N. cincta was confirmed using scanning electron
microscopy LEO, EVO-40XVP (CC-CONICET, Bahía Blanca).

2.3. Growth, chlorophyll and biomass measurements

2.3.1. Growth and chlorophyll
Cell density (cells mL−1) was determined by counting three repli-

cate samples of 1 mL by means of a gridded Sedgwick-Rafter chamber
under an optical microscope Leica DM 2000. Growth rate (k) was esti-
mated during the period of exponential growth by least squares fit to
a straight line of logarithmically transformed data [41]. Doubling time
(td, days) was also calculated as td: ln 2/k.

Three millilitres of living microalgal cells by triplicate were taken
every two days for fluorometric chlorophyll a (Chl a) detection. Chl a
fluorescence intensity (Chl a-FI)wasmeasured in arbitrary fluorescence
units (au). Excitation wavelength was set at 430 nm and emission
wavelength was scanned from 600 to 750 nm (spectrum mode with
excitation and emission slits set at 5 nm) using a spectrofluorometer
(Schimadzu RF-5301PC). Emission wavelength peak was selected at
680 ± 5 nm.

2.3.2. Dry weight (DW) and ash-free dry weight (AFDW) determinations
Triplicate samples of pellets were resuspended and washed with

10mL distilledwater by centrifugation up to negative chlorination reac-
tion. The sampleswere dried at 100–105 °C to a constantweight, cooled
down in a vacuum desiccator, and weighed to obtain the biomass dry
weight (DW). These oven samples were then ashed in a furnace at
450 °C 8 h, cooled in a vacuum desiccator, and weighed to obtain the
AFDW.

2.4. Lipid analysis

2.4.1. Neutral lipid detection and kinetics
During growth, duplicated samples were collected and analysed

every two or three days for cellular neutral lipid presence and neutral
lipid kinetics via Nile Red (NR) fluorescence. Five microliters of Nile
Red (9-diethylamino-5H-benzo[a] phenoxazine-5-one, Sigma) in
acetone (1 mg mL−1) was added to a 5 mL cell suspension [42]. The
mixture was vigorously agitated in a vortex mixer. Epifluorescence to
detect the presence of intracellular bodies containing neutral lipids
was detected 20min after staining bymeans of a LeicaDMIRE2 Confocal
TCS SP2 SE microscope with a 475 nm band-excitation filter and a
580 nm band-emission filter. For neutral lipid kinetics, duplicate sam-
ples were analysed with a RF-5301 PC Schimatzu spectrofluorometer,
reading at an excitation wavelength of 480 nm and an emission
wavelength of 580 ± 10 nm. The relative fluorescence intensity of
neutral lipids (NR-RFI) was attained after subtraction of microalgal
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cell autofluorescence and self-fluorescence of Nile Red and it was mea-
sured in arbitrary units (au).

2.4.2. Total lipid extraction
To extract lipids, cells were harvested at two time points of station-

ary growth phase according to Nile Red kinetics. Biomasswas harvested
by centrifugation (10 min at 3600 g), washed with distilled water and
lyophilized. Lipid extraction was performed according to a modified
Folch's method [43] assisted with ultrasound [44]. Duplicate freeze-
dried samples of 150–200mgof biomasswere treatedwith 4ml of chlo-
roform: methanol (2:1 v/v), homogenized with a magnetic stirrer and
ultrasonicated for 15 min at room temperature. Then, the mixture was
centrifuged at 3000 g for 15 min and the supernatant was recovered
and collected in a funnel separator three times. The supernatant was
shaken with 4 ml of NaCl 0.9% (w/w) to obtain a biphasic system two
times. The lower phase (containing the extracted lipids) was recovered
into glass flask, evaporated to dryness under nitrogen stream and kept
at−20 °C until lipid fractionation.

2.4.3. Lipid fractionation
Lipid fractionation into neutral lipids (NL) and polar lipids (PL) was

performed using a silica cartridge Sep-Pack (SP) of 1000 mg (J.T. Baker
Inc., Phillipsburg, N. J.) according to [13]. Glycolipids and phospholipids
were put together in the same vial and denominated as polar lipids.
Each fraction was collected into a conical glass vial and dried under
nitrogen stream. Two replicates of each lipid fraction were made.

2.4.4. Methyl ester derivation and fatty acid methyl ester (FAME) analysis
For FAME profile determination, an aliquot of each lipid fraction

(about 25–30 mg) was analysed according to [13] by methyl ester
derivation and GC analysis.

2.4.5. Iodine value
The iodine values of N. cincta's oils were calculated according to

AOCS recommended practice Cd 1c-85 [45]. This method estimates
the grammes of halogen absorbed by 100 g of the fat.

2.5. Lipid productivity

The neutral lipid productivity was obtained according to [46]. Accu-
mulation time was estimated from neutral lipid time course by using
Nile Red fluorescence intensities.

2.6. Nutrient analyses

Five millilitre samples for dissolved nutrient determination were
taken every two days and frozen until analysis. One hour before nutrient
determination, the samples were defrosted and filtrated by Whatman
GF/F (0.7 μm). Nutrient concentrations were determined via colorimet-
ric assays in order to measure phosphate (PO4

3−; P) [47]; nitrate (NO3
−;

N) and silicate (SiO4
4−; Si) [48]. Absorbance was measured using a

Spectronic 20 spectrophotometer at 543 nm for N, 885 nm for P and
810 nm for Si.

2.7. Determination of exopolysaccharide (EPS) concentration and
composition

For EPS kinetics, five millilitres of samples were taken every two
days. Soluble and bound EPS were analysed using a sequential extrac-
tion procedure. Soluble carbohydrates were recovered from the culture
supernatant by centrifugation at 3500 g for 15 min (S-EPS). Loosely
bound EPS (LB-EPS) and tightly bound EPS (TB-EPS) were obtained by
extraction of the pellet, according to [29]. Namely, LB-EPS were solubi-
lized by agitation in milliQ water for 1 h at 30 °C. The cellular pellet
was further extracted with 1 ml 100 mMNa2EDTA for 3 h at 4 °C to ob-
tain TB-EPS [33]. Total carbohydrates were dosed by the phenol–
sulphuric acid assay [49], using glucose as standard. Protein and uronic
acid contents were determined by [50,51] using, respectively, bovine
albumin and glucuronolactone as standards.

