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Abstract: The underexplored biodiversity of seaweeds has recently drawn great attention from
researchers to find the bioactive compounds that might contribute to the growth of the blue economy.
In this study, we aimed to explore the effect of seasonal growth (from May to September) on the
in vitro antioxidant (FRAP, DPPH, and ORAC) and antimicrobial effects (MIC and MBC) of Cystoseira
compressa collected in the Central Adriatic Sea. Algal compounds were analyzed by UPLC-PDA-
ESI-QTOF, and TPC and TTC were determined. Fatty acids, among which oleic acid, palmitoleic
acid, and palmitic acid were the dominant compounds in samples. The highest TPC, TTC and FRAP
were obtained for June extract, 83.4 + 4.0 mg GAE/g, 8.8 + 0.8 mg CE/g and 2.7 + 0.1 mM TE,
respectively. The highest ORAC value of 72.1 & 1.2 uM TE was obtained for the August samples, and
all samples showed extremely high free radical scavenging activity and DPPH inhibition (>80%). The
MIC and MBC results showed the best antibacterial activity for the June, July and August samples,
when sea temperature was the highest, against Listeria monocytogenes, Staphylococcus aureus, and
Salmonella enteritidis. The results show C. compressa as a potential species for the industrial production
of nutraceuticals or functional food ingredients.

Keywords: Cystoseira compressa; microwave-assisted extraction; green extraction; biological activity;
seaweed; seasonal variations; nutraceuticals; fatty acids

1. Introduction

Among seaweeds, the brown macroalgae (Phaeophyceae) have been identified as an
outstanding source of phenolic compounds, from simple phenolic acids to more complex
polymers such as tannins (mainly phlorotannins). Algal phlorotannins, a group of phenolic
compounds restricted to the polymers of phloroglucinol, present a heterogeneous and
high molecular weight group of compounds (from 126 Da to 650 kDa) which are verified
in terrestrial plants [1,2]. The phlorotannins play an important role in the cellular and
ecological growth and tissue healing of alga but also show strong antioxidant, antimicrobial,
cytotoxic, and antitumor properties [3-6].

Brown fucoid algae of the genus Cystoseira sensu lato (Sargassaceae) consist of 40 species
of large marine canopy-forming macroalgae found along the Atlantic-Mediterranean
coasts [7,8]. So far, a total of 214 compounds have been isolated from sixteen Cystoseira
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species, and the chemical constituents of Cystoseira spp. were found to contain fatty acids
and derivatives, terpenoids, steroids, carbohydrates, phlorotannins, phenolic compounds,
pigments and vitamins [7]. The chemical composition of the alga depends on numerous
ecological factors such as temperature, salinity, UV irradiation, collecting season, depth,
geographic location, thallus development, etc. However, their individual and synergistic
effect on the brown alga chemical profile and biological activity is still relatively unknown.
Recent studies showed that seasonality and thallus vegetative parts significantly affect the
nutritional and chemical profile of alga [9]. It is considered that higher nutritional and
phenolic content, higher polyunsaturated fatty acid (PUFA) content, higher vitamin and
mineral content, as well as the antiproliferative properties of brown algae from brown
fucoid algae were obtained during hot and dry summer seasons and higher sea tempera-
tures [10-13]. On the other hand, no seasonal effect was recorded for the pigment profile
and fucoxanthin content, nor total phenolic content and antimicrobial activity of the genera
Padina, Colpomenia, Saccharina or Dictyota [14,15]. So far, there are no reports on seasonal
variations in chemical profile nor the biological activity of Cystoseira spp.

Cystoseira spp. composition suggests their high nutritional value with potential ap-
plications in the nutraceutical industry. A range of 29-46% of PUFA, a low n-6 PUFA /n-3
PUFA ratio as well as favorable unsaturation, atherogenicity, and thrombogenicity indices
were observed in several Cystoseira species [16]. Compounds from Cystoseira species are
important sources of nutraceuticals and may be considered as functional foods, such as
extracts of C. tamariscifolia and C. nodicaulis that were able to protect a human dopaminergic
cell line from hydrogen peroxide-induced cytotoxicity and inhibit cholinesterases, while
those from C. crinita showed significant cytotoxic activity against human breast adenocarci-
noma (MCF-7 cells), inducing apoptosis and autophagy [17,18]. Besides non-volatiles, the
essential oil constituents of C. compressa and their seasonal changes have been identified
and among them for a large number of compounds a broad range of biological activities
have been already proved [19]. So far, over 50 biological properties have been attributed
to compounds found in genus Cystoseira, and the most reported are antioxidant, anti-
inflammatory, cytotoxic, anticancer, cholinesterase inhibition, antidiabetic, and antiherpetic
activities [7,20-24]. Phlorotannins are regarded as responsible for high antioxidant activity
(e.g., free radical scavenging ability) [1,25-27]. Besides, there is little information on the
antimicrobial activity of Cystoseira spp. extracts against major foodborne Gram-positive
and Gram-negative bacteria [28].

The aim of this study was to investigate the chemical composition of C. compressa,
one of the most widely distributed algae in the Adriatic Sea, to determine changes in its
antioxidant and antimicrobial activity over the seasonal growth (May-September) when
the algae are in the growing and reproductive phases, and the development of dense
thallus occurs.

