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Abstract: Himanthalia elongata is a brown oceanic seaweed rich in bioactive compounds. It could
play an important role in food production because of its antimicrobial and antioxidant properties.
Three strains belonging to the Lactobacillus casei group (Lactobacillus casei, Lactobacillus paracasei,
and Lactobacillus rhamnosus) and a Bacillus subtilis strain were used for the solid-state fermentation
of commercial seaweeds, and bacterial growth was monitored using the plate count method.
High-pressure processing (HPP) was also employed (6000 bar, 5 min, 5 ◦C) before extraction.
The antimicrobial activity of the extracts was tested in terms of the main food pathogenic bacteria
(Salmonella spp., Listeria monocytogenes, Escherichia coli, Staphylococcus aureus, and Bacillus cereus),
and the phenolic content was estimated using the Folin–Ciocalteau method. In addition, targeted
UHPLC-MS2 methods were used to unravel the profile of phlorotannins. H. elongata allowed the
growth of the L. casei group strains and B. subtilis, showing the fermentability of this substrate.
Significant antimicrobial activity toward L. monocytogenes was observed in the extracts obtained
from unfermented samples, but neither fermentation nor HPP enhanced the natural antimicrobial
activity of this seaweed species. The content in the phenolic compounds decreased because of the
fermentation process, and the amount of phenolics in both the unfermented and fermented H. elongata
extracts was very low. Despite phlorotannins being related to the natural antimicrobial activity of
this brown seaweed, these results did not support this association. Even if fermentation and HPP
were not proven to be effective tools for enhancing the useful compounds of H. elongata, the seaweed
was shown to be a suitable substrate for L. casei group strains as well as for B. subtilis growth, and its
extracts exhibited antimicrobial activity toward foodborne pathogens.

Keywords: seaweeds; fermentation; Himanthalia elongata; antimicrobial activity; food safety;
foodborne pathogens; phlorotannins

1. Introduction

Over the centuries, various preservation techniques have been developed to increase food safety
and avoid spoilage during storage and distribution. In recent years, consumers, concerned about the
potential side effects of synthetic antimicrobials, have started requesting food that contains preservatives
of natural origin [1].
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This consumer choice has garnered interest in compounds extracted from natural sources, which
are increasingly investigated for their antimicrobial activity. Among them, algae represent an interesting
raw material, as they are rich in bioactive compounds, and macroalgae have already been proven
to have a broad range of applications as antibacterials [2–5]. Different studies have attributed the
antimicrobial and antioxidant capacity of seaweed extracts to the presence of bioactive compounds
such as phlorotannins, flavonoids, steroids, and sulfated polysaccharides [6–9]. These secondary
metabolites allow for the synthesizing organism to have a strong defense against pathogens and
survive in stressful conditions. Moreover, many of these compounds have been proven to be able to
inhibit bacterial growth [10]. Some plant peptides might also exert antimicrobial activity, and can be
divided into two groups: (i) endogenous peptides, which are already present in the organism, and
(ii) peptides generated by enzymatic hydrolysis and/or fermentation [11]. Moreover, antimicrobial
compounds such as organic acids can be produced through fermentation [12].

Seaweed fermentation is poorly reported in the literature, although lactic acid bacteria (LAB) and
yeast have been employed, after agar–agar extraction, in red seaweed waste fermentation in order to
produce fertilizers [13]. The fermentation of Undaria pinnatifida (brown seaweed) has been reported
as an alternative feed for aquaculture [14], whereas, within the framework of human consumption,
a fermented beverage from Gracilaria fisheri has been developed [15].

The fermentation of Himanthalia elongata, a brown seaweed belonging to the order of Fucales
(which grows spontaneously along the coasts of the Atlantic Ocean), has been attempted without
success, as neither heat-processed nor raw seaweed were able to support the growth of Lactobacillus
plantarum [16]. However, its antimicrobial activity toward Escherichia coli and Staphylococcus aureus
has been demonstrated [17]. Eom and colleagues have attributed the strong antimicrobial activity of
marine brown algae to phlorotannins [18], a subclass of phenolic compounds originating from the
polymerization of phloroglucinol (1,3,5-trihydroxybenzene), or to sulfated polysaccharides such as
fucoidans. High concentrations of fucose and sulfates, as well as their particular arrangement in brown
algal fibers, are probably responsible for this resistance to bacterial fermentation [19].