Monosaccharide composition was determined by gas chromatogra-
phy (GLC) after hydrolysis of the product with 2 M trifluoroacetic acid
(90 min, 120 °C) followed by conversion of the monosaccharides to
their alditol acetates. GLC was carried out on a Hewlett–Packard
5890A gas chromatograph fitted with a fused-silica capillary column
(30m× 0.25mm i.d.)WCOT-coated with a 0.20 μm film of SP-2330 op-
erating isothermally at 220 °C. When necessary, GLC–MS analyses were
carried out on a Shimadzu GC-17A gas–liquid chromatograph equipped
with the SP-2330 capillary column interfaced to a GCMSQP 5050Amass
spectrometer (Kyoto, Japan). Mass spectra were recorded over a mass
range of 30–500 Da.

For the detection of aminosugars, the products were hydrolysed in
2 M trifluoroacetic acid (240 min, 120 °C). Anlayses were carried out
in a Dionex HPAEC apparatus equipped with a pulse amperometric
detector. A CarboPac PA20 column was used and eluted isocratically
with 200 mM NaOH.

Infrared spectra were recordedwith a Thermo Scientific Nicolet IS50
FTIR spectrophotometer, equipped with an ATR accessory, at 4000–
500 cm−1; 32 scans were taken with a resolution of 4 cm−1.
2.8. Statistical analysis

Mean values of lipid classes (n= 4) and fatty acids (n= 4) between
day 10 and day 14 were compared using a Fisher's least significant dif-
ference (LSD) test with a probability threshold of 0.05.
3. Results

3.1. Morphology, growth rate and chlorophyll a kinetics

The exponential growth phase in N. cincta was characterized by the
proliferation of single cells with two chloroplasts lying along each side
of girdle (Fig. 1a). The valves were linear-lanceolate or rhombic-
lanceolate, with rounded ends, 22–28 μm long, 5.5–8 μm wide and
with a central raphe (Fig. 1a). The striae were radial in the centre and
gently convergent at the apices, with 10–11 striae in 10 μm (Fig. 1b).
The stationary phasewas associatedwith dense diatomaggregates, rath-
er than with single cells (Fig. 1c). Epifluorescence microscopy revealed
that during this phase most Nile Red-stained cells showed conspicuous
yellow-gold fluorescent droplets occupying a large proportion of their
cytoplasm (Fig. 1d and e).

Exponential growth phase occurred between days 2 and 6 (Fig. 2a),
being the average growth rate (k) 1.42 ± 0.09 div day−1 and the dou-
bling time (td) 16.8 ± 2.4 h. Stationary growth phase was sustained
until day 14 with an average cell density of 300 ± 35 × 103 cells mL−1.
The Chl a-FI values showed a similar trend to cell density (Fig. 2a).
3.2. In situ neutral lipid kinetics

Neutral lipid accumulation in N. cincta was analysed by
spectrofluorimetry following the NR-RFI kinetics (Fig. 2b). In addition,
the relationship between NR-RFI and cell density was used in order to
estimate time points of maximum neutral lipid accumulation. The NR-
RFI values showed an increasing trend from day 8 to day 14, while the
NR-RFI: cell density ratio increased 1.58-fold between day 8 and day
10. Thus, considering that the first maximum NR-RFI: cell density ratio
was achieved on day 10, this time point was selected for a first harvest.
Then, the second harvesting time was chosen on day 14 considering a
decreasing trend of the NR-RFI: cell density ratio. This time point was
regarded as the end of the experience.



Fig. 1. a–eMorphological observations ofN. cincta cells in culture (a) Single cells in exponential phase with parietal chloroplasts. (b) Detail of silica external valve view. (c) Cell aggregates
in stationary phase. The arrowhead indicates the EPS. (c insert) Note lipid droplets stained with Sudan IV (arrow). (d–e) Nile Red stained cells in stationary phase showing neutral lipid
droplets with phase contrast microscopy (d) and epifluorescent microscopy (e). (a, c) Light microscopy. (d) Scanning electron microscopy. Scale bars = 10 μm.
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3.3. Total and fraction lipid contents

Table 1 shows the contents of both total and fraction lipids as per-
centages of ash-free dry weight biomass (% AFDW) as well as the per-
centages of neutral and polar lipids with respect to total lipids (% TL)
on days 10 and 14. The lipid content ranged from ca. 38–41% AFDW
on days 10 and 14, respectively. Neutral lipid content reached values
up to ca. 35% AFDW, and represented the main fraction of total lipids,
The lipid classes (saturated [SFA], monounsaturated [MUFA] and poly-
unsaturated fatty acids [PUFA]) and the main FAMEs of neutral lipids
are shown in Fig. 3a and b, respectively. A comparison between days
10 and 14 indicated that the fatty acid composition of neutral lipids on
day 10 presented significantly (p ≤ 0.05) more SAFs (ca. 29%) and
MUFAs (ca. 60%). This pattern was due to the higher percentages of
palmitic acid (C16:0) and palmitoleic acid (C16:1n−7) on day 10. Fur-
thermore, neutral lipids on day 10 presented significantly (p b 0.05) less
PUFAs (ca. 11%), with the EPA (C20:5n3) reaching 8%. In addition, the
total fatty acid profiles of both neutral and polar lipids in N. cincta on
both days are shown in Online Resource 1.
3.4. Nutrient kinetics

The dissolved nutrient concentrations decreased exponentially dur-
ing the first 6 days of growth (Fig. 4). In this period, the consumption
rates (μM d−1) for each nutrient were: 2.1 (μM d−1) for phosphate,
81 μMd−1 for nitrate and 21.9 μMd−1 for silicate. Minimum concentra-
tions of phosphate (6.3 μM) and silicate (5.1 μM) were reached around
the 8th day of incubation, while minimum nitrate concentration
(169.6 μM) was reached recently on 14th day. The minimum values of
phosphate, nitrate and silicatewere about 20%, 22% and3%,with respect
to the initial concentrations, respectively. Fig. 4 shows that N. cincta's
cultures were subjected to limiting phosphate and silicate values for
diatom growth [52] from day 6, while nitrate was never limiting.



Fig. 2. N. cincta growth and neutral lipid accumulation. Growth curve and time course of
fluorescence intensity of chlorophyll a (Chla-FI) (a). Time course of relative fluorescence
intensity of neutral lipids (NR-RFI), and NR-RFI:cell density ratio (b). The arrow
indicates the beginning of neutral lipid accumulation. The data are expressed as the
average ± standard deviation of two or three independent samples.