2. Results and Discussion
2.1. Total Phenolic Content, Total Tannin Content and Antioxidant Activity

Seaweed extracts were screened for total phenolic content (TPC), total tannin content
(TTC) and antioxidant activity measured by ferric reducing/antioxidant power (FRAP),
2,2-diphenyl-1-picrylhydrazyl radical scavenging ability (DPPH) and the oxygen radical
absorbance capacity (ORAC).

The results of TPC and TTC for C. compressa are shown in Figure 1. The results for
TPC varied from 48.2 + 0.5 to 83.4 &+ 4.0 mg GAE/g. The highest TPC was found in June
samples. On the other hand, the TTC values ranged from 2.0 & 0.3t0 8.8 £ 0.8 mg CE/g
with the highest value found also in June, followed by the extract from May. The FRAP
values, shown in Figure 2, ranged from 1.0 £ 0.0 to 2.7 £ 0.1 mM TE. Similar to TPC and
TTC, the highest FRAP result was obtained for June, showing the reducing activity of
>2.5 mM TE. TPC and FRAP results were in high correlation (0.956; p < 0.01). The ORAC
results are shown in Figure 2. The seaweed extracts were 200-fold diluted for ORAC assay.
Among the investigated samples, the highest ORAC value of 72.1 4+ 1.2 uM TE was found
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in the August extract, with extracts from May having the second best. June and July extracts
had the lowest ORAC values, more than 3-fold lower in comparison to the August extract.
The DPPH radical inhibitions (in percentages) are shown in Figure 2. The extract from
May had the highest inhibition (90.2%) while the August extract had the lowest inhibition
(77.3%). The activity of other extracts was similar, around 85%. In the growing season,
the sea temperature was the lowest in May (18.3 °C) and it rose every month till August
when it peaked at 26.9 °C. Finally, a decrease in the temperature by 2.2 °C was observed in

September (Table 1).
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Figure 1. Total phenolic content (TPC) and total tannin content (TTC) of C. compressa extracts from
May to September. ¢ different letters denote statistically significant difference (1 = 4).
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Figure 2. FRAP, ORAC and DPPH inhibition results for C. compressa extracts from May to September.
a-d different letters denote statistically significant difference (1 = 4).
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Table 1. Sea temperature and salinity recorded during the harvest of the algal samples.

May June July August September
Temperature (°C) 18.3 21.8 224 26.9 24.7
Salinity (PSU) 37.4 38.1 38.3 38.3 38.3

The TPC of alga varies with seasonal changes of sea temperature, salinity, light inten-
sity, geographical location and depth, as well as other biological factors such as age, size,
the life cycle of the seaweed, presence of herbivores [1]. In this study, the geographical
location and depth were eliminated as a factor as samples were collected from the same
area and depth each month. The TPC, TTC and antioxidant activity results showed no
correlation to the sea temperature and salinity. If the growth of alga is considered, in
June when the TPC, TTC and FRAP were the highest, C. compressa had a fully developed,
densely ramified thalli with aerocysts. In May the thalli are not yet fully developed, while
in July-September it is less dense, aerocysts appear in fewer numbers [29].

The TPC of Cystoseira species was previously investigated and researchers reported a
strong effect of harvesting location and seasonal changes, especially temperature. Mancuso
et al. [12] investigated TPC in C. compressa from eight locations along the Italian coast and
confirmed the change of TPC with geographical location. The TPC ranged between different
locations from 0.1 to 0.5% of algal dry weight (DW). The authors observed the increase in
TPC with the rise of sea temperature (measured at different locations). Accordingly, the
highest TPC of 0.53% DW was recorded at 28 °C. In contrast, Mannino et al. [30] investigated
the effect of sea temperature seasonal variation on the TPC of C. amentacea. They harvested
algae once in every season (winter, spring, summer and autumn) and measured the sea
temperature. The authors observed the highest TPC in winter (0.8% DW) when the sea
temperature was the lowest. In summer and autumn, when the sea temperatures were
above 20 °C, the TPCs were the lowest, 0.4 and 0.37% DW, respectively. In their study,
the TPC values showed a negative correlation with sea temperature. Cystoseira compressa
extracts, from Urla (Turkey) [31], were screened for TPC, total flavonoid content (TFC),
antioxidant and antimicrobial activity. The highest TPC of 1.5 mg GAE/g and TFC of
0.8 mg QE/g were found for hexane extract while the antioxidant activity of the hexane
extract measured by DPPH radical inhibition was only 21.2%, more than four-fold lower
than results in our study for hydroalcoholic extracts. In comparison, the methanolic extracts
(similar polarity like ethanol) showed the TPC and TFC of 0.2 mg GAE/g and 0.3 mg QE/g,
respectively and two-fold lower DPPH inhibition.