High pressure improves the extraction of active compounds by disrupting tissues, cell walls,
membranes, and organelles, consequently increasing the mass contact of the solvents with the samples.
This strategy could represent an opportunity to obtain higher extraction yields with no deleterious
effects on the activity and structure of potentially bioactive components [20–22].

Despite the evidence for the antimicrobial activity of algae and the role of fermentation in the
production of bioactive compounds, screening different bacterial species for fermentation and thus
producing antimicrobial compounds from fermented seaweed has never been tested. For this reason,
the aim of the present study was to evaluate (i) the capacity of the Lactobacillus casei group of bacteria
and Bacillus subtilis to ferment H. elongata; (ii) the antimicrobial activity of the H. elongata extract
in foodborne pathogenic bacteria; and ii) the effect of biological (fermentation) and technological
(high-pressure processing (HPP)) processes on the antimicrobial activity and phenolic composition of
H. elongata.

2. Materials and Methods

2.1. Sample Preparation

H. elongata samples were purchased (dried) from ALGAMAR (Pontevedra, Spain) (HE I) and
Nuova Terra (Prato, Italy) (HE II) in order to evaluate variability within the species. They were
ground with Oster 890-48H mixer (Recampro, Spain) and maintained at room temperature in darkness
until use.
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2.2. Standards and Reagents

All chemicals and solvents, which were purchased from Sigma–Aldrich Co. (St. Louis, MO, USA),
were of analytical grade. Ultrapure water from a MilliQ system (Millipore, Bedford, MA, USA) was
used throughout the experiment.

2.3. Bacterial Strains Used for Fermentation

Four bacterial strains isolated from food matrices and belonging to different species were used to
ferment HE I: Lactobacillus casei (2240) and Lactobacillus rhamnosus (1473) (isolated from Parmigiano
Reggiano cheese), Lactobacillus paracasei (4186) (isolated from Pecorino Toscano cheese), and Bacillus
subtilis (5002) (isolated from rice). The strains, which belonged to the collection of the Department of
Food and Drugs of the University of Parma, were maintained at −80 ◦C in de Man, Rogosa, and Sharpe
(MRS) (Oxoid, Basingstoke, UK) (for the LAB) and in Nutrient Broth (Oxoid) (NB) (for B. subtilis) with
12.5% glycerol (v/v) added.

2.4. Set-Up of Fermentation Conditions and Monitoring

Before fermentation, the frozen cultures were revitalized twice in MRS broth (Oxoid) (inoculum of
3% v/v) incubated overnight at 37 ◦C under suspended conditions (for the LAB) and in NB incubated
overnight at 30 ◦C under shaking (for B. subtilis). Afterwards, LAB and B. subtilis were inoculated
(3% v/v) in MRS and NB and incubated at specific temperatures for each species (for 16 h) in order
to obtain a concentration of 9 log cfu/mL. The grown cell cultures were collected by centrifugation
(12,857× g for 10 min at 4 ◦C), washed twice in Ringer solution (Oxoid, Milan, Italy), and resuspended
in sterile bidistilled water. HE I was rehydrated with 75% of water and then inoculated individually
with each bacterial suspension in order to obtain a final concentration of 7 log cfu/mL. The microbial
concentration was evaluated just after the inoculum (T0), after 24 h (T1) and 72 h (T2) of fermentation
at the optimal temperature for each strain. Ten-fold serial dilutions in Ringer (Oxoid) were plated on
MRS agar or nutrient agar (NA) (for LAB and B. subtilis, respectively) and then incubated for 72 h
in aerobic conditions at the optimal temperature for each strain. Fermentation was carried out in
duplicate, and for each sample, time analyses were performed in duplicate. Average values ± standard
deviations are reported. After the process, fermented seaweeds were lyophilized.

2.5. High-Pressure Processing (HPP)

High-pressure treatments were performed using equipment from HPP Italia (Traversetolo, Parma,
Italy) on HE I. Seaweeds were first rehydrated for 30 min with 75% water at room temperature,
submitted to a vacuum in bags, and then placed into containers in a hyperbaric chamber that was then
filled with cold water for treatment. The process was carried out at 6000 bars for 5 min at 5 ◦C. After
the treatment, the product was lyophilized. Samples were treated and analyzed in duplicate. Average
values ± standard deviations are reported.