Fig. 3. Neutral lipid (TAG) composition of N. cincta. Fatty acid classes (a) and main fatty
acid methyl esters (FAMEs) (b). SFA: saturated fatty acids; MUFA: monounsaturated
fatty acids; PUFA: polyunsaturated fatty acids. FAME values are expressed as the average
of four independent samples.
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3.5. EPS quantity and composition

Fig. 5 shows the temporal dynamics of the EPS fractions extracted
from N. cincta's cultures. The contents of soluble EPS (S-EPS) were low
(≈8–12 mg L−1) on the first days of incubation, i.e. during the period
of the initial growth phases. When the stationary growth phase was
established and the culture medium depleted of phosphates, a higher
increase in S-EPS content was verified. This took place around the 8th
day of incubation. Tightly bound EPS (TB-EPS) fraction showed higher
production during exponential growth phase; while it decreased signif-
icantly in the stationary phase. In turn, loosely bound EPS (LB-EPS)
fraction did not exhibit a defined pattern; however, the highest levels
were observed on day 14.

General characterization and neutral monosaccharide composition of
the products is depicted in Table 2. Uronic acids were negligible, accord-
ing to the detection of the colorimetric method. All the products
contained significant amount of proteins, being the carbohydrate:protein
ratio 1:1 for S-EPS and LB-EPS and 1:2 for TB-EPS. LB-EPS was heavily
contaminated with residual salts from culture medium, leading to an
Table 1
Total lipid and lipid fractions-neutral and polar — (as percentage of ash-free dry weight
biomass = % AFDW) of N. cincta. In addition, relative proportions of lipid fractions
(in percentage of total lipid = %). Values are means of two independent samples.

Day Total lipids
(% AFDW)

Neutral lipids
(% AFDW)

Polar lipids
(% AFDW)

Neutral lipids
(% TL)

Polar lipids
(% TL)

10 37.9 ± 2.2 34.1 ± 2.7 3.8 ± 2.7 90.0 ± 2.8 10.0 ± 2.8
14 40.8 ± 2.2 34.6 ± 3.8 6.2 ± 3.2 84.7 ± 2.5 15.3 ± 2.5
overestimation of its yield. In all cases, monosaccharide composition
suggests great heterogeneity of the products. S-EPS and TB-EPS were
xylose, mannose and N-acetylglucosamine enriched, while in LB-EPS
the content of aminosugars was much lower and consisted mainly of
galactose, glucose and rhamnose (Table 2, Online Resource 2). The
absence of uronic acids was also confirmed by Dionex HPAEC.

4. Discussion

Potential advantages of some microalgae for biofuels include their
ability: 1) to grow at high rates (e.g. 1–3 div d−1); 2) to accumulate
large TAG levels; 3) to inhabit in saline waters; and 4) to produce
value-added co-products. In addition, techno-economic analyses sug-
gest that for profitable use of microalgae in biofuel process, the species
should have non-resistant cell walls to lipid extraction and possess har-
vesting advantages (e.g. autoflocculation). In the present study, thema-
rine benthic diatom N. cincta growing under a standardized culture
medium (f/2) at 20 °C and at very low light intensity (23 ±
2 μmol photonsm−2 seg−1), required ca. 17 h to duplicate a generation.
This fact indicates an adequate growth rate in comparison with other
Navicula species cultured at the same temperature [53,54]. In addition,
its robustness was evident from the ability of N. cincta to grow at very
low irradiances in comparison with other benthic marine diatoms
(cultured to 600 μmol m−2 s−1) [55]. This feature is advantageous for
a sustainable use of the species as fuel resource, especially when larger
scale cultures may cause a shadow effect due to biomass accumulation.
Another interesting aspect of this species is its behaviour. It can prolifer-
ate in the bottom of the culture forming a biofilm, as well as grow in
suspension by the effect of aeration, autoflocculating when air is
suspended. These advantages are major to achieve an easy inexpensive



Fig. 4. Time course of phosphate (a), nitrate (b) and silicate (c) consumption of N. cincta
cultures. Limiting phosphate and silicate values are shown. Nutrient limiting values for
diatom growth (P b 8.9 μM; N b 10.2 μM; Si b 22 μM) according to [52].

Table 2
General characterization and neutral monosaccharide composition of soluble EPS (S-EPS),
loosely bound EPS (LB-EPS) and tightly bound EPS (TB-EPS) products. Data are expressed
as average ± SD of two replicates. a. Yield expressed as mg of product L-1; b. Yield
expressed as % of initial freeze-dried cell biomass; c. Traces (less than 1%).

S-EPS LB-EPS TB-EPS

Yield 10.9a 70.7b 2.4b

Carbohydrates:protein ratio 1:1 1:1 1:2

Monosaccharide composition (molar %)
Fucose 10 12 5
Arabinose 7 Tr.c 13
Xylose 23 7 26
Mannose 26 2 13
Galactose 4 40 6
Glucose 4 33 12
N-acetylgalactosamine 4 Tr 9
N-acetylglucosamine 22 6 16

a Yield expressed as mg of product L−1.
b Yield expressed as % of initial freeze-dried cell biomass.
c Traces (less than 1%).
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biomass harvest. For example, gravity sedimentation together with si-
phoning off the supernatant is widely accepted as a viable harvesting
method in wastewater treatment processes [9].

For industrial purposes, interesting microalgal strains are those that
produce 20% or more of oil relative to their biomass in dry weight [56].
Particularly when diatom's biomass is evaluated, it is important to
Fig. 5. Time course of soluble EPS (S-EPS), loosely bound EPS (LB-EPS) and tightly bound
EPS (TB-EPS) in N. cincta cultures.
consider the high ash content attributed to the silica component in
their cellwall. Thus, the total lipid content reported in the specie studied
varied between ca. 38% and 41% of AFDW after 10 and 14 days of
growth, respectively. These values are similar to those obtained in
three Navicula strains under nitrogen deficiency (32.4%–38.2% of
AFDW). These strains were suggested for fuels-from-algae technology
development [53]. However, triacylglycerol determination is the
clearest signal of the amount of suitable substrate for biodiesel produc-
tion by transesterification [17]. At present, there are still a few studies
reporting TAG content (% AFDW) in marine diatoms, which would
allow a better comparisonwhen diatom strains are screened for feasible
biodiesel production. In this study, the neutral lipids were 90% and
84.7% of the total lipids on days 10 and 14, respectively. These values in-
dicate a high accumulation of neutral lipids with respect to polar lipids
with ageing of culture. In comparison with other marine diatoms grow-
ing in batch cultures, the TAG content ofN. cinctawasmuch higher than
the one in Navicula jeffreyi (total lipid content of 6.6% dw and TAG pro-
portion with respect to total lipid of ca. 57%), which was cultured with-
out forcing oil synthesis by using chemical or physical stimuli [54]. TAG
content was also higher than those reported for Thalassiosira
pseudonana (14–18% dw) and Phaeodactylum tricornutum (14% dw),
which were cultured under nitrate or silicate starvation [12]. In the
present study, stress condition was obtained naturally when the cells
were in transition to stationary phase. In fact, the neutral lipid accumu-
lation monitored via Nile Red (NR-RFI: cell density ratio) indicated that
neutral lipids started to accumulate approximately 2 days after cultures
entered in stationary phase, i.e. when growth stopped. Thus, N. cincta
showed neutral lipid productivities of 9.95 mg TAG L−1 d−1and
4.22 mg TAG L−1 d−1 on days 10 and 14, respectively. These values
were even higher that the total lipid productivity values of other benthic
diatoms asNitzschia LBK-017 (2.13mg LT L−1 d−1) [57] andNavicula sp.
(3.67 mg LT L−1 d−1) [58]. It is important to remark that the TAG pro-
ductivity of N. cincta must be overcome to build sustainable large scale
cultures for biofuel production.