Abu-Khudir et al. [18] evaluated the antioxidant, antimicrobial, and anticancer ac-
tivities of cold methanolic extract, hot methanolic extract, cold aqueous extract, and hot
aqueous extract from C. crinita and Sargassum linearifolium. The highest TPC was found
for the cold methanolic extract of C. crinita, 15.0 £ 0.58 mg GAE/g of dried extract, which
is more than two-fold lower than the amount detected in the September extract from our
study which contained the lowest TPC. The authors also found a high content of fatty acids
(44%) and their esters in C. crinita cold methanolic extract. Both seaweeds showed similar
DPPH and ABTS radical scavenging activity with C. crinita cold methanolic extract having
ICsp of 125.6 pg/mL and 254.8 pug/mL, respectively. De La Fuente et al. [32] extracted C.
amentacea var. stricta with dimethyl sulfoxide (DMSO) and 50% ethanol for determining
TPC, TFC and antioxidant activity of extracts by DPPH radical scavenging, FRAP, OH
scavenging, and nitric oxide (NO) scavenging methods. The TPC and TFC of DMSO
extracts were 65.9 ug GAE/mg and 15.8 ug QE/mg, 3.2- and 5.1-fold higher than ethanolic
extracts. Similar to our results, both investigated extracts had DPPH radical scavenging
activity higher than 90%. Furthermore, the DMSO extracts showed a reducing activity of
almost 90% while ethanolic extract showed a higher OH radical scavenging activity. Both
extracts showed very low cytotoxicity, enabling their possible use as nutraceuticals.

Oucif et al. [20] screened six seaweed species (including C. compressa and C. stricta) for
TPC, DPPH radical scavenging activity and reducing power. The highest TPCs were found
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for C. compressa methanolic and ethanolic extracts, 10.24 & 0.09 and 15.70 £ 0.72 mg GAE/g
DW, respectively. Cystoseira compressa ethanol extract had over 90% inhibition activity for
DPPH radical and the highest reducing power, which can be compared with our results.
Mhadhebi et al. [24] determined TPC, DPPH and FRAP in C. crinita, C. sedoides and C.
compressa extracts. Among the three alga, C. compressa extract had the highest TPC of
61.0 mg GAE/g, which is comparable to our results, the lowest DPPH ICsj of 12.0 pug/mL,
and the highest FRAP value, 2.6 mg GAE/g.

2.2. Antimicrobial Activity

The results of minimal inhibitory concentration (MIC) and minimal bactericidal con-
centration (MBC) of the C. compressa extracts against common foodborne pathogens are
shown in Table 2. Gram-positive bacteria were more susceptible to seaweed extracts than
Gram-negative bacteria. The lowest MIC results were found against L. monocytogenes, for
June, July, and August samples with the lowest MBC in June, and against S. aureus in July
and August with the same MBC. There was no difference in MIC and MBC values for E. coli
among the investigated months. June, July, and August extracts had the lowest MIC values
for S. enteritidis. The results showed higher antimicrobial activity from June to August
when the sea temperature was the highest, against all bacteria.

Table 2. Results of the minimal inhibitory concentration (MIC, mg/mL) and minimal bactericidal
concentration (MBC, mg/mL) of the seaweed extracts against foodborne pathogens (1 = 3).

May June July August September
MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC

Escherichia coli 10 10 10 10 10 10 10 10 10 >10
Salmonella enteritidis 10 10 5 10 5 10 5 10 10 >10
Enterococcus faecalis 10 10 10 10 10 10 5 10 10 10
Listeria monocytogenes 10 >10 2.5 2.5 2.5 5 2.5 5 5 >10
Staphylococcus aureus 10 >10 5 5 2.5 2.5 2.5 2.5 10 10
Bacillus cereus >10 n.d. 10 >10 10 >10 10 >10 >10 n.d.

n.d.—not determined

Alghazeer et al. [33] performed microwave-assisted extraction (MAE) on P. pavonica
and C. compressa. Flavonoid-rich extracts (110.92 + 11.38 mg rutin equivalents /g for C.
compressa) were tested for antibacterial activity against multidrug-resistant (MDR) isolates
of S. aureus subsp. aureus, Bacillus pumilus, B. cereus, Salmonella enterica subsp. enteric, and
enterohemorrhagic E. coli using the well diffusion method, MIC and MBC. Cystoseira com-
pressa extract showed stronger antibacterial activity than P. pavonica with inhibition zones
against 14 tested isolates. The largest inhibition zones were 20.5 mm for S. aureus and B.
cereus, 31 mm for S. enterica and 17 mm for E. coli. Furthermore, C. compressa extract had the
lowest MIC (31.25 pug/mL) and MBC (62.5 ng/mL) values against S. aureus and S. enterica.
Against B. cereus, it had an MIC value of 62.5 ug/mL and an MBC value of 125 ug/mL. The
highest MIC (125 pg/mL) and MBC (500 pg/mL) values were found against E. coli. Maggio
et al. [28] evaluated the antibacterial activity of eight brown seaweeds, six belonging to
the genus Cystoseira (including C. compressa) and two belonging to the Dictyotaceae family,
against E. coli, Kocuria rhizophila, S. aureus and a toxigenic and MDR S. aureus using the
disk diffusion method. None of the seaweed extracts inhibited the growth of E. coli. Cys-
toseira compressa and Carpodesmia amentacea extracts showed antibacterial activity against
K. rhizophila, S. aureus and MDR S. aureus. Abdeldjebbar et al. [34] tested the antibacterial
effect of C. compressa and P. pavonica acetonic extracts against E. coli and S. aureus. The
antibacterial activity was measured by disk diffusion method and MIC determination.
Cystoseira compressa extract had 14 mm inhibition diameter for E. coli, showing better an-
tibacterial activity than P. pavonica (12 mm). However, MIC values were not detected for
C. compressa against both bacteria. Padina pavonica extract had an MIC of 50 uL for tested
strains. Both extracts had a 10 mm inhibition diameter for S. aureus. The authors also tested
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the synergy of these two extracts at a 1:1 ratio. The mixture showed significant synergistic
effect against E. coli and S. aureus with 16 and 12 mm inhibition diameters, respectively.
The antibacterial activity of a C. crinita cold methanolic extract was evaluated by the disk
diffusion method [18]. The extract showed the highest inhibition zones for E. coli, Klebsiella
pneumoniae, Proteus mirabilis, Bacillus subtilis, S. aureus and Streptococcus aureus, with 10.5,
12.8,10.2,12.6, 13.3 and 11.2 mm, respectively.