2.6. Extraction Process

In order to extract molecules with potential antimicrobial activity, such as polyphenols, small
peptides, and acids, an extraction process from HE I (unfermented, fermented, and HPP-treated) and
HE II (unfermented) was carried out. In particular, 100 mL of ethanol/water (70:30 v/v) acidified with
1% formic acid (CH2O2) was added to 10 g of lyophilized sample. A double extraction was carried
out, alternating two shaking cycles and one sonication cycle in an ultrasonic bath, with each lasting
15 min. An HS 501 digital shaker (IKA) (Staufen, Germany) was used for the shaking cycle (200 rpm),
while the sonication was carried out by means of an Ultrasonic Cleaner sonicator (VWR, United States).
The sample was then centrifuged (Eppendorf 5800 Centrifuge, Model 5810R, Hamburg, Germany) at
12,857× g for 10 min at 10 ◦C. The solution was filtered with filter paper to recover the solid part so as
to proceed to the second extraction. The two extracts obtained were combined and concentrated with a
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rotary evaporator Strike 300 (Steroglass, Italy) at 4× g at a bath temperature of 40 ◦C until they were
fully dried. The concentrated extract was then suspended using sterile water to recover the soluble
part and stored at −80 ◦C until use. To test stability at a high temperature, the HE I extract underwent
a treatment at 121 ◦C for 15 min using an autoclave.

2.7. Pathogenic Strains

The antimicrobial activity of the extracts obtained from unfermented, fermented, and HPP-treated
HE I and unfermented HE II was tested in terms of 14 pathogenic strains belonging to Salmonella
spp. (S1: S. enterica ATCC 14028; S2: S. enterica serotype Rissen; and S3: Salmonella spp. suini),
Listeria monocytogenes (L1: LM30; L2: LMG 21264; and L3: LMG 13305), Escherichia coli (E1: DSM
9025; E2: DSM 10973; and E3: POM 1048), Staphylococcus aureus (A1: NCTC 9393; A2: ATCC 6538;
and A3: ATCC 19095), and Bacillus cereus (C1: 31; C2: 33). These strains were part of the collection
of the Department of Food and Drugs (University of Parma, Italy) and were part of international
collections, including the National Collection of Type Cultures (NCTC), the Belgian Coordinated
Collection of Microorganisms (LMG), the American Type Culture Collection (ATCC), and the Deustsche
Sammlung von Mikroorganismen (DSM). They were stored at−80 ◦C in Tryptic Soy Broth (TSB) (Oxoid)
supplemented with 12.5% glycerol (v/v). Before use, bacteria were revitalized twice by inoculum
(3% v/v) in TSB with 0.6% yeast extract followed by incubation for 16 h at 37 ◦C in aerobic conditions.

2.8. Evaluation of Antimicrobial Activity In Vitro

An evaluation of the antimicrobial activity of the extracts was carried out using an agar well
diffusion assay [23] with few modifications. The pathogenic strains were diluted to a concentration of
8 log cfu/mL and seeded on Tryptone Soy Agar (TSA) (Oxoid) by means of sterile swabs. Then, using
sterile tips, wells with a diameter of 7 mm were created in the agar and filled with 30 µL of each extract.
Plates were incubated at 37 ◦C in aerobic conditions, and the antimicrobial activity was evaluated by
measuring the total inhibition zone (mm) observable after 24, 48, and 120 h of incubation. Analyses
were performed in triplicate, and average values ± standard deviations are reported. Water was used
as a negative control.

2.9. Total Phenolic Content

The total phenolic content (TPC) of the extracts obtained from the unfermented, fermented, and
HPP-treated HE I and the unfermented HE II was determined using the Folin–Ciocalteau method,
as outlined by Medina-Remón and colleagues [24] (with slight modifications) [25]. Briefly, 15 µL of
diluted sample was mixed with 170 µL of double-distilled water in 96-well microplates (Sarstedt AG
& Co., Nümbrecht, Germany), and then 12 µL of Folin–Ciocalteau’s reagent and 30 µL of sodium
carbonate (200 g/L) were added. The mixtures were kept at room temperature in darkness for 1 h. After
the reaction period, 73 µL of double-distilled water was added, and absorbance was recorded at 765 nm
on a Sunrise™microplate reader (Tecan, Grödig, Austria). Sample quantification was performed using
gallic acid as a standard, and the results are expressed as mg of gallic acid equivalents (GAEs) per gram
of dry weight (DW). Analyses were performed in triplicate, and average values ± standard deviations
are reported.