According to ranges of half-saturation constants for phosphate (Ks–
P: 0.01–8.9 μM), orthosilicic acid (Ks–Si: 0.2–22 μM) and nitrate (Ks–N:
0.02–10.2 μM) uptake in diatoms [52], we can suggest that the mini-
mum levels of phosphate (ca. 6 μM) and silicate (ca. 5 μM) reached in
the present study might be involved in the TAG accumulation in
N. cincta. In fact, an important decrease of P and Si with respect to N
was indicated in the context of both Redfield et al. [59] and Brzezinski
[60] ratios (N:Si:P of 16:16:1), with N:Si and N:P ratios up to ca. 117
and 60, respectively. In addition, nitrate did not reach limiting values.
As reported by [14], the depletion of dissolved phosphate might be an
early trigger for lipid accumulation in P. tricornutum, but the accumula-
tion ratewould only bemagnified upon nitrate depletion. Diatoms store
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significant amounts of nitrate internally [61]. Therefore, one way to in-
crease naturally the accumulation of lipids in N. cincta may be by de-
creasing the initial concentration of nitrate in the culture medium.
Considering that in the present study the initial concentration of nitrate
was ca. 900 μM and that the nitrate consumption rate was 21.9 μM d−1

throughout 6 days of exponential growth, we suggest that cultures of
this strain oriented to biodiesel production should begin with nitrate
concentrations not higher than 100 μM in order to reach limiting values
b10.2 μ [52], which may produce a higher lipid accumulation.

In general, the fatty acid composition in diatoms depends on the
growth phase (culture age), temperature and nutrient status [62–64].
Phosphate limitation has been indicated as a factor associated with a
higher amount of SFAs andMUFAs and lower values of PUFAs inmarine
diatoms [65]. These authors indicated that both a drop in the cellular
ATP level and in the rate of phosphorylation-linkedmetabolic pathways
may direct the fatty acid biosynthesis pathways to more energetically
economical routes, yielding mostly SFAs and MUFAs. Then, we suggest
that the limitation of P levels reported in our study contributed to
N. cincta's oil quality, which presented a dominance of MUFAs followed
by SFAs. In addition, a significant effect of the culture periodwas alsode-
tected on lipid class content. Hence, the fatty acid composition of the
biomass harvested on day 10 displayed the best profile in terms of
biodiesel quality, reaching the highest levels of SFAs and MUFAs, due
to the highest levels of both palmitic (26.5%) and palmitoleic (53.6%)
acids. As reported by [66], fatty acid profiles enriched in palmitoleic
acid may impart overall favourable properties to biodiesel, especially
cold flow. However, oils with high enrichment of palmitoleic acid are
currently commercially unavailable. Therefore, the N. cincta's oil
enriched in palmitoleic and palmitic acids in combination with low
levels of high-melting saturated species of fatty acids, such as C20 and
C22, exhibits a combination of improved fuel properties with emphasis
in cold flow issue.

Regarding oxidative stability, the European EN 14214 standard [67]
limits linolenic acid's methyl ester (ALA) for vehicle use to 12% (w/w)
and the methyl esters with four andmore double bonds to a maximum
of 1% (w/w). These limits are essential to avoid autoxidation by the
presence of double bonds in the chains of many unsaturated FAMEs,
which cause problems during fuel storage [68]. The oils extracted from
N. cincta presented ALA contents within specifications. Although the
calculated iodine values for N. cincta's oil (57.87 g I2/100 g and
53.77 g I2/100 g on days 10 and 14, respectively) were well below the
allowed [67] (b120 g I2/100 g), unsaturated fatty acids, especially EPA,
should be present at lower levels in order to achieve fuel property
enhancement in terms of oxidative stability. In the present study,
the lowest level of EPA was reached on day 10, when the NR-
RFI:cell density was maximum. Consequently, it would be necessary
to take into account fatty acid variations along the stationary growth
phase in N. cincta's cultures in order to obtain a good oil quality for
biodiesel production. Moreover, if the purpose is to characterize bio-
diesel quality, other specifications should be taken into account in
the standards, including acid values, free and total glycerine and
heteroelements [66].

The data presented in this study demonstrate that N. cincta was an
effective producer of exopolysaccharides. Themaximumconcentrations
of EPS corresponded to soluble fraction whose yield (9–18 mg L−1) fell
within the average yields reported in literature for other diatom species
(0.6–26 mg L−1) [23,32,26]. S-EPS release was most significant when
the cultures reached the stationary phase andwhen themediumwas al-
most phosphate and silicate depleted. A possible explanation for EPS se-
cretion is that it may happen because of an overflowmetabolism, which
has been defined as an excess amount of carbon dioxide fixed relative to
growth requirements [70]. This behaviour agrees with the response of
other diatoms under an increase in the N/P ratio above the classical
Redfield ratio of 16 [65,69]. However, the type and amount of polysac-
charide excreted and the effects of nutrient limitation are often highly
species-specific. The light–dark cycle is another factor that affects the
EPS production, being S-EPS independent of the light, and bound EPS
highly light-dependent [32]. According to these authors, bound EPS
may be transformed to soluble EPS in the dark or when the light avail-
ability decrease due to the size of the aggregates. In the present study,
S-EPS were relatively constant and their levels increase at the end of
the experience. In addition, T-EPS declined from day 6 until the end of
the experience, which might explain the observed increase in S-EPS.
On theother hand, the T-EPS decreasewas in agreementwith thebegin-
ning of the stationary phase, when the cell aggregationwas notable and
light availabilitymay be limiting. Cell aggregation revealed a decrease in
motility of the cells with the consequent less production of mucilagi-
nous trails associated with bound fractions. Moreover, the composition
of ATR-IR spectra of S-EPS and TB-EPS was similar, suggesting that
soluble products in the culture solution would derive from partial solu-
bilization of T-EPS, as reported by [26,27].