Cystoseira compressa extracts [31] showed moderate activity against E. coli, S. aureus,
Streptococcus epidermidis, E. faecalis, Enterobacter cloacae, Klebsiella pneumonie, B. cereus and
P. aeruginosa. In this study, the authors found the lowest MIC value of 32 ug/mL for both
methanolic extract against S. epidermidis and chloroform extract against E. cloacae. Dulger
and Dulger [21] tested C. compressa water and ethanol extracts against methicillin-resistant S.
aureus (MRSA). Ethanol extract had the lowest MIC of 3.2 mg/mL and MBC of 6.3 mg/mL.

In the above-mentioned studies, the chemical content of the investigated algae was not
correlated with the antimicrobial activity, however, it is evident that Cystoseira spp. shows
some potential to be used nutraceuticals and therapeutic purposes.

2.3. Chemical Analysis by UPLC-PDA-ESI-QTOF

A quali-quantitative analysis of the polar compounds from C. compressa extracts
was achieved by LC-ESI-QTOF-MS analysis in negative ion mode. The base peak chro-
matograms obtained are shown in Figure 3. A total of 49 compounds were identified and
the results are shown in Table 3, along with their retention time, observed and theoretical
m/z, error (ppm), score (%), molecular formulae and in source fragments. In all cases,
the score remained higher than 90% and the error lower than 5 ppm. All the compounds
we tentatively identified according to Bouafif et al. [35] who previously found most of
them in Cystoseira and PubChem database. Furthermore, the amount of each compound is
expressed as a percentage calculated based in the areas for each extract.
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Figure 3. Chromatograms of the HPLC-qTOF-MS analyses of C. compressa.
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Table 3. The compounds detected in investigated C. compressa samples analyzed by UPLC-PDA-ESI-