2.10. UHPLC-ESI-MS2 Analysis

The extracts obtained from the unfermented, fermented, and HPP-treated HE I and the unfermented
HE II were analyzed using ultrahigh-performance liquid chromatography (UHPLC) coupled with mass
spectrometry (MS) to investigate the presence of phlorotannins. To prepare for the analysis, extracts
were centrifuged at 15,294× g for 10 min, diluted in 0.1% formic acid in water (1:2, v/v), vortexed,
centrifuged once again at 10,625× g for 10 min at 4 ◦C, and finally filtered (0.45-µm nylon filter).
An Accela UHPLC 1250 apparatus equipped with a linear ion trap MS (LIT-MS) (LTQ XL, Thermo
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Fisher Scientific Inc., San José, CA, USA) was used. The separation of the compounds was carried out
by means of an Acquity UPLC HSS T3 column (100 × 2.1 mm, 1.8-µm particle size, Waters, Milford,
MA, USA). For the UHPLC, mobile phase was pumped at a flow rate of 0.3 mL/min, and it consisted
of a mixture of acidified acetonitrile and 0.1% formic acid (solvent A) and 0.1% formic acid in water
(solvent B). Following 1.50 min of 1% solvent A in B, the proportion of A was linearly increased to 38.3%
over 7.10 min, reaching 90% solvent A at 10 min, followed by 3 min of 90% solvent A and then 4 min at
the initial conditions to re-equilibrate the column. The injection volume was 5 µL, and the column
was put on a thermostat at 40 ◦C. The MS worked in negative ionization mode with the capillary
temperature set at 275 ◦C and the source at 250 ◦C. The sheath gas (N2) flow was 40 units, while the
auxiliary gas (N2) flow was 10 units. The source voltage was 4 kV, while the capillary voltage and the
tube lens voltage were −50 V and −142.75 V, respectively. Targeted MS2 analyses were carried out to
identify the phlorotannins using the fragmentation of specific molecular ions (m/z). Identification was
performed through a comparison to spectral data that have been reported in literature.

2.11. Statistical Analyses

The analyses were conducted separately for Salmonella spp., E. coli, S. aureus, L. monocytogenes,
and B. cereus, and for each, two different analyses were performed: one for the extract obtained from
nonfermented (time of fermentation = 0) seaweed and one for the extracts obtained after fermentation.
For both, the effects of different parameters on the inhibition zone were studied by means of linear
mixed effects models (LMMs). The radius of the inhibition zone was measured at 24, 48, and 120 h
after inoculum. In the statistical analyses of the nonfermented extracts ((i) HE I and HE II, (ii) HE I that
was HPP-treated, and (iii) HE I that was sterilized), the effect of the incubation time, the effect on the
pathogenic bacterial strains, and the interaction between the time of incubation and the kind of extract
were considered to be “fixed effects”, while the effects of the plate and the section nested within the
plate were considered to be random effects. In the analyses of the extracts obtained after fermentation,
the time of fermentation (24 and 72 h), the effect of the different strains used for fermentation (B. subtilis
taken as a reference), the effect on the pathogenic strains, the effect of the incubation time (24, 48, and
120 h), and the interaction between the time of incubation and the type of extract were considered
to be fixed effects. The plate, the section nested within the plate, and the batch of fermentation were
considered to be possible sources of nonindependence. All of the analyses were conducted with R [26],
and the LMM model analyses were conducted using the “lme4” package [27]. For analyses related to
the extracts’ phenolic content, the SPSS statistical package (version 25, SPSS, Inc., Chicago, IL, USA.)
was used. One-way analysis of variance (ANOVA) with Duncan post hoc tests, as well as t-tests, were
carried out.

