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ABSTRACT

Patches formed by dense accumulations of diatoms
in the surf zone (surf diatoms) are common on sandy
beaches with intermediate to dissipative morpho-
dynamic states. Their appearances are correlated
with environmental factors such as the passage of
cold fronts when onshore winds increase beach hy-
drodynamics, resuspending epibenthic stocks and
accumulating them through the inner surf zone. In
Santa Catarina state, Southern Brazil, two beaches
are known to have frequent occurrence of accumu-
lations of the surf diatom Asterionellopsis glacialis
sensu lato: Rincao Beach (28°50' S) and Navegan-
tes Beach (26°52' S). The high biomass of this alga
and its central importance in the trophic structure
of the coastal ecosystems suggest studies about its
potential applications. In the present study, strains
of A. glacialis were isolated, cultured under differ-
ent conditions and evaluated for ecophysiological
aspects: growth rate under different conditions, po-
tential biological activities of exudates, biomass and
lipid content, and fatty acid profile. A. glacialis cells
in culture showed deformation, which were amelio-
rated by using agitation and silicon and phospho-
rus enriched culture media. Exudates of the strains
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ReEsumo

Manchas formadas por densas acumulagdes de dia-
tomaceas na zona de arrebentacdo ("diatomaceas de
surf") sdo comuns em praias arenosas com estados
morfodindmicos dissipativos ou intermediarios. Seu
aparecimento estd correlacionado com fatores am-
bientais, como a passagem de frentes frias, quando
ventos em dire¢do a praia promovem maior hidro-
dindmica, gerando ressuspensdo de estoques bén-
ticos das diatomaceas, acumulando-as na zona de
arrebentacdo interna. No estado de Santa Catarina,
sul do Brasil, duas praias sdo conhecidas por terem
frequente ocorréncia de acumulagdes da diatomacea
de zona de arrebentacdo Asterionellopsis glacialis
lato sensu: Praia do Rincdo (28 © 50 'S) e Praia de
Navegantes (26 © 52' S). A alta biomassa desta alga
e sua importancia central na estrutura trofica dos
ecossistemas costeiros sugerem estudos sobre suas
potenciais aplica¢des. No presente estudo, cepas de
A. glacialis foram isoladas, cultivadas sob diferentes
condigdes e avaliadas quanto a aspectos ecofisiolo-
gicos (taxas de crescimento, atividades biologicas de
exsudatos e biomassa) e bioquimicos (conteudo lipi-
dico e perfil de acidos graxos). As células de A. gla-
cialis em cultura mostraram deformacgdes, as quais
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showed no allelopathic effects, although previous
studies have indicated activity. Lipid content showed
variation depending on the strain and culture media.
Values ranged from 9% to 13.6% by dry weight. In
all strains saturated fatty acids and polyunsaturated
fatty acids were identified. Some hypotheses were
proposed to explain the variation of the lipid con-
tents, fatty acid profiles and physiological features
between strains of the same species. We believe that
the fatty acids profile of this primary producer has
important consequences in the sandy beach ecology.

Descriptors: Phytoplankton, Diatoms, Fatty Acids,
Allelopathy, Antimicrobial Activity.

INTRODUCTION

The occurrence of dense accumulations of diatoms
in the surf zone is a typical feature of many exposed,
intermediate to dissipative sandy beaches, (BROWN;
MCLACHLAN, 1990). These accumulations appear as
flocculent brown patches on the water surface, attached
to the foam generated by breaking waves (MACKAS;
LEWIN, 1972). Its formation is governed by resuspen-
sion processes of benthic stocks from beyond the surf
zone as a result of wave energy increases generated by
storms, coupled with physiological adaptations for float-
ing and sinking of the species involved (TALBOT; BATE,
1988; RORIG et al., 1997; ODEBRECHT et al., 2010).
The accumulations or patches are usually monospecific
or occasionally with two or more co-dominant species
(VAN HEURCK, 1896; THAYER, 1935, RAPSON, 1954,
MCLACHLAN; LEWIN, 1981 RORIG; GARCIA, 2003).
Around the world, at least six species not necessarily taxo-
nomically close, compose the phenomena: Aulacodiscus
kittonii Arnott, Aulacodiscus africanus Cottam, Anaulus
australis Drebes at Schulz, Asterionellopsis glacialis
(Castracane) Round, 4sterionella socialis Lewin et Norris
and Attheya armatus (T. West) Crawford (CAMPBELL,
1996). Recently, molecular studies showed that A. glacia-
lis actually comprises a group of 5 cryptic species, show-
ing a more complex situation than previously conceived
(KACZMARSKA et al., 2014).

Several studies have indicated the central trophic im-
portance of the surf zone diatoms to different components
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foram melhoradas, usando agitagdo ¢ meios de cul-
tura ricos em silicio e fosforo. O exsudato das cepas
ndo mostrou efeito alelopatico nem antimicrobiano,
embora estudos anteriores tenham indicado essa ati-
vidade. O contetdo lipidico apresentou variagao de-
pendendo da cepa e do meio de cultura utilizado. Os
valores variaram entre 9% e 13,6%, em massa seca.
Em todas as cepas foram identificados acidos graxos
saturados e poli-insaturados. Algumas hipéteses fo-
ram propostas para explicar a variagdo consideravel
nos niveis de lipideos, nos perfis de acidos graxos
e as caracteristicas ecofisiologicas das cepas. Além
disso, sugerimos que o contetido ¢ a composigdo de
acidos graxos pode ter consequéncias importantes
na ecologia das praias arenosas onde A. glacialis
ocorre como o principal produtor primario.