QTOFE
° RT Observed Theorical Error Score Molecular In Source . May June July August September
N° (min)  Gnl2) Gl (ppm) (%) Formula Fragments Tentative Compound A AN CA S A (%)
1a,9b-Dihydrophenanthro
1 028 3430367 343.0368 —03 9418  CyHyNO - [9,10-bloxirene-2,3,4,7,89- 476 450 454 496 6.51
hexacarbonitrile
2-(1,2,2,2-
2 0.29 201.0244  201.0247 —-15 98.89 C4H;909 - Tetrahydroxyethoxy)ethane- 6.67 6.17  6.58 6.72 7.90
1,1,1,2-tetrol
3 032 1410162 1410161 07 9101  CHoNgO;, - Diazidoacetic acid 197 202 240 201 1.74
101.0230;
4 035 1810707 1810712 -28 100 CeH1406 sa.0227, D-Sorbitol 311 357 134 234 1.83
59.0121
5 040  317.0506 3170509 —09 9044  CipHyOx 209.0890 D-glucaric acid derivate 113 088 057  0.67 0.80
Threonyl-histidyl-
6 042 3841510 3841519 —23 9229  CysHpNsO; - glutamic 009 011 006 007 0.10
acid
10,11-Dihydroxy-9,12-
7 1656 2872211 2872222 —38 9591 C16H304 - dioxooctadecanoic 019 019 020 017 0.20
acid
8 1690 2751999 2752011 —44 9648  CigHaO» 2312098, Stearidonicacid (C184n3) 17 042 049 032 0.06
231.2092; N .
9 1697 2752007 2752011 —15 9768  CigHaO» 1770854~ Stearidonicacid (C18:4n8) 51 028 056 032 0.08
255.2322; 1somer
249.1835; 13-ketooctadecadienoic
10 1697 2932112 2932117 —17  92.64 C15Hz005 575 o2 O ecac 007 009 024 031 0.13
11 1708 2872211  287.2222 38 9591  CigHpO 271.2083; Dihydroxstovadecano 1 1 2
g g g _3. . 16H3204 9532157 ihydroxyhexadecanoic 0.0 0.0 0.0 0.03 0.03
acid isomera
12 1713 309.2056  309.2066 —32  96.09 C1sH300;4 279.2287 6'9‘0“3‘1;2?(;1“3“9‘110“ 0.02 004 001 008 0.00
279.2300; . )
13 1718 2952276 2952273 1.0 100 CisHx0s 2752019, 9/10-Epoxyoctadecenoic 05 013 g7 013 0.08
255.0325 acid (vernolic acid)
255.2321; amma-Linolenic acid
14 1720 2772159 2772168  —32 9136 C15H300, 239.2030; & 010 022 029 022 0.08
2272013 isomer a (C18:3n-6)
273.1859; [24Keto-1,25
. . . B B 274004 1 roxyvitamin B . . B .
15 1722 4293009 429.3005 0.9 91.64 CorHyO. 152 0427 dihydroxyvit 001 057 058 005 0.02
- D3
16 1726 2471689 247.1698 —3.6 9496 Ci16H210> 233.0985 2’4'6'T“‘S°§£&PYIb"“zo‘c 0.05 002 002 024 0.26
10,16-
17 1735 2872212 2872222 35 9062  CigHpnO, %13%?% Dihydroxyhexadecanoic ~ 0.01 001 013  0.15 0.09
’ acid isomer b
18 1737 1991694 1991698 —20 9011  CiHpOs 181102 Lauric acid 090 085 092 081 0.83
279.2367; 10-Oxooctadecanoic acid
19 1738 2972426 297.2430 —13  98.84 C15H3405 S 5 e 035 039 034 037 0.40
20 1740 243.1952 2431960 —33  90.78 C14Ha505 197.1907 3-hydroxymyristic acid 008 007 007 0.10 0.09
21 1742 2932112 2932117 —17 942 CisHap03 s 13-ketooctadecadienoic g4 010 011 029 0.04
271.1716;
22 1743  427.2827 4272848 —49  90.28 Cop7HyO4 188.0842; Hydroxyprogesterone 000 017 024 0.2 0.01
135.0441 caproate
2731843 24-Keto-1,25-
23 1746 4293009 4293005 0.9 91.64 CorHiO4 152 0412 dihydroxyvitamin D3 000 004 008 001 nd.
: isomer b
279.2295; 9,10-Epoxyoctadecenoic
24 1748 2952262 2952273 3.7 94.13 Ci1sH3203 %g%g%ii acid isomer b (vernolic 034 043 039 0.40 0.41
. acid)
25 1751 2692110 2692117 —2.6  98.63 C16H3005 251.2336 3-Oxohexadecanoicacid ~ 0.07 016 001 026 0.11
188.0832;
26 1751 2251857 2251855 —09 9599 C14H60, 213.1870; Myristoleic acid 235 214 226 215 222
175.0757
2251861 Hexadecanoic acid
27 1753 2552319 2552324  —2.0 9141 Ci6H30, CYERTILS (palmitic acid) isomer a 010 005 004 003 0.04
: (C16:0)
28 1757 2752007 2752011 —15 9768  CisHiOs 23120%%  Stearidonicacid (C184n-3) 955 035 067 069 0.33
255.2289; . o
29 1758 2772152 2772168 —58  99.51 C15H300, 239.2001; gamma-Linolenic acid 000 001 001 001 0.00
2271989 isomer b (C18:3n-6)
30 1759  213.18458 2131855 —3.6 9241 C13H60, - Tridecanoic acid 120 119 115 112 115
271.1659;
31 1762 4272839 4272848  —21  96.07 CarHyO4 188.0827; Hzg;‘iggfs%‘i;t:rrz“e nd. 013 021 002 0.01
135.0442
32 1762 2572108 2572117 35 9516  CisHyOs TR 11-Hydroxypentadecanoic 15 g9 009 007 0.11
. acid
33 1763 2512010 2512011 04 100 Ci6HasOs 2339910; 510 hexadecadienoicacid 077 084 080  0.80 0.91
207.0983
279.2364; 10-Oxooctadecanoic acid
34 1764 2972429 2972430 —03  97.33 C15H3405 558 3200 i 056 063 058 053 0.56
_ 227.2002; Myristoleic acid methyl
35 17.66 2392001  239.2011 42 977 Ci5Ha50, 150 800e AR 522 523 500 4.89 492
255.2318; o o
36 1774 2772162 2772168  —22 9951 Ci1sH300» 239.1991; gamma-Linolenic acid 108 141 192 247 217

2272015 isomer c (C18:3n-6)
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Table 3. Cont.

ne | RT Observed Theorical Error Score Molecular In Source Tentative Compound May June July August September
(min) (m/z) (mlz) (ppm) (%) Formula Fragments entative Lompou %) (%) (% (%) (%)

283.2283; Eicosapentanoic acid

37 1771 3012158 3012168 —33 9956  CyHsO: T ot (o5 065 065 109 081 0.75

_ 283.2287; Eicosapentanoic acid

38 1773 3012156 3012168 —40 9812  CypHsOs Pk o b (C20o3) 062 063 106 080 0.74

39 1777 2272001 2272011 —44 936 C14Has0: - Tetradecanoic acid (C14:0) 504 519 534 517 522