3. Results and Discussion

3.1. Himanthalia elongata Fermentation

All strains showed different but generally good growth capacity on H. elongata (Figure 1). Contrary
to Gupta et al. [16], who observed that neither raw nor thermally processed H. elongata were able to
support the growth of L. plantarum, in the present work the strains used for fermentation (L. casei
2240, L. paracasei 4186, L. rhamnosus 1473, and B. subtilis 5002) demonstrated the capacity to grow
in this matrix, opening new avenues for novel fermented foods based on algae. To the best of
our knowledge, the species tested in the present study have never been employed for H. elongata
fermentation. However, Weissella spp., Lactobacillus spp., Leuconostoc spp., Streptococcus spp., and
L. rhamnosus have been employed for the fermentation of different algal species (showing good growth
ability) [28–30].
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Figure 1. The growth ability of the Lactobacillus casei group and the Bacillus subtilis strains (log cfu/mL)
in Himanthalia elongata after 24 and 72 h of fermentation at optimal temperatures.

3.2. Antimicrobial Activity toward Foodborne Pathogens

Currently, the antimicrobial potential of seaweed toward the main foodborne pathogens is one of
the most stimulating fields of research in the area of “marine vegetables”. It has been demonstrated
that brown algae extracts are the most effective against foodborne pathogens [31]. Several seaweed
species have been studied for their rich content in bioactive compounds, and their antimicrobial
activity has been well known for many years [32]. Each class of seaweed (Phaeophyceae, Rhodophyta,
and Chlorophyta), because of their different compositions, has a different degree of antimicrobial
activity and different target microorganisms [33]. Ecklonia cava, a brown seaweed, has been tested
on L. monocytogenes, and good antimicrobial activity was found [34]. Several Sargassum species have
been found to be strong antimicrobial agents, mainly against Gram-positive bacteria but also toward
Salmonella spp. [33]. Seaweeds offer opportunities for obtaining new types of bioactive compounds
that could be used by the food industry as preservatives; however, the mechanisms of inhibition of
seaweed extracts are not always clear. The antimicrobial activity of H. elongata compounds has been
previously studied [17,22,35], but the effects of fermentation and of HPP on these algae have never
been considered. In the present work, the inhibitory activity of algae extracts against the main food
pathogenic bacteria was evaluated. As a first observation, the extracts obtained from the nonfermented
seaweeds inhibited the target pathogens in a different way (Figure 2).

HE I and HE II were provided from different suppliers in order to evaluate the possible variability
within the same species. Indeed, the two extracts showed significantly different behavior against
L. monocytogenes (p < 0.05) and E. coli (p < 0.001) (Figure 2). However, most of the pathogenic species
tested were affected by both extracts. Antimicrobial activity toward different pathogens could be
related to the wide number of compounds observed in seaweeds (polysaccharides, polyunsaturated
fatty acids, phlorotannins, other phenolic compounds, carotenoids, etc.) [31]. Nevertheless, many
natural factors, such as environmental conditions (light, temperature, and salinity), life stage (the age
of seaweed), geographical location, and the seasonality of growth and harvesting, can be influential as
well [36,37].

Since HE I had a better antimicrobial performance than did HE II, it was subjected to different
treatments, such as a high temperature, fermentation, and HPP, in order to check the effects on
antimicrobial activity.

The HE I extract showed good heat resistance, as the thermal treatment induced a significant
reduction in antimicrobial activity (but only toward L. monocytogenes (p < 0.05)) (Figure 2). The resistance
of the extract to high temperatures could be useful for applications in thermally processed products to
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prevent the occurrence of postprocessing contamination. In order to study the possibility of enhancing
seaweed antimicrobial activity, a high-pressure treatment, considered to be a promising strategy for the
extraction of bioactive ingredients from plant material [21], was performed. However, the antimicrobial
activity did not increase, but rather, efficacy against Salmonella spp. (p < 0.001), E. coli (p < 0.001), and
S. aureus (p < 0.05) was reduced after HPP treatment (Figure 2).