The comparison between the composition of EPS and mucilage frac-
tions with previous literature data is difficult since there is not a unique
extraction procedure [26]. Thus, differences in reported monosaccha-
ride composition may actually respond to variation in the extraction
protocols. Another important issue concerning to EPS's determination
is the contamination with intracellular biopolymers leaking out of
damaged cells. Even a mild procedure as room temperature aqueous
extraction was claimed to provoke cell rupture [71]. As a consequence,
products are usually enriched in chrysolaminaran [72]. In our case,
room temperature extraction of cells increased glucose content in LB-
EPS, even to a further extent than in the hot water extracted TB-EPS,
indicating membrane damage by the hypotonic extraction solvent. In
addition, prolonging acid hydrolysis can result in the destruction of
the more labile sugar components (i.e., arabinose) as it was reported
by [21]. Accordingly, no arabinose could be detected in products
analysed byHPAEC-PAD, but the presence of aminosugarswas revealed.
On the other hand, no uronic acids appeared, in agreement with colori-
metric determinations. Carbohydrate:protein ratio and the identifica-
tion of N-acetylglucosamine and N-acetylgalactosamine suggests the
presence of proteoglycans and/or glycoproteins in the EPS. The IR spec-
troscopy also showed the presence of carbohydrate and protein bands.
In general, signals were poorer in LB-EPS, but this is not surprising
since this product was heavily contaminated with salts. Assuming a
glycoproteic composition for these products, both are xylose and man-
nose rich, similarly to the informed for Craspedostauros australis and
P. tricornutum [25,73]. This fact, togetherwith the presence of significant
percentages of N-acetylglucosamine, suggests the presence of N-
glycoproteins. Taking into account that attachedN-glycans are responsi-
ble for a number of important biological recognition processes, such as
intracellular sorting, cell adhesion, host-pathogen interaction and im-
mune response, further characterization of glycoproteins in EPS could
result in by-products of pharmaceutical applications.

5. Conclusions

The present results indicated that N. cincta under the environmental
conditions tested can be proposed as a valuable microalga for biodiesel
production for the following reasons: 1) it has a relatively small size,
which increases its growth rate; 2) it grows in seawater, a resource
that does not compete with freshwater for human consumption; 3) it
can grow at low levels of light radiation, which is particularly important
for the achievement of sustainable energy cultures; 4) it can naturally
store high contents of TAG in a short time (10 days); 5) its TAG's fatty
acid profile is adequate for a good quality biodiesel; 6) its production
of bound EPS in culture promotes the biofilm formation, whichmay im-
prove the biomass harvest bymaking the downstream processes in bio-
fuel production less expensive; and 7) its production of soluble EPS in
culture represents a valuable co-product, which can be obtained by
ethanol precipitation from aqueous phase. This fact also contributes
increasing profitability of biodiesel production processes. In addition,
we suggest that cell walls rich in silica (25% of biomass estimated by



Fig. 6. Hypothetical scalable bioprocesses in N. cincta's culture under a biorefinery approach. Under the same environmental scenario (stationary phase and limitation of P and N), apart
from TAG for biodiesel, the product portfolio includes S-EPS and silica. Additional processes as biofilm formation and carbon sequestration may contribute to a sustainable procedure.
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AFDW) represent a valuable residue, whichmay be used in different in-
dustries according to their quality. We consider that the synchronous
production of TAG for biodiesel and S-EPS as valuable co-products in
marine benthonic diatoms lends an interesting perspective to sustain-
able production of biofuels. Then, this study provides the bases of our
next objective, which is to transfer the biorefinery approach in
N. cincta cultures from laboratory to pilot scale production. As a first
approximation, a hypothetical culture scheme of N. cincta in raceway
pond is presented (Fig. 6), keeping in mind the added advantages of
this system for CO2 sequestration.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.algal.2016.01.013.

Acknowledgements

Thanks to Consejo Nacional de Investigaciones Científicas y Técnicas
de la República Argentina (CONICET) PIP 112-200801-00234 and
Secretaría de Ciencia y Tecnología de la Universidad Nacional del Sur,
PGI TIR. C.A.P. is Research Member of Comisión de Investigaciones
Científicas de la Provincia deBuenos Aires.M.C.M. and P.I.L. are Research
Members of CONICET.

References

[1] A. Bozarth, U. Maier, S. Zauner, Diatoms in biotechnology: modern tools and appli-
cations, Appl. Microbiol. Biotechnol. 82 (2009) 195–201.

[2] F.E. Round, R.M. Crawford, D.G. Mann, The Diatoms — Biology & Morphology of the
Genera, Cambridge University Press, 1990 (747 pp.).

[3] N. Simon, A.-L. Cras, E. Foulon, R. Lemée, Diversity and evolution of marine phyto-
plankton, C. R. Biol. 332 (2009) 159–170.

[4] T. Lebeau, J.M. Robert, Diatom cultivation and biotechnologically relevant products.
part I: cultivation at various scales, Appl. Microbiol. Biotechnol. 60 (2003) 612–623.

[5] T. Lebeau, J.M. Robert, Diatom cultivation and biotechnologically relevant products.
Part II: current andputative products, Appl.Microbiol. Biotechnol. 60 (2003) 624–632.

[6] R. Xing, C. Wang, X. Cao, Y. Chang, The potential value of different species of benthic
diatoms as food for newly metamorphosed sea urchin Strongylocentrotus
intermedius, Aquaculture 263 (2007) 142–149.

[7] A. Guedes, H. Amaro, C. Barbosa, R. Pereira, F. Malcata, Fatty acid composition of sev-
eral wild microalgae and cyanobacteria, with a focus on eicosapentaenoic,
docosahexaenoic and α-linolenic acids for eventual dietary uses, Food Res. Int. 44
(2011) 2721–2729.
[8] L. Brennan, P. Owende, Biofuels from microalgae—a review of technologies for pro-
duction, processing, and extractions of biofuels and co-products, Renew. Sust. Energ.
Rev. 14 (2010) 557–577.

[9] I. Rawat, K.R. Ranjith, T. Mutanda, F. Bux, Biodiesel from microalgae: a critical
evaluation from laboratory to large scale production, Appl. Energy 103 (2013)
444–467.

[10] J.D. Chaffin, S. Mishra, R.M. Kuhaneck, S.A. Heckathorn, T.B. Bridgeman, Envi-
ronmental controls on growth and lipid content for the freshwater diatom,
Fragilaria capucina: a candidate for biofuel production, J. Appl. Phycol. 24
(2012) 1045–1051.