Descritores: Fitoplancton, Diatomaceas, Acidos Gra-
x0s, Alelopatia, Atividade Antimicrobiana.

of beach ecosystem including supralitoral and dunes
(e.g. BROWN, 1964, GIANUCA, 1983; LEWIN;
SCHAEFER, 1983; MCLACHLAN; ROMER, 1990;
BROWN; MCLACHLAN, 1990, LERCARI et al., 2010;
ODEBRECHT et al., 2014). Among the biomolecules
produced and made available trophically by diatoms, fatty
acids are probably the more relevant. These molecules
provide not only energy, but in the case of polyunsatu-
rated fatty acids (PUFA) are also critical for maintaining
high growth, survival and reproductive rates; improve
food conversion efficiency; and play key regulatory roles
in the physiology animal cell membranes, being the pre-
cursors of many animals hormones (BRETT; MULLER-
NAVARRA, 1997). Considering the dominance of surf
diatoms in environments where the accumulation phe-
nomena occurs, it is very likely that they are the main
source of essential fatty acids for beach fauna.

Moreover, ABREU et al., (2003) found that the ap-
pearance of A. glacialis patches promotes, at first, a reduc-
tion in the abundance of bacteria and subsequently, when
the patches decay, bacterial biomass increases, indicating
consumption of the dissolved organic matter provided by
the microalgae. This fact indicates a possible bacteriostat-
ic effect coming from microalgae exsudates. In this case,
internal or environmental factors must be controlling the
production of metabolites.

Several abiotic and biotic factors can cause changes
in microalgaec metabolism. For example, the availabil-
ity of light, nutrients and CO, can cause changes in the



lipid content and composition (SPOLAORE et al., 2006).
Under nutrient limitation growth rates decrease and cell
metabolism is redirected to triacilglicerides (TAG) accu-
mulation as energy reserves, rather than the synthesis of
phospholipids and proteins, as usually occurs in optimal
conditions (BEHRENS; KYLE, 1996). The TAG are com-
posed mostly of palmitic and palmitoleic acid; phospho-
lipids are mainly composed of polyunsaturated fatty acids
(GRIMA et al.,1999).

In some cases, the presence of grazers and their me-
tabolites in water may induce microalgae morphological
changes or toxin production as defence strategies to avoid
grazing (POHNERT; et al., 2007). This morphological and
metabolomic plasticity can be phenotypic or genotypic,
characterizing ecotypes and, eventually, the existence of
taxonomic subcategories.

In the case of 4. glacialis sensu lato, both situations
can occur, since its worldwide distribution and the recent
discovery of different cryptic species may reflect genetic
and ecological differences, which can be related to pro-
duction or not production of different metabolites. A few
studies have been conducted on the chemical profile and
biological activity of 4. glacialis molecules. AUBERT
et al., (1970) found that extracts of this species have anti-
mitotic properties. RIQUELME; ISHIDA (1988) reported
antibiotic activity against Vibrio spp., but stimulatory ac-
tivity for Pseudomonas spp. SHIMIZU (1993) isolated the
possible molecule responsible for the antibiotic activity,
which was called Asterionellin. This molecule is charac-
terized by the presence of the unusual group diazotate.
More recently, WICHARD et al. (2005) detected the pres-
ence of poliunsaturated aldehydes (PUA) in A. glacialis,
a group of molecules that seems to exert negative influ-
ence on the reproductive success of copepods and other
invertebrates.
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Thus, knowing the lipid content and fatty acid pro-
file of these diatoms in different conditions or different
strains is a key factor to understand the ecology of the
ecosystems where they occur as well as to eventually
propose biotechnological applications. Similarly, detec-
tion of biological activities (antibiotic, allelopathic) of
extracts from different treatments or samples from differ-
ent locations can reveal defense mechanisms, which may
be induced by environmental stress or by expression of
strain’s specific genes.

Considering these aspects, the present study is based
in the following questions:

Do the exsudates and extracts from biomass ob-
tained in the field and laboratory cultures have biological
activities?

Does the biomass has nutritional properties that
qualify the species as the central primary producer in the
beaches where it occurs?

Is it worthwhile to produce biomass by cultivation to
obtain biomolecules with a nutritional or biotechnological
importance?

To verify these postulations, conventional experimen-
tal approaches were adopted, involving the isolation, cul-
tivation and analysis of biomass and exudates produced by
two A. glacialis sensu lato strains, attempting to connect
ecology and biotechnology.

MATERIAL AND METHODS

This study follows two approaches, one ecophysiologi-
cal and one biochemical. In the ecophysiological approach
two strains of A. glacialis s.l. were isolated evaluated in
laboratory assays. The biochemical part involved the anal-
ysis of biomass collected in the field and produced in the
laboratory in terms of biological activities and biochemical
composition (lipids/fatty acids). Figure 1 shows a general
scheme of such approaches and the main procedures.
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Figure 1. General scheme of methodological procedures used in samples obtained from A. glacia-

lis sensu lato accumulations or patches.

BIOLOGICAL MATERIAL

A. glacialis samples were obtained from blooms/
patches in the inner surf zone. During each sampling, the
biomass was collected using a plankton net (mesh size
20um), with successive hauls for material concentration.
The biomass was then transferred to sample bottles and
kept in a cooler with ice and transported to laboratory for
posterior biochemical and biological activity evaluations.