Figure 2. Inhibition radius (mm) of extracts obtained from unfermented seaweed in terms of foodborne
pathogens (A: HE I, B: HE II, C: sterilized extract obtained from HE I, D: HE I treated with HPP).
Measurements were taken after 24, 48, and 120 h. Values ± standard deviations are reported. Here,
* expresses the significance (p < 0.05) of the antimicrobial activity of HE I and of the other extracts (HE
II, HE I (sterilized extract), and HE I (high-pressure-processed (HPP))) for each time point (24, 48, and
120 h).
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All of the extracts from nonfermented samples, regardless of the seaweed and the treatment, lost
inhibitory activity toward all of the tested microorganisms after 120 h of incubation at the optimum
growth temperature, and this was already significant after 48 h for L. monocytogenes (p = 0.001) (Figure 2).

HE I was also tested after L. casei, L. rhamnosus, and L. paracasei fermentation to evaluate the
contribution of microorganisms and their metabolic activity (Figures 3 and 4).

Figure 3. Inhibition radius (mm) of fermented HE I extracts after 24 h of fermentation. Measurements
were taken after 24, 48, and 120 h. Average values ± standard deviations are reported. Here, * expresses
the significance (p < 0.05) of H. elongata fermented with B. subtilis, A, and the same seaweed fermented
with the L. casei group (L. casei, B, L. rhamnosus, C, and L. paracasei, D) of strains.
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Figure 4. Inhibition radius (mm) of HE I extracts after 72 h of fermentation. Measurements were taken
after 24, 48, and 120 h. Average values ± standard deviations are reported. Here, * expresses the
significance (p < 0.05) of H. elongata fermented with B. subtilis, A, and the same seaweed fermented
with the L. casei group (L. casei, B, L. rhamnosus, C, and L. paracasei, D) of strains.

Extracts after LAB fermentation gave rise to stronger antimicrobial activity compared to those
obtained after fermentation with B. subtilis (with the exception of L. monocytogenes). The extracts
obtained after L. casei and L. paracasei fermentation showed significantly higher activity toward
Salmonella spp. and S. aureus, whereas in the case of L. rhamnosus, significantly lower antimicrobial
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activity toward L. monocytogenes (p < 0.05) but significantly higher activity toward E. coli (p < 0.05)
could be observed. Overall, the extracts obtained after seaweed fermentation significantly lost their
activity toward all of the tested pathogenic bacteria (except for E. coli) over time (Figures 3 and 4).

A comparison of the antimicrobial activity (average values) of extracts derived from fermented
s (or not) seaweeds is reported in Figure 5. Fermentation did not enhance the natural antimicrobial
activity of this brown seaweed. Recent papers regarding plant fermentation have shown a significant
enhancement of antimicrobial activity toward pathogens [11,38,39], but this was not confirmed in the
case of H. elongata in the present work. Possibly, some bacterial catabolic activity broke down the
compounds originally exerting the antimicrobial activity in the raw extracts, resulting in lower efficacy.

Figure 5. Antimicrobial activity of extracts from nonfermented and fermented samples (average values)
toward each strain of foodborne pathogenic bacteria: Salmonella spp. (S1: S. enterica ATCC 14028; S2: S.
enterica serotype Rissen; and S3: Salmonella spp. suini), Listeria monocytogenes (L1: LM30; L2: LMG 21264;
and L3: LMG 13305), Escherichia coli (E1: DSM 9025; E2: DSM 10973; and E3: POM 1048), Staphylococcus
aureus (A1: NCTC 9393; A2: ATCC 6538; and A3: ATCC 19095), and Bacillus cereus (C1: 31; C2: 33).

3.3. Total Phenolic Content

The TPC was similar for the HE I and HE II extracts obtained from the unfermented samples,
with values of 2.94 ± 0.28 mg GAEs/g DW and 3.22 ± 0.21 mg GAEs/g DW, respectively. The results
from the Folin–Ciocalteau assay showed that the TPC was significantly higher for extracts derived
from nonfermented samples compared to fermented ones. Quantitatively, fermentation caused a
10-fold decrease in TPC value, while the time of fermentation (24 and 72 h) did not affect the TPC
Table 1. After 24 h of fermentation, L. casei led to a smaller reduction in the TPC compared to the other
microorganisms, while L. casei and L. paracasei were responsible for a greater TPC reduction after 72 h
of fermentation Table 1. Regarding HPP, the extract derived from the HPP-treated seaweed had a TPC
that was slightly lower (2.72 ± 0.03 mg GAEs/g DW) than that of the corresponding untreated extract
(2.94 ± 0.28 mg GAEs/g DW), but the difference was not statistically