[11] A.F. Talebi, S.K. Mohtashami, M. Tabatabaei, M. Tohidfar, A. Bagheri, M.
Zeinalabedini, H.H. Mirzaei, M. Mirzajanzadeh, S.M. Shafaroudi, S. Bakhtiari, Fatty
acids profiling: a selective criterion for screening microalgae strains for biodiesel
production, Algal Res. 2 (2013) 258–267.

[12] E.T. Yu, F.J. Zendejas, P.D. Lane, S. Gaucher, B.A. Simmons, T.W. Lan, Triacylglycerol
accumulation and profiling in the model diatoms Thalassiosira pseudonana and
Phaeodactylum tricornutum (Bacillariophyceae) during starvation, J. Appl. Phycol.
21 (2009) 669–681.

[13] C.A. Popovich, C. Damiani, D. Constenla, P.I. Leonardi, Lipid quality of Skeletonema
costatum and Navicula gregaria from South Atlantic Coast (Argentina): evaluation
of its suitability as biodiesel feedstock, J. Appl. Phycol. 24 (2012) 1–10.

[14] J. Valenzuela, A. Mazurie, R.P. Carlson, R. Gerlach, K. Cooksey, B.M. Peyton, M.W.
Fields, Potential role ofmultiple carbon fixation pathways during lipid accumulation
in Phaeodactylum tricornutum, Biotechnol. Biofuels 5 (2012) 1–17.

[15] J. Valenzuela, R.P. Carlson, R. Gerlach, K. Cooksey, B.M. Peyton, B. Bothner, M.W.
Fields, Nutrient resupplementation arrests bio-oil accumulation in Phaeodactylum
tricornutum, Appl. Microbiol. Biotechnol. 97 (2013) 7049–7059.

[16] D. López Alonso, E.H. Belarbi, J.A.M. Fernandez-Sevilla, J. Rodríguez-Ruiz, E. Molina
Grima, Acyl lipid composition variation related to culture age and nitrogen concen-
tration in continuous culture of the microalga Phaeodactylum tricornutum, Phyto-
chemistry 54 (2000) 461–471.

[17] Q. Hu, M. Sommerfeld, E. Jarvis, M. Ghirardi, M. Posewitz, M. Seibert, A. Darzins,
Microalgal triacyglycerols as feedstocks for biofuel production: perspectives and ad-
vances, Plant J. 54 (2008) 621–639.

[18] E.H. Belarbi, E. Molina, Y. Chisti, A process for high yield and scalable recovery of
high purity eicosapentaenoic acid esters from microalgae and fish oil, Enzym.
Microb. Technol. 26 (2000) 516–529.

[19] M.L. Hamilton, R.P. Haslam, J.A. Napier, O. Sayanova, Metabolic engineering of
Phaeodactylum tricornutum for the enhanced accumulation of omega-3 long chain
polyunsaturated fatty acids, Metab. Eng. 22 (2014) 3–9.

[20] T.C. Adarme-Vega, D.K.Y. Lim, M. Timmins, F. Vernen, Y. Li, P.M. Schenk, Miroalgal
biofactories: a promising approach towards sustainable omega-3 fatty acid produc-
tion, Microb. Cell Factories 11 (2012) 96–105.

[21] S.M. Leandro, M.C. Gil, I. Delgadillo, Partial characterisation of exopolysaccharides
exudated by planktonic diatoms maintained in batch cultures, Acta Oecol. 24
(2003) 49–55.

[22] N. Staats, B. DeWinder, L. Stal, L. Mur, Isolation and characterization of extracellular
polysaccharides from the epipelic diatoms Cylindrotheca closterium and Navicula
salinarum, Eur. J. Phycol. 34 (1999) 161–169.

http://dx.doi.org/10.1016/j.algal.2016.01.013
http://dx.doi.org/10.1016/j.algal.2016.01.013
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0005
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0005
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0010
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0010
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0015
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0015
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0020
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0020
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0025
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0025
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0030
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0030
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0030
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0035
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0035
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0035
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0035
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0040
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0040
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0040
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0045
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0045
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0045
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0050
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0050
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0050
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0050
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0055
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0055
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0055
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0055
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0060
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0060
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0060
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0060
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0065
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0065
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0065
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0070
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0070
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0070
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0075
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0075
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0075
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0080
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0080
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0080
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0080
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0085
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0085
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0085
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0090
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0090
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0090
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0095
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0095
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0095
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0100
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0100
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0100
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0105
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0105
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0105
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0110
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0110
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0110


128 G.B. Bielsa et al. / Algal Research 15 (2016) 120–128
[23] D.J. Smith, G.J.C. Underwood, The production of extracellular carbohydrates by estu-
arine benthic diatoms: the effects of growth phase and light and dark treatment, J.
Phycol. 36 (2000) 321–333.

[24] R. Urbani, E. Magaletti, P. Sist, A.M. Cicero, Extracellular carbohydrates released by
the marine diatoms Cylindrotheca closterium, Thalassiosira pseudonana and
Skeletonema costatum: effect of p-depletion and growth status, Sci. Total Environ.
353 (2005) 300–306.

[25] A. Chiovitti, A. Bacic, J. Burke, R. Wetherbee, Heterogeneous xylose-rich glycans are
associated with extracellular glycoproteins from the biofouling diatom
Craspedostauros australis (Bacillariophyceae), Eur. J. Phycol. 38 (2003) 351–360.

[26] A. Chiovitti, M. Higgins, R. Harper, R. Wetherbee, A. Bacic, The complex polysaccha-
rides of the raphid diatom Pinnularia viridis (Bacillariophyceae), J. Phycol. 39 (2003)
543–554.

[27] B.J. Bellinger, A.S. Abdullahi, M.R. Gretz, G.J. Underwood, Biofilm polymers: relation-
ship between carbohydrates biopolymers from estuarine mudflats and unialgal cul-
tures of benthic diatoms, Aquat. Microb. Ecol. 38 (2005) 169–180.

[28] R. Urbani, P. Sist, G. Pletikapić, T.M. Radić, V. Svetličić Žutić, Diatom polysaccharides:
extracellular production, isolation and molecular characterization, in: D.N.
Karunaratne (Ed.), The Complex World of Polysaccharides, Intech, Croatia 2012,
pp. 345–370.

[29] J.F.C. De Brouwer, L.J. Stal, Short-term dynamics in microphytobenthos distribution
and associated extracellular carbohydrates in surface sediments of an intertidal
mudflat, Mar. Ecol. Prog. Ser. 218 (2001) 33–44.