40 1781 2712266 2712273  —2.6 9775  CigHzpOs oy Hydroxy-palmiticacid 047 041 045 056 0.66

41 17.85 2532156 2532168 —47 9647  CisHyxO» . Palmito(lgif;f;‘]_‘;)s"mer a 1265 1193 1145 1157 11.74

42 1794 2412170 2412168 0.8 100 CisH30, 2232081  Pentadecanoic acid (C15:0) 3.68 3.89 387 372 3.67
267.2340; Octadeca-10,12-dienoic

43 1797 2792314 2792324  —36 9825  CisHunO» R acd (Cl8n6) | 107 114 129 131 127

4 1801 2672318 2672324 22 9996  CiHzpO, Soropar 9'Hep(tcaf7eﬁ}§f acdd 373 399 367 378 3.60

Hexadecanoic acid

45 1808 2552321 2552324 —12 999 Ci6H3,0, 2272015 (Pt Cre) 1046 1046 1024 992 9.83

46 1812 2812486 2812481 18 9688  CisHyOs . Oleic acid (C18:1n-9) 1587 1506 1539 1533 15.12

47 1822 2692476 2692481  —56  99.96 C17H340, 255.2325 Hepta?gi%‘;“ acid 530 523 518 508 495

48 1833 2832618 2832637 —19 9921  CisHsOs . Odade?cfi‘g)iccafg%(Stearic 544 492 501 511 5.4

49 1854 3112944 3112950 —20 9087  CypHuO: T oans Arachidic acid 068 062 067 066 0.68

The most dominant compound tentatively identified was oleic acid (C18:1n-9) with
a content more than 15% in all tested samples, highest in May. The other two dominant
compounds were palmitoleic acid (C16:1n-7) and palmitic acid (C16:0) also showing highest
content in the May extract. Except for highly represented fatty acids, w-3 eicosapentaenoic
acid (EPA) was also found, with the highest content in July.

Low molecular weight phenolic compounds were not identified. This does not confirm
that the phenolics are not present, but the main phenolics in algae are probably present as
tannins (phlorotannins) that cannot be determined by HPLC-ESI-TOF-MS because they
cannot be ionized due to their high molecular weight. Maggio et al. [28] reported citric
acid, isocitric acid, vanillic acid methyl ester, vanillic acid sulfate, gallic acid, dihydroxyben-
zoic acid, 2-hydroxy-6-oxo0-6-(2-hydroxyphenoxy)-hexa-2,4-dienoate, phloracetophenone,
bromo-phloroglucinol, vanillylmandelic acid and exifone in C. compressa. The compounds
were identified without quantification. Previously, vanilic acid, hydroxybenzoic acid, gallo-
catechin, carnosic acid, phloroglucinol, and hydroxytyrosol 4-O-glucoside were identified
as main phenolics in fucoidan algae Sargassum sp. [36].

Jerkovi¢ et al. [37] investigated fucoidal brown alga Fucus virsoides and found 42.28%
oleic acid, 15.00% arachidonic acid and 10.51% myristic acid in its fatty acid composi-
tion. The authors used high performance liquid chromatography-high-resolution mass
spectrometry (HPLC-ESI-HRMS) to determine the composition of less polar non-volatile
compounds. The major compounds tentatively identified belonged to five groups, steroids,
terpenoids, fatty acid glycerides, carotenoids, and chlorophyll derivatives. Fatty acid
glycerides were dominant, which is comparable to our study.

Ristivojevic et al. [38] identified the bioactive compounds responsible for the radi-
cal scavenging and antimicrobial activities of Undaria pinnatifida and Saccharina japonica
methanolic extracts using the high-performance thin layer chromatography (HPTLC)-
bioautography assay and ultra-high-performance liquid chromatography (UHPLC)-LTQ-
MS/MS combined. They reported eicosapentaenoic, stearidonic and arachidonic acids
as major compounds accountable for these activities. Their findings are in accordance
with previous reports on PUFAs having antimicrobial activity against bacteria, viruses and
fungi [39,40].

PUFAs, such as EPA, docosahexaenoic acid (DHA) and linolenic acid (LNA), showed
in vitro antibacterial activity against Helicobacter pylori, S. aureus, Methicillin-resistant S.
aureus (MRSA), Vibrio vulnificus, and Streptococcus mutans, inhibiting bacterial growth or
altering their cell morphology [40]. To deactivate microbial cells, PUFAs directly affected
the cell membranes, enhanced free radical generation, and increased the formation of
cytotoxic lipid peroxides and their bioactive metabolites increasing the leukocytes” and
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macrophages’ phagocytic action [39]. EPA and DHA extracts showed antimicrobial activity
against foodborne pathogenic bacteria, L. monocytogenes, B. subtilis, Enterobacter aerogenes,
E.coli, S. aureus, S. enteritidis, S. typhimurium, and P. aeruginosa [41]. The authors reported the
lowest MIC value of 250 ug/mL for DHA extract against P. aeruginosa. A low MIC value of
350 ng/mL was found for EPA extract against L. monocytogenes, B. subtilis and P. aeruginosa,
and for DHA extract against L. monocytogenes and B. subtilis. Besides, Cvitkovic et al. [42]
investigated the extraction of lipid fractions from C. compressa, C. barbata, F. virsoides, and
Codium bursa. In agreement with our results, the dominant fatty acids in all seaweeds
were palmitic, oleic and linolenic fatty acids. Cystoseira compressa and C. barbata had the
highest amounts of omega-3 EPA and DHA. Cystoseira compressa had 20.35% oleic acid,
17.66% arachidonic acid, 14.86% linoleic acid, 11.92% palmitic acid and 8.72% linolenic acid.
Bacteria S. aureus can be inhibited by most free fatty acids: Lacey and Lord [43] seeded this
bacterium on human skin and then applied LNA to the skin which resulted in the rapid
death of the seeded bacteria. EPA (C20:5n-3) was found to successfully inhibit the growth
of S. aureus and B. cereus with a 64 mg/L MIC value [44]. Oleic acid was confirmed in vitro
and in vivo to effectively eliminate MRSA by disrupting its cell wall [45].