Two strains of different origins were isolated and
cultivated for the ecophysiological and biochemical
evaluations: (a) Navegantes strain (NAV), isolated from
Navegantes beach sample (Navegantes — SC — Brazil —
Lat. 26°52°00”’S, Long. 48°38°15”W); and (b) Rincao
strain (RIN), isolated from Rinc@o beach sample (Igara
— SC — Brazil - Lat. 28°50°00”S, Long. 49°13°35”W).
For the isolation process, surface water samples were col-
lected with a bucket and maintained at low temperature
in the dark until processing in the laboratory. Under in-
verted microscope, diatom cells or chains were isolated
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through the capillary isolation technique (ANDERSEN,
2006). Standard cultivation conditions were: salinity 30,
F/2 culture medium according to ANDERSEN (20006),
irradiance of 50uMol.m?.s"' (58W daylight fluorescent
lamps), photoperiod of 12 hours and temperature of 22°
+ 2°C. Cultures were maintained in 250mL Erlenmeyer
flasks with 100 mL of culture medium. Once the isolates
presented visible growth, suggesting physiological accli-
mation to laboratory conditions, weekly subcultures were
performed for maintenance.

Isolations and experiments with NAV and RIN strains
were performed at different times (NAV in 2009 and RIN
2013). As a result, some tests were made only with RIN

strain due to logistical issues.

STRAINS GROWTH RATE

The growth of strain RIN was tested in two culture
media, F/2 medium according to ANDERSEN (2006) and
IMR medium according to EPPLEY et al., (1967). The



growth of strain NAV was only tested with F/2 medium.
These two media are similar in composition but different
in relative concentration of macronutrients, where Si:N:P
ratio for F/2 is 4.5:11:1 and for IMR is 15:5:1.

Two growth experiments were conducted: (a) with cul-
ture medium and agitation variation; and (b) with salinity
variation. In the first case, the experiment operated with
four replicates for each strain, totaling 8 flasks with F/2 cul-
ture medium and 8 flasks with IMR culture medium. Four
flasks of each culture medium were placed in shaker and
four flasks placed in static bench. In the second case, both
strains were grown only in F/2 culture media, but in 6 dif-
ferent salinities: 15, 21, 28, 34, 36 and 40. The salinity of
the two beaches where the strains were isolated ranges from
20 to 36 (RORIG; GARCIA, 2003). The extreme values
15 and 40 were used to test the species response to values
beyond its supposed range of salinity tolerance. In each ex-
perimental flask, we inoculated SmL of exponential phase
culture. Other culture conditions followed the standard con-
ditions described above.

Cellular quantification was made right after the in-
oculation (t), and after 2, 3, 4, 5, and 6 days. The 3 mL
aliquots were fixated with 4% lugol and quantified in ImL
Sedgewick-Rafter chambers under microscopy, with 100X
magnification. The growth curves generated were plotted
and the exponential phase was visually determined.

Growth rates were calculated from exponential phases
data according to equation 1 and cellular doubling time
according to equation 2 (COOMBS; HALL, 1982).

p=(nN,~InN)) /T, equation 1

Where: i is the exponential growth rate (day"'); N, is
the initial cell density (cell.mL™); N, is the final cell den-
sity (cell.mL™"); T, is the time interval between N and N.

G =1In 2/ pn equation 2

Where: G is the cellular doubling time; In 2 is the natural
logarithm of 2; p is the daily exponential growth rate (day™).

The growth rates were compared through variance
analysis (ANOVA; Bonferroni test) to verify if they were
significantly different.

Bromass AND EXSUDATE PRODUCTION FOR ANALY-
SIS AND BIOASSAYS
Two biomass types were used for biochemical analy-

sis and for exsudate and extract production: (a) concentrat-

ed biomass from the strain cultures; and (b) concentrated
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biomass from the plankton net bloom sampling. For the
first case, the strains were cultured in 9 L Carboy flasks
with aeration. After 15 days of culturing, the biomass was
centrifuged and separated from the supernatant (exsudate).
The exsudates were frozen, and the biomass, lyophilized
for posterior use in assays and analysis. For biomass ob-
tained from the algal blooms, the procedure was similar,
with centrifugation and subsequent separation of the bio-

mass fractions and exudates.

LUMINESCENT BACTERIA TEST WITH A. GLACIALIS
EXSUDATES

The exudates produced by the two strains and the one
obtained from Rincdo beach field sample were used as
samples in the Vibrio fischeri bacteria luminescence in-
hibition assay (Lumistox ©). In this assay, the greater the
inhibition of the light emission, relative to a control, the
greater the toxicity of the sample (ISO 11348-1, 1998).
The Lumistox test was performed in triplicate at different
concentrations of exudates.

The test was conducted with various exsudate dilu-
tions, as shown in Table 1, as well as controls, consisted
of pure culture medium. The exposure temperature was
15°C. The inoculum was the bacterial main culture, which
was added to the samples (exsudates). After samples and
control acclimation, 500 uL of standard culture was inocu-
lated in each experimental flask. Luminescence of each
flask at initial time and after 30 min exposure was deter-
mined using a luminometer Lumistox 300 Hach-Lange.

Table 1. Features of Vibrio fischeri bacteria luminescence
inhibition assay (Lumistox ©) performed with cultures

and field samples exsudates.