[30] G.J.C. Underwood, D.M. Paterson, The importance of extracellular carbohydrate pro-
duction by epipelic diatoms, in: J.M. Callow (Ed.), Advances in Botanical Research,
Elsevier Academic Press, Oxford 2003, pp. 183–240.

[31] V. Svetličić, V. Žutić, G. Pletikapić, T.M. Radić, Marine polysaccharide networks and
diatoms at the nanometric scale, Int. J. Mol. Sci. 14 (2013) 20064–20078.

[32] J.F.C. De Brouwer, K. Wolfstein, L.J. Stal, Physical characterization and diel dynamics
of different fractions of extracellular polysaccharides in an axenic culture of a ben-
thic diatom, Eur. J. Phycol. 37 (2002) 37–44.

[33] Z. Liang, L. Wenhong, Y. Shangyuan, D. Ping, Extraction and structural characteristics
of extracellular polymeric substances (EPS), pellets in autotrophic nitrifying biofilm
and activated sludge, Chemosphere 81 (2010) 626–632.

[34] J. Bender, P. Phillips, Microbial mats for multiple applications in aquaculture and
bioremediation, Bioresour. Technol. 94 (2004) 229–238.

[35] A. Pal, A.K. Paul, Microbial extracellular polymeric substances: central elements in
heavy metal bioremediation, Indian J. Microbiol. 48 (2008) 49–64.

[36] A.M. Lowman, Complexing polymers in drug delivery, in: D.L. Wise (Ed.), Handbook
of Pharmaceutical Controlled Release Technology, Marcel Dekker Inc., New York
2000, pp. 89–98.

[37] P. Gupta, K. Veermani, S. Garg, Hydrogels: from controlled release to pH-responsive
drug delivery, Drug Discov. Today 7 (2002) 569–579.

[38] C.A. Popovich, J.E. Marcovecchio, Spatial and temporal variability of phytoplankton
and environmental factors in a temperate estuary of South America (Atlantic
Coast, Argentina), Cont. Shelf Res. 28 (2008) 236–244.

[39] J.L. McLachlan, Growth media-marine, in: J.R. Stein (Ed.), Handbook of Phycological
Methods, Culture Methods and Growth Measurements, Cambridge Univ. Press
1973, pp. 26–47.

[40] P.E. Hargraves, Plankton diatoms (Bacillariophyceae) from Carrie Bow Cay, Belize,
in: K. Rützler, I.G. Macintyre (Eds.),The Atlantic Barrier Reef Ecosystem at Carrie
Bow Cay, Belize. I. Structure and Communities, Smithsonian Contributions to the
Marine Sciences, 12 1982, pp. 153–166.

[41] R.R.L. Guillard, Division rates, in: J.R. Stein (Ed.), Handbook of Psychological
Methods: Culture Methods and Growth Measurements, Cambridge University
Press, Cambridge 1973, pp. 289–311.

[42] J.C. Priscu, L.R. Priscu, A.C. Palmesano, C.W. Sullivan, Estimation of neutral lipid levels in
Antarctic sea ice microalgae by Nile red fluorescence, Antarct. Sci. 2 (1990) 149–155.

[43] J. Folch, M. Lees, G.H. Sloane Stanley, A simple method for the isolation and purifica-
tion of total lipids from animal tissues, J. Biol. Chem. 226 (1957) 497–509.

[44] L. Krienitz, M. Wirth, The high content of polyunsaturated fatty acids in
Nannochloropsis limnetica (Eustigmatophyceae) and its implication for food web in-
teractions, freshwater aquaculture and biotechnology, Limnologica 36 (2006)
204–210.

[45] D. Firestone, Official Methods and Recommended Practices of the American Oil
Chemists' Society, AOCS, Champaign, Illinois, 2010.

[46] M.C. Damiani, C.A. Popovich, D. Constenla, M.A. Martínez, H. Freije, E. Doria, P.
Longoni, R. Cella, E. Nielsen, P.I. Leonardi, Triacylglycerol content, productivity and
fatty acid profile in Scenedesmus acutus PVUW12, J. Appl. Phycol. 26 (2014)
1423–1430.
[47] J. Murphy, I.P. Riley, A modified single solution method for the determination of
phosphate in natural waters, Anal. Chim. Acta 27 (1962) 31–36.

[48] J.D. Strickland, T.R. Parsons, A practical handbook of seawater analysis, Bull. Fish.
Res. Board Can. (1972) 1–311.

[49] M. Dubois, K.A. Gilles, J.K. Hamilton, P.A. Rebers, F. Smith, Colorimetric method for
determination of sugars and related substances, Anal. Chem. 28 (1956) 350–356.

[50] O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall, Protein measurement with the
Folin phenol reagent, J. Biol. Chem. 193 (1951) 265–275.

[51] T.M. Filisetti-Cozzi, N.C. Carpita, Measurement of uronic acids without interference
form neutral sugars, Anal. Biochem. 197 (1991) 157–162.

[52] G. Sarthou, R.K.R. Timmermans, S. Blain, P. Tréguer, Growth physiology and fate of
diatoms in the ocean: a review, J. Sea Res. 53 (2005) 25–42.

[53] M.G. Tadros, J.R. Johansen, Physiological characterization of six lipid-producing dia-
toms from the southeastern United States, J. Phycol. 24 (1988) 445–452.

[54] M.P. Mansour, D.M.F. Frampton, P.D. Nichols, J.K. Volkman, S.I. Blackburn, Lipid and
fatty acid yield of nine stationary-phase microalgae: applications and unusual C24–
C28 polyunsaturated fatty acids, J. Appl. Phycol. 17 (2005) 287–300.

[55] B. Scholz, G. Liebezeit, Biochemical characterisation and fatty acid profiles of 25 ben-
thic marine diatoms isolated from the Solthörn tidal flat (southern North Sea), J.
Appl. Phycol. 25 (2013) 453–465.

[56] T. Obata, A.R. Fernie, A. Nunes-Nesi, The central carbon and energy metabolism of
marine diatoms, Metabolites 3 (2013) 325–346.

[57] Y. Jiang, K.S. Laverty, J. Brown, L. Brown, J. Chagoya, M. Burow, A. Quigg, Effect of sil-
icate limitation on growth, cell composition, and lipid production of three native di-
atoms to Southwest Texas desert, J. Appl. Phycol. 27 (2015) 1433–1442.

[58] M. Song, H. Pei, W. Hua, G. Ma, Evaluation of the potential of 10 microalgal strains
for biodiesel production, Bioresour. Technol. 141 (2013) 245–251.

[59] A.C. Redfield, B.H. Ketchum, F.A. Richards, The Influence of Organisms on the Com-
position of Sea-water. pp. 26–77, in: M.N. Hill (Ed.), The Sea, vol. 2, 1963, p. 554.