3. Materials and Methods
3.1. Sample Collection

Cystoseira compressa samples were collected off the south coast of the island Ciovo in the
Adriatic Sea from May to September 2020 (43.493389° N, 16.272505° E). Sampling was done
throughout a lagoon at 25 points in a depth range of 20 to 80 cm. The sea temperature and
salinity were measured during sampling using a YSI Pro2030 probe (Yellow Springs, OH,
USA). A sample of this species is deposited in the herbarium at the University Department
of Marine Studies in Split.

3.2. Pre-Treatment and Extraction

Prior to the extraction, harvested algal samples were washed with tap water to remove
epiphytes. Samples were then freeze-dried (FreeZone 2.5, Labconco, Kansas City, MO,
USA) and ground. Based on the previous research [46] seaweeds were extracted using
MAE in the advanced microwave extraction system (ETHOS X, Milestone Srl, Sorisole,
Italy). Seaweeds were mixed with 50% ethanol, using 1:10 (w:v) algae to solvent ratio and
extracted for 15 min at 200 W and 60 °C. The extracts were further centrifuged at 5000 rpm
for 8 min at room temperature and the supernatant was filtered. The ethanolic solvent was
evaporated at 50 °C and the rest of the extracts freeze dried.

3.3. Determination of Total Phenolics, Total Tannins and Antioxidant Activity

The crude algal extracts were dissolved in 50% ethanol prior to analyses in the con-
centration of 20 mg/mL. Folin—Ciocalteu method [47] was used for determining the TPC.
Briefly, 25 pL of the extract was mixed with 1.5 mL distilled water and 125 pL Folin—
Ciocalteu reagent. The solution was stirred and 375 pL 20% sodium carbonate solution and
475 uL distilled water was added after one minute. Samples were left in the dark at room
temperature for 2 h. The absorbance was read using a spectrophotometer (SPECORD 200
Plus, Edition 2010, Analytik Jena AG, Jena, Germany) at 765 nm. Results were expressed as
gallic acid equivalents in mg/g of freeze-dried extract (mg GAE/g).

The TTC was measured according to Zhong et al. [36] with some modifications. Briefly,
25 pL of the sample, 150 pL 4% (w/v) ethanolic vanillin solution, and 25 pL 32% sulfuric
acid (diluted with ethanol) were added to the 96-well plate and mixed. The plate was
incubated for 15 min at room temperature and absorbance was read at 500 nm using the
microplate reader (Synergy HTX Multi-Mode Reader, BioTek Instruments, Inc., Winooski,
VT, USA). The TTC results were expressed as mg catechin equivalents per g of dried extract
(mg CE/g).

The reducing activity was measured as FRAP (ferric reducing/antioxidant power) [48].
Briefly, 300 uL of FRAP reagent solution was pipetted into the microplate wells, and
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absorbance at 592 nm was recorded. Then, 10 uL of the sample was added to the FRAP
reagent and the change in absorbance after 4 min was measured. The change in absorbance,
calculated as the difference between the final value of the absorbance of the reaction mixture
after a certain reaction time (4 min) and the absorbance of FRAP reagent before sample
addition, was compared with the values obtained for the standard solutions of Trolox.
Results were expressed as micromoles of Trolox equivalents per liter of extract (UM TE).

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging ability of extracts was
also measured in 96-well microplates [49]. DPPH radical solution with the initial absorbance
of 1.2 (290 uL) was pipetted into microplate wells, and absorbance was measured at 517 nm.
Then, 10 pL of the sample was added to the wells and the decrease in the absorbance was
measured after 1 h using the plate reader. The antioxidant activity of extracts was expressed
as DPPH radical inhibition percentages (% inhibition).

The oxygen radical absorbance capacity (ORAC) method [50,51] was performed to
determine the antioxidant capacity of extracts by monitoring the inhibition of the action of
free peroxyl radicals formed by the decomposition of 2,2-azobis (2-methylpropionamide)-
dihydrochloride (AAPH) against the fluorescent compound fluorescein. Briefly, 150 uL
of fluorescein and 25 pL of the sample in 1:200 dilution (or Trolox in the case of standard
compound, or puffer in the case of blank) were pipetted into microplate wells and ther-
mostated for 30 min at 37 °C. After 30 min, 25 uL. of AAPH was added and measurements
were performed at excitation and emission wavelengths of 485 and 520 nm every minute
for 80 min. The results were expressed as uM of Trolox Equivalents (uM TE).