Sample Ex'su.ldate Dilutions  Temperature

origin

. 3%, 6%,
NAV strain f 1/1 ifl‘:d‘“m 12%,25%, 15°C
50%
F/2 medium
. culture o N o

RIN strain IMR medium 50%, 80%  15°C

culture

Bloom Rincio

0, 0, e}
beach 50%, 80%  15°C

Field sample

Algal growth inhibition test with A. glacialis exsudates
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The growth inhibition test with the microalgae
Phaeodactylum tricornutum (ISO 10253, 1995) was ap-
plied to check the possible allelopathic effect of A. glacia-
lis exsudates. This assay was carried out only with exsu-
dates from RIN strain, grown in IMR and F/2 media. Five
exsudate dilutions were used in triplicate: 0% (control,
consisting of pure culture medium); 10%; 25%; 50%; and
100%, with salinity adjusted to 30. The test was conducted
in static bench with 24 h photoperiod with standard irradi-
ance and temperature (see above). In each flask 5 ml of
P tricornutum culture growing in exponential phase was
inoculated. Aliquots of 3 ml were taken from all flasks for
cell quantification right after inoculation (t)) and after 72h
and 96h. These aliquots were preserved with 4% lugol and
subsequently quantified in 1 mL Sedgewick-Rafter cham-
bers under microscope, with 100X magnification.

ANTIMICROBIAL ACTIVITY OF A. GLACIALIS EX-
TRACTS

The biomass collected from Rincdo patches in
13/07/2013 was used to evaluate the possible antimicro-
bial activities. In the procedure, 10g of freeze-dried bio-
mass were initially washed with ammonium formate (0.5
M) at a ratio of two parts of reagent to one part of biomass
(2:1), in order to remove salt. Formate was allowed to act
for 5 min, then the sample was centrifuged for other 5
min at 4,000 rpm. The supernatant was removed and the
sedimented biomass was again resuspended with formate
(2:1), repeating this process three more times. The desalt-
ed biomass was exhaustively extracted with 92% ethanol.
The resulting extract was concentrated under pressure
resulting in an aqueous fraction, a hexane fraction and a
butane fraction. All fractions were tested for antifungal
and antibacterial activities. The antimicrobial activity was
evaluated by the disk diffusion test (OLIVEIRA et al.,
2005) with some modifications. The filter paper discs (6
mm) were impregnated with 20 pL of extract solutions and
then placed on Muller-Hinton agar plates (HIMEDIA),
which were inoculated with the microorganism to be
tested according to the standard protocol described by
CLSI / NCCLS (2002). The plates were incubated at 35
+ 1 °C, and after 18 h the diameter of the inhibition zone
were measured. Paper discs containing only the solvents
were used as negative control. The tested organisms were:
Sporogenes perfringens (ATCC 11437), Staphylococcus
aureus (ATCC 25923), Staphylococcus epidermidis
(ATCC 12228), Enterococcus faecalis (ATCC 29212),
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Streptococcus pneumonie (ATCC 49619), Streptococcus
pyogenes (ATCC 19615), Enterobacter cloacae (ATCC
13047), Escherichia coli (ATCC 25922), Enteroccocus
faecalis (ATCC 29212), Klebsiella pneumonie (ATCC
13883), Salmonella typhimurium (ATCC 14028), Shigella
Sflexneri (ATCC 12022), Pseudomonas aeruginosa (ATCC
27853), Candida albicans (ATCC 10231) e C. tropicalis
(ATCC 13803).

LIPID CONTENT AND FATTY ACID PROFILE

Total lipids were extracted and quantified by the meth-
od of BLIGH; DYER (1959). Aliquots of 0.2 g of freeze-
dried biomass were transferred to test tubes covered with
aluminum foil, in which 1.5 mL of chloroform:methanol
(1:2 v/v) was added. Each tube was shaken for 5 min in
vortex. Then, 0.4 mL of distilled water was added and
the tube was vortexed for 2 min more. Further, 0.5 mL
of chloroform was added and again vortexed for 2 min.
Finally, another 0.5 mL of distilled water was added fol-
lowed by vortexing for more 2 min. After this process, the
tubes were centrifuged for 5 min at 3,000 rpm to phase
separation. For full extraction of lipids samples remained
for 24 h at 4°C in dark. The lipid extract was recovered
with Pasteur pipette and separated into another tube with
known mass. To the residual biomass in the tubes, 2 mL
chloroform were added, then vortexed and centrifuged re-
covering the whole lipid phase to the first tube. The chlo-
roform was then evaporated and the tubes with total lipids
sample were weighed discounting the weight of the tube
to find the amount of lipids in each sample.

With the obtained extracts it was also performed a
qualitative and quantitative analysis of fatty acids by gas
chromatography. The lipid fraction was esterified to ob-
tain the fatty acids methyl esters, according to the meth-
odology proposed by PALAU et al., (2007). The fatty acid
analysis was performed on a Varian gas chromatograph
model - 3400CX equipped with a flame ionization detec-
tor and a fused silica column of 30 m length and 0.32 mm
in diameter, containing polyethylene glycol as station-
ary phase. The carrier gas was nitrogen at 0.5 mL.min-1.
Temperatures of the injector and detector were 250°C
and 280°C, respectively. The initial column temperature
was 100°C then increased at 8°C.min" until 230°C, stay-
ing at this temperature for 20 min. The fatty acids were
identified by comparison of retention times with standard
(Sigma Supelco; Bellefonte, USA) and quantified by area
normalization.



RESULTS

The two strains showed satisfactory growth in standard
laboratory conditions and in the different tested conditions
(agitation, salinity). In general, both strains grew better in
agitated condition. Differences were significant between
agitated and static conditions for NAV strain in F/2 culture
medium, and RIN strain in IMR culture medium, but not
significant for RIN strain in F/2 culture medium. However
even in the latter case the agitated condition resulted in
higher growth rate (Table 2). The general growth pattern
was similar between the two strains, but the results were
limited because there was no result for NAV strain in IMR
medium. In this experiment, the exponential growth phase
was expressed from the beginning of the experiment (T )
until 48 hours of growth. It is important to emphasize that
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the strains were acclimated to experimental conditions for
48 hours before the T .