[60] M.A. Brzeinski, The Si:C:N ratio of marine diatoms: interspecific variability and the
effect of some environmental variables, J. Phycol. 21 (1985) 347–357.

[61] M.W. Lomas, P.M. Glibert, Comparisons of nitrate uptake, storage, and reduction in
marine diatoms and flagellates, J. Phycol. 36 (2001) 903–913.

[62] R. Siron, G. Giusti, B. Berland, Changes in the fatty acid composition of
Phaeodactylum tricornutum and Dunaliella tertiolecta during growth and under
phosphorus deficiency, Mar. Ecol. Prog. Ser. 55 (1989) 95–100.

[63] P.G. Roessler, Environmental control of glycerolipidmetabolism inmicroalgae: com-
mercial implications and future research directions, J. Phycol. 26 (1990) 393–399.

[64] S.M. Renaud, H.C. Zhou, D.L. Parry, L.V. Thinh, K.C. Woo, Effect of temperature on the
growth, total lipid content and fatty acid composition of recently isolated tropical
microalgae Isochrysis sp., Nitzschia closterium, Nitzschia paleacea and commercial
species Isochrysis sp. (clone T.ISO), J. Appl. Phycol. 7 (1995) 595–602.

[65] R. Pistocchi, G. Trigari, G.P. Serrazanetti, P. Taddei, G. Monti, S. Palamidesi, F.
Guerrini, G. Bottura, P. Serratore, M. Fabbri, M. Pirini, V. Ventrella, A. Pagliarani, L.
Boni, A.R. Borgatti, Chemical and biochemical parameters of cultured diatoms and
bacteria from the Adriatic Sea as possible biomarkers of mucilage production, Sci.
Total Environ. 353 (2005) 287–299.

[66] G. Knothe, Biodiesel derived from a model oil enriched in palmitoleic acid,
macadamia nut oil, Energy Fuel 24 (2010) 2098–2103.

[67] European Committee for Standardization (CEN) (2008), Automotive fuels—fatty
acid methyl esters (FAME) for diesel engines. Requirements and test methods, EN
14214 Society, American Oil Chemists Society Press, Champaign, IL, USA, 2010.

[68] G. Knothe, Dependence of biodiesel fuel properties on the structure of fatty acid
alkyl esters, Fuel Process. Technol. 86 (2005) 1059–1070.

[69] S.M. Myklestad, Release of extracellular products by phytoplanktonwith special em-
phasis on polysaccharides, Sci. Total Environ. 165 (1995) 155–164.

[70] N. Staats, L.J. Stal, L.R. Mura, Exopolysaccharide production by the epipelic diatom
Cylindrotheca closterium: effects of nutrient conditions, J. Exp. Mar. Biol. Ecol. 249
(2000) 13–27.

[71] E. Takahashi, J. Ledauphin, D. Goux, F. Orvain, Optimizing extraction of extracellular
polymeric substances (EPS) from benthic diatoms: comparison of the efficiency of
six EPS extraction methods, Mar. Freshw. Res. 60 (2009) 1201–1210.

[72] A. Chiovitti, P. Molino, S.A. Crawford, R. Teng, T. Spurck, R. Wetherbee, The glucans
extracted with warm water from diatoms are mainly derived from intracellular
chrysolaminaran and not extracellular polysaccharides, Eur. J. Phycol. 39 (2004)
117–128.

[73] B. Baïet, C. Burel, B. Saint-Jean, R. Louvet, L. Menu-Bouaouiche, M.C. Kiefer-Meyer, E.
Mathieu-Rivet, T. Lefebvre, H. Castel, A. Carlier, J.P. Cadoret, P. Lerouge, M. Bardor, N-
Glycans of Phaeodactylum tricornutum diatom and functional characterization of its
N-acetylglucosaminyltransferase I enzyme, J. Biol. Chem. 286 (2011) 6152–6164.

http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0115
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0115
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0115
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0120
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0120
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0120
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0120
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0125
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0125
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0125
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0130
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0130
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0130
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0135
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0135
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0135
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0140
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0140
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0140
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0140
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0145
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0145
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0145
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0150
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0150
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0150
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0155
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0155
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0160
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0160
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0160
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0165
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0165
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0165
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0170
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0170
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0175
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0175
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0180
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0180
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0180
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0185
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0185
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0190
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0190
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0190
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0195
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0195
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0195
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0200
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0200
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0200
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0200
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0205
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0205
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0205
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0210
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0210
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0215
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0215
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0220
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0220
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0220
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0220
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0225
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0225
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0230
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0230
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0230
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0230
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0235
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0235
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0240
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0240
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0245
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0245
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0250
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0250
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0255
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0255
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0260
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0260
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0265
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0265
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0270
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0270
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0270
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0275
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0275
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0275
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0280
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0280
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0285
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0285
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0285
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0290
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0290
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf8555
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf8555
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0295
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0295
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0300
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0300
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0305
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0305
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0305
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0310
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0310
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0315
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0315
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0315
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0315
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0320
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0320
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0320
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0320
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0320
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0325
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0325
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0330
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0330
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0330
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0335
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0335
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0340
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0340
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0345
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0345
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0345
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0350
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0350
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0350
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0355
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0355
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0355
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0355
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0360
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0360
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0360
http://refhub.elsevier.com/S2211-9264(16)30024-8/rf0360

	Simultaneous production assessment of triacylglycerols for biodiesel and exopolysaccharides as valuable co-�products in Nav...
	1. Introduction
	2. Materials and methods
	2.1. Algal strain isolation and culture conditions
	2.2. Morphological study
	2.3. Growth, chlorophyll and biomass measurements
	2.3.1. Growth and chlorophyll
	2.3.2. Dry weight (DW) and ash-free dry weight (AFDW) determinations

	2.4. Lipid analysis
	2.4.1. Neutral lipid detection and kinetics
	2.4.2. Total lipid extraction
	2.4.3. Lipid fractionation
	2.4.4. Methyl ester derivation and fatty acid methyl ester (FAME) analysis
	2.4.5. Iodine value

	2.5. Lipid productivity
	2.6. Nutrient analyses
	2.7. Determination of exopolysaccharide (EPS) concentration and composition
	2.8. Statistical analysis

	3. Results
	3.1. Morphology, growth rate and chlorophyll a kinetics
	3.2. In situ neutral lipid kinetics
	3.3. Total and fraction lipid contents
	3.4. Nutrient kinetics
	3.5. EPS quantity and composition

	4. Discussion
	5. Conclusions
	Acknowledgements
	References