3.4. Determination of the Antimicrobial Activity

The foodborne pathogens Escherichia coli ATCC 25922, Salmonella enteritidis ATCC
13076, Enterococcus faecalis ATCC 29212, Listeria monocytogenes ATCC 7644, Staphylococcus
aureus ATCC 25923, and Bacillus cereus ATCC 14579 were used in this study.

The microdilution method was used to determine the extracts” MICs against foodborne
pathogens. The extracts were dissolved in 4% DMSO (10 mg/mL) and diluted with Mueller—
Hinton broth (MHB). Then, 100 pL of the mixture was added to the first well of the 96-well
microtiter plate. Two-fold dilutions were done in the next wells (10-0.16 mg/mL). The
50 uL of prepared inoculum (1 x 10° colony forming units (CFU)/mL determined by
using the growth curves of bacteria in the log phase) was added to each well and plates
were mixed on a microtiter plate shaker for 1 min at 600 rpm (Plate Shaker-Thermostat
PST-60 HL, Biosan, Riga, Latvia). Positive control (50 uL of inoculum and 50 puL of broth
media), negative control (50 uL of broth media and 50 pL of extract), blank (100 pL of broth
media) and 4% DMSO were also tested. After 24 h of incubation, 20 pL of the indicator of
bacterial metabolic activity, 2-p-iodophenyl-3-p-nitrophenyl-5-phenyl tetrazolium chloride
(INT, in 2 mg/mL concentration) was added to each well. Plates were mixed on a plate
shaker and incubated for 1 h in the dark. MIC values were read visually as the lowest
concentration of the extract at which there was no detection of bacterial growth seen as the
reduction of INT to red formazan [52].

MBC of the seaweed extracts was determined as the lowest concentration at which
no microbial growth was detected on agar plates after subcultivation of bacterial suspen-
sion pipetted from wells where MIC was determined and from wells with higher extract
concentrations [53].

3.5. Compound Analysis by UPLC-PDA-ESI-QTOF

Dried extract (3 mg) of algae was dissolved in 1 mL of MeOH/H,O 1/1 v/v. The
analysis of compounds from algae was carried out with the use of an ACQUITY Ultra
Performance LC system equipped with a photodiode array detector with a binary solvent
manager (Waters Corporation, Milford, MA, USA) series with a mass detector Q/TOF micro
mass spectrometer (Waters) equipped with an electrospray ionization (ESI) source operating
in negative mode at the following conditions: capillary voltage, 2300 kV; source temper-
ature, 100 °C; cone gas flow, 40 L/h; desolvation temperature, 500 °C; desolvation gas
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flow, 11,000 L/h; and scan range, m/z 50-1500. Separation of individual compounds was
carried out using an ACQUITY UPLC BEH Shield RP18 column (1.7 pm, 2.1 mm X 100 mm;
Waters Corporation, Milford, MA, USA) at 40 °C. The elution gradient test was carried
out using water containing 1% acetic acid (A) and acetonitrile (B), and applied as follows:
0 min, 1% B; 2.3 min, 1% B; 4.4 min, 7% B; 8.1 min, 14% B; 12.2 min, 24% B; 16 min, 40%
B; 18.3 min, 100% B, 21 min, 100% B; 22.4 min, 1% B; 25 min, 1% B. The sample volume
injected was 2 pL and the flow rate used was 0.6 mL/min. The compounds were monitored
at 280 nm. Integration and data elaboration were performed using MassLynx 4.1 software
(Waters Corporation, Milford, MA, USA) [54].

3.6. Statistical Analyses

The results of antioxidant analyses were expressed as mean =+ standard deviation and
antimicrobial results as a mean of 3 replicas. Analysis of variance (one-way ANOVA) was
used to assess the difference between TPC, TTC and antioxidant assays, followed by a least
significance difference test at 95% confidence level to evaluate differences between sets
of mean values [55]. Pearson’s correlation coefficient was used to determine the relation
between the variables. Analyses were carried out using Statgraphics Centurion-Ver.16.1.11
(StatPoint Technologies, Inc., Warrenton, VA, USA).

4. Conclusions

The results obtained for the brown fucoidal macroalgae C. compressa from the Adriatic
Sea indicated that it was a good source of compounds. The TPC and TTC content reflected
a variation over the growing season, with the highest values in June. The detected FRAP
showed high correlation with TPC and TTC content. The DPPH values were >80% inhibi-
tion over the whole sampling period, while the highest antioxidant activity with regards to
ORAC was in August when the sea temperature was the highest. No evident correlation
existed between the temperature and salinity change and TPC, TTC or antioxidant activity.
From June to August, higher antimicrobial activity against foodborne pathogens was ob-
served, especially against L. monocytogenes, S. aureus and S. enteritidis. Further investigations
are needed to gain insight into the effect of abiotic factors, growth and thallus development
of the alga on its biological potential and to discover the compounds responsible for the
different biological activities.
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