In addition to the influence on the growth rate, agita-
tion was shown to affect cell and chain morphology. Strains
of A. glacialis grow well in culture, but after a few weeks,
aberrations began to appear in the cells, such as reduction
of the spine and decreased overall cell size, besides the
non-formation of the typical helicoidal chains, observed
in samples from the natural environment. However, in cul-
tures with agitation, the normal cell and chain morphology
persisted longer, features not observed in cultures without
agitation, especially after 7 days of growth. These char-
acteristics were confirmed in parallel cultures, conducted
to verify these changes. Finally, despite the lower growth
rates observed in IMR medium, there was less cell and
chain aberrations than those in F/2 medium.

Table 2. Results of the growth experiment with the two Asterionellopsis glacialis sensu lato strains under different culture
media, with and without agitation. NAV: Navegantes strain; RIN: Rinc@o strain; N_: initial cell density (cell.mL"); N : final
cell density (cell.mL™"); T: growth time between T e T; u: growth rate (day™'); G: duplication time (days). The values for
N(]’
letters indicate absence of significant differences (p<0.05).

N,, u e G are mean of 4 replicates. Different letters beside growth rate values indicate significant differences and equal

G
Strain Culture media Agitation N0 Nf T n
(cell.mL?)  (cel.mL™')  (days) (day™) (days)
Static 49250 155750 2 0.57¢ 1.20
NAV F/2
Agitated 63000 262000 2 0.82° 0.84
. Static 40333 222250 2 0.85° 0.81
RIN Agitated 34025 218250 2 0.93° 0.74
IMR Static 113000 446750 2 0.69° 1.01
Agitated 114750 670750 2 0.88° 0.78

Comparing the growth of the two strains in different
salinities with F/2 medium, the results indicated that A.
glacialis s.1. shows satisfactory growth in a considerable
range of salinities (15 - 40) and can survive these varia-
tions. However, there was a trend of greater growth be-
tween salinities 21 and 28 in both strains, with apparent
preference of NAV strain for salinity 21 and RIN strain for
salinity 28. In this experiment NAV strain showed higher
rates than in the experiment with variation of culture me-
dia and agitation. It is noteworthy that the time considered
for the exponential phase in this experiment was 72 hours,
and the strains were acclimated to test conditions in differ-
ent salinities for 96 hours before T,

Comparing the growth of the two strains in different
salinities with F/2 medium, the results indicated that A.
glacialis s.1. shows satisfactory growth in a considerable
range of salinities (15 - 40) and can survive these varia-
tions. However, there was a trend of greater growth be-
tween salinities 21 and 28 in both strains, with apparent
preference of NAV strain for salinity 21 and RIN strain for
salinity 28. In this experiment NAV strain showed higher
rates than in the experiment with variation of culture me-
dia and agitation. It is noteworthy that the time considered
for the exponential phase in this experiment was 72 hours,
and the strains were acclimated to test conditions in differ-
ent salinities for 96 hours before TO (Table 3).
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Table 3. Results of the growth experiment with the two Asterionellopsis glacialis sensu lato strains under diferente salini-

ties. NAV: Navegantes strain; RIN: Rincdo strain; N initial cell density (cell.mL"); N: final cell density (cell. mL™"); T:

growth time between T e T; p: growth rate (day™); G: duplication time (days). The values for N, N, u e G are mean of

3 replicates. Different letters in the side of growth rate values indicate significant differences and equal letters indicate ab-

sence of significant differences (p<0.05).

Strain Salinity NO Nf T a G
(cell.mL-1) (cell.LmL-1) (days) (day-1) (days)
NAV 15 12500 41890 3 0.40a 1.72
NAV 21 15520 354220 3 1.04b 0.66
NAV 28 14680 190230 3 0.85b 0.81
NAV 34 12460 68780 3 0.57¢c 1.22
NAV 36 22140 101420 3 0.51c 1.37
NAV 40 17540 87520 3 0.54c 1.29
RIN 15 21360 75250 3 0.42a 1.65
RIN 21 20540 170500 3 0.71bc 0.98
RIN 28 19550 285690 3 0.89b 0.77
RIN 34 22140 138450 3 0.61c 1.13
RIN 36 22510 115230 3 0.54c 1.27
RIN 40 23220 98560 3 0.48ac 1.44
The Vibrio fischeri luminescence inhibition assay Dilui Luminescen-
(Lumistox ©) performed with exudates showed no sig- Exsudate sample l:,l,zl)on ce Inhibition
nificant toxicity (Table 4). In fact, there was negative in- (%)
hibition, that is, stimulation of V. fischeri luminescence ) ) 50 -8.96
in most dilutions. At least in the RIN strain sample with Strain RIN - IMR medium 20 -10.69
IMR medium NAV strain with F/2 medium, the higher 6 5731
the concentration, the greater the stimulatory activity. The
only negative effect on the luminescence occurred with the Strain NAV - F/2 medium 12 -90.24
exudate obtained from the field sample of Rincdo beach 25 -110.28
at 80%, possibly indicating some distinguishing feature 50 -226.38

of exudates when in natural condition. All inhibition data
generated were statistically significant (p <0.05).

Table 4. Results of the Vibrio fischeri luminescence inhi-
bition assay (Lumistox ©) with Asterionellopsis glacia-
lis s.l. exsudate samples. NAV: Navegantes strain; RIN:
Rincéo strain.

Dilution Luminescen-
Exsudate sample (%) ce Inhibition
’ (%)
50 -1.33
Field sample — Rincdo Beach
80 4.55
50 -7.90
Strain RIN - F/2 medium
80 -4.59
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In addition, extracts made with environment dry bio-
mass showed no inhibitory effects on any of the 15 mi-
croorganisms tested, indicating absence of antimicrobial
activity.

The algal growth inhibition test with P. tricornutum,
performed only with exudates from RIN strain, showed a
possible allelopathic effect, with decreased growth rate in
treatments with exsudate (Table 5). The effect was slightly
more evident in the strain grown in IMR medium. In the
experiment carried out with the strain grown in F/2 me-
dium, there was not a clear correspondence in terms of
decreased growth rates with increasing concentration of
the exudate (Table 5).
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Table 5. Results of the algal growth inhibition test with Phaeodactylum tricornutum performed with exsudates of

Asterionellopsis glacialis s.1.

Exsudate concentration (%)

u of Phaeodactylum tricornutum (day™)

Strain RIN — IMR Medium

Strain RIN — F/2 Medium

0 1.11
10 0.95
25 0.94
50 0.78

100 0.68

1.02
0.52
0.88
0.87
0.79

LIPID CONTENT AND FATTY ACID PROFILE

The biomass of the two strains generated in cultures
under different conditions showed similar values and rela-
tively low lipid content (average = 11.3%). The highest
value was obtained for RIN strain in IMR medium and the
lowest for NAV strain in F/2, however, in the latter case,
the lipid extraction was performed with biomass grown
for 7 days, while in others, growth was extended for 15
days (Table 6). This growth time difference certainly influ-
ence the algae metabolism, then the comparison between
them cannot be fully validated.

Regarding the fatty acid profile the differences were
very evident between RIN and NAV strains, but again,
the cultivation time may have acted as an additional fac-
tor of influence (Table 6). Between the two treatments of
RIN strain (F/2 medium and IMR medium), grown for 15
days, the differences in fatty acid profile were small. In
both, the saturated fatty acids myristic (14:0), pentadeca-
noic (C15:0), palmitic (C16:0) and stearic (C18:0) and the
unsaturated fatty acids Oleic (C18:1w-9), linoleic (C18:
2m-6) and eicosapentaenoic (EPA, C20: 5w-3) were iden-
tified. But the profile obtained for NAV strain grown with
F/2 medium for 7 days, proved to be quite different from
the others. In this, only saturated fatty acids myristic and
palmitic and unsaturated palmitoleic, arachidonic and
EPA were detected. Arachidonic acid was unique to NAV
strain and pentadecanoic was only detected in RIN strain.
In RIN strain, the major fatty acid was myristic, while in
NAV strain was palmitoleic. However, the main differ-
ence was the percentage of EPA in NAV strain, which was
about 10 times higher than that obtained from RIN strain.

Table 6. Lipid content and fatty acid profile in biomass of
two strains of Asterionellopsis glacialis s.1. grown under
different coditions. RIN: Rincao strain; NAV: Navegantes
strain. F/2 and IMR are culture media names.

Strains and culturing time

RIN - RIN - NAV -
Fatty acids IMR F/2 F/2
15 days 15 days 7 days
(%) (%) (%)
Miristic (C14:0) 342 40.8 20.2
Pentadecanoic(C15:0) 2.6 2.4 -
Palmitic (C16:0) 23.1 15.0 9.3
Palmitoleic (C16:1) 349 322 322
Estearic (C18:0) 0.8 1.20 -
Oleic (C18:10-9) 1.6 2.8 -
Linoleic (C18:20-6) 1.3 2.0 -
Arachidonic (C20:40-6) - - 4.5
EPA (C20:5w-3) 1.4 3.6 32.1
TOTAL LIPIDS 13.7 11.2 9.0

DISCUSSION

GROWTH OF A. GLACIALIS S.L. IN CULTURE

The growth of 4. glacialis s.l. in laboratory condi-
tions, based on the results obtained for the two strains
studied, proved to be satisfactory, especially under agita-
tion. However, the cultures were not durable, since after
a few weeks cells exhibited morphological changes and
mortality in the flasks. The duration and health of the cul-
tures were higher in treatments under agitation and culture
medium with higher proportion of phosphorus and silica
(IMR). Possibly the largest amount of silica in IMR me-
dium has been important to prevent frustule degeneration.
Similar situations with aberrations leading to cultures vi-
ability loss have been described for other cultivated spe-
cies, being partially attenuated under silica supersaturation
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conditions (VRIELING, 1999; SAFONOVA et al., 2007).
The presence of heavy metals can also affect the silica po-
lymerization process (RIJSTENBIL et al., 1994), but this
condition was not assessed in this study. Another possi-
bility may be the low solubility of the silicon salt used
in the culture media. An indication of this problem was
sometimes seen after media sterilization using heat (auto-
claving), when increased turbidity could be an indication
of salt precipitation. Finally, it is possible that the differ-
ent condition of laboratory cultures, with a lower diversity
of bacteria and cofactors than in the natural environment,
was also crucial for morphological degeneration of 4. gla-
cialis in culture. WINDLER et al. (2014) found that the
bacteria present in natural marine environment may have
a fundamental influence on the stability of long-term cul-
tures of diatoms, since they verified that aberrations and
loss of viability in diatoms were most common and severe
in axenic cultures.

One of the diatoms reactions to environmental stress
is the induction of sexual reproduction with auxospore
formation. Although there is no evidence in the literature
about auxospore formation in A. glacialis, in some cul-
tures performed during this study cells were observed with
a reduction in the typical spine, and cell tumescence, ap-
proaching a spherical shape, which can be an indication
of auxospore formation. However, this issue needs to be
evaluated in specific experiments.

Not all species of diatoms exhibit this behavior in cul-
ture. P. tricornutum, for example, is grown continuously
for years without showing loss of viability. Interestingly,
this species has very lightly silicified frustules or also can
grow without forming frustules.

The formation of the typical helicoidal chains was not-
ed in treatments with agitation. Also, cultures with a cer-
tain degree of morphological degeneration recovered nor-
mal morphology once submitted to agitation. Turbulence
is an important environmental variable for all diatoms,
however, for surf diatoms this condition is critical, given
the extreme turbulence of the surf zones and the role that
it plays in the surf diatoms life cycle.

In general, RIN strain grew better than NAV strain
in the tested conditions. However, the experiments were
performed at different moments, and so, other variables
could have influenced these differences. In other words,
considering culture growth, at least in standard conditions
of salinity, the strains are very similar.

When evaluating the strains growth under different
salinities, an acclimation to a wide range of salinities (15
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- 40) was observed. This condition is certainly involved
in the success of this species in the complex and variable
surf zone environment. In these shallow environments,
salinity can vary quickly because of rainfall events, fresh-
water flow through underground aquifers, river inflow
and water leakage coming from wetlands from behind the
dunes (CAMPBELL; BATE, 1997). Despite surviving in
all these salinities, both strains showed a preference for
salinities 21 and 28, which are the average salinity found
in the studied environments (RORIG et al., 1997). NAV
strain showed slight preference for salinity 21, while RIN
strain for salinity 28. Interestingly, Navegantes beach is
smaller and strongly influenced by a big river in one of
its ends (Itajai-acu river), presenting generally lower sa-
linities. Rincdo beach, in turn, is situated on an extensive
sandy coastline and farther away from large rivers. So,
these small differences in salinity preferences may not be
random, but related to adaptive history, suggesting that the
strains are different ecotypes or even different species. The
possible confirmation of these differences may indicate
that the genomic diversity discovered by KACZMARSKA
et al. (2014), which suggested the occurrence of cryptic
species within what was once considered a single species,

has reflection in the ecophysiological profile.

BIOLOGICAL ACTIVITIES OF EXSUDATES AND EX-
TRACTS OF A. GLACIALIS S.L.

Since the first studies on biological activities related
to A. glacialis s.1. (ABREU et al., 2003; AUBERT; et al.,
1970; RIQUELME; ISHIDA, 1988; SHIMIZU, 1993)
little has been done at experimental level to prove or ex-
plain these properties. The papers above cited stimulated
the experimental initiatives in the present study, especially
the study of ABREU et al., (2003), which pointed a decou-
pling between dissolved primary production of A. glacia-
lis and total bacteria in the natural environment (Cassino
beach, lat. 32°13” S, long. 52°15” W, Southern Brazil).
We expected to detect antimicrobial activity in exudates
and/or extracts and eventually allelopathic activity, which
would help explain the adaptative success of the species
in the beach environments where it occurs. However, the
implemented approaches have failed to demonstrate such
biological activities. On the contrary, a very sensitive bac-
teria used in ecotoxicological tests (Vibrio fischeri) was
stimulated by the presence of A. glacialis s.l. exudates.
This finding can be explained by the presence of nutri-
ents useful for bacteria in these exudates. Moreover, the



detection of mild toxicity in the sample from the natural
environment may indicate that the physiology and me-
tabolome of the algae change under different conditions.
Perhaps the presence of bacteria and other competitors
or grazers in the natural environment stimulates the pro-
duction of defense metabolites in algae, a fact that has
been found in some studies (POHNERT et al., 2007).
The smaller bacterial diversity in laboratory cultures may
not represent stimulus for this metabolite production.
Additionally, physico-chemical conditions can exert this
stimulus or activate expression of genes linked to sec-
ondary metabolism — a subject that must be evaluated in
further studies. Finally, considering the new 4. glacialis
taxonomic situation, perhaps the species found in Cassino
beach is metabolically different and present a more active
chemical arsenal, but that is just speculation.

The fact that even the biomass extracts have not shown
antimicrobial activity suggests that there was no produc-
tion of metabolites with such properties, since eventually
the algae could be producing but not excreting as exudate.

Moreover, the allelopathic activity against P. tricornu-
tum, despite not being very strong, indicates the possible
presence of metabolites which hinder the growth of other
algae. To prove this activity it would be recommended to
run the test with other more sensitive species, since P. tri-
cornutum is known to have allelopathic activity (SHARP
et al., 1979), as well as having very robust growth in labo-
ratory cultures. The chemical nature of the possible allelo-
pathic agents is very different from species to species and
remain poorly understood (SOLE et al., 2005). However,
recent studies have shown that this is a promising research
field in algal biotechnology, where the correct application
of allelopathic substances can promote the success of the
species of interest (MENDES; VERMELHO, 2013).

The results obtained in this study, however, cannot be
considered definitive, since other experiments and condi-
tion variations must be programmed to make more reliable
conclusions. However, it shows that the biological activity
of A. glacialis s.1. is not obvious and no practical applica-
tions of the species can be glimpsed in this sense at the
time. So, its success in the surf zones seems to be more
related to physiological adaptation to this dynamic envi-
ronment and its rapid growth, than chemically mediated
processes linked to secondary metabolism.
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OIL CONTENT AND LIPID PROFILE OF A. GLACIA-
LIS S.L.

The lipid content in microalgae can vary from 1 to
40% of dry mass, and under special growth conditions,
can reach up to 85% (BECKER, 2004). Some diatoms are
already known to produce high levels of fatty acids, espe-
cially polyunsaturated omega-3 and omega-6. Well known
examples are P. tricornutum, Thalassiosira spp. and
Odontella aurita (YONGMANITCHAI; WARD, 1991).
Saturated and polyunsaturated fatty acids (PUFA), have
been found in 4. glacialis by VISO; MARTY (1993), but
in smaller amounts than the found in the present work for
NAV strain. Interestingly, RIN strain showed lower levels
of EPA, similar to those described by these authors.

The cultivation time may influence the amount and
profile of produced fatty acids. RIN strain was processed
to obtain oil for fatty acids analysis during stationary
phase culture (15 days), while for NAV strain the process-
ing was performed near exponential phase (7 days). These
different cultivation times can explain, at least in part, the
variability in results. In cultures of P, tricornutum, YANG
et al. (2013) showed that the species accumulated 20.3%
EPA in the exponential phase and 11.7% in stationary
phase. This result is in agreement with that obtained in
the present study for NAV, when EPA was produced in
greater quantities in shorter culture times (exponential
phase). The causes of this change refer to structural func-
tion of this fatty acid in the cell, related to the stability and
fluidity of the membrane during photosynthesis, which
is more intense in the exponential phase (VALENTINE;
VALENTINE, 2004).

The variation in the lipid content can also be asso-
ciated with the genomic differences. Accordingly, the
results of genomic diversity in 4. glacialis obtained by
KACZMARSKA et al. (2014) could be part of the ex-
planation for the fatty acid profiles variation between the
strains. Probably, the strains have different metabolism by
genetic reasons and then produce different levels and types
of lipids/fatty acids.

Although the lipid levels were not very high for the
strains of 4. glacialis studied here, the large biomass of
this species in the beaches where it occurs, suggests that
it is the main source of fatty acids for beach fauna. In this
case, the presence of EPA in their biomass represents an
increase in nutritional quality for beach fauna, showing
that 4. glacialis is trophically important not only in quan-
titative but also qualitative terms. Analyzing the fatty acid
profile of two important components of the fauna from
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beaches where patches of 4. glacialis occur - mullets and
white mussels — it can be seen some congruence between
the composition observed in 4. glacialis and these two an-
imals (Table 7). Draws attention the similarity in contents
of some fatty acids like arachidonic, palmitic and EPA.
MENEZES et al. (2008) found 15 different fatty
acids in mullet (Mugil cephalus) being the main ones:
Oleic (6.27%), linoleic (6.28%), alpha-linolenic (5.61%),

eicosapentaenoic — EPA (5.42 %) and docosahexaenoic
acid — DHA (5.05%). Another study found the presence of
saturated and polyunsaturated fatty acids in mullets being
23.5% of these from omega-3 class (LEMKE et al., 2011).
The studies above reinforce the idea that A. glacialis is an
important source of EPA, since A. glacialis seems to be
one of the main food item in stomach contents of mullet
species (GARCIA; GIANUCA, 1997).

Table 7. Comparison of fatty acid profiles among Asterionellospsis glacialis sensu lato (average quantities among different

strains and culture conditions) and two important members of the beach fauna that eat on 4. glacialis. Only fatty acids that

are commom in the three species were reported. Mugil are from MENEZES et al. (2008) and white mussel are from DE

MORENO, et al. 1976).

Fatty Acid Average in A glacialis Mullet White mussel .
strains (Mugil cephalus)  (Mesodesma mactroides)

Miristic (C14:0) 31.6 7.66 6.57
Pentadecanoic (C15:0) 1.68 9.14 34
Palmitic (C16:0) 15.8 12.97 20.57
Palmitoleic (C16:1) 33.11 - -
Estearic (C18:0) 0.66 4.26 6.07

Oleic (C18:1w-9) 1.48 6.27 10.87
Linoleic (C18:2 ® -6) 1.11 6.28 1.97
Arachidonic (C20:4 o -6) 1.5 2.97 1.17

EPA (C20:5 © -3) 12.36 5.42 13.07
DHA (C22:6 ® -3) - 5.05 8.6

CONCLUSION

The results of this study contributed to better under-
stand the ecophysiology, biochemistry and ecological
importance of A. glacialis s.l. in sandy beaches where
blooms or patches of this species occur. Bellow the main
conclusions are listed:

Asterionellopsis glacialis is not so easy to cultivate,
but possible. The main problem is that the strains, after
weeks or months of laboratory culturing start to lose vi-
ability and present aberrations in the frustule, possibly
related to the lack of some nutritional factor or to poor
quality of culture media salts.

Among the several adaptations of this species to the
surf zone environment it can be included the optimal
growth at typical coastal salinities (20 to 30) and its toler-
ance to a wide range of salinities (15 to 40).

Antimicrobial activities previously suggested from
field samples were not so evident in laboratory tests.
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Maybe the in vitro conditions do not stimulate the algae
to produce defense metabolites. Allelopathic effects were
also not so evident. So, probably the success of this spe-
cies to the surf zone environment is more related to physi-
ological adaptations and chemical defenses are not so im-
portant, but more tests must be conducted to confirm this
hypothesis.

The two strains of A. glacialis s.l. showed a vari-
able fatty acid composition. Growth phase and genomic
differences are among the possible explanations for this
findings.

A. glacialis seems to be trophically important not only
quantitatively, but also qualitatively, as source of high nu-
tritional value fatty acids like EPA and oleic acid.

The ecophysiological and biochemical differences
found among strains and field samples can be related to
genomics or to a wide phenotypic variation induced by
differences in growth or environmental conditions.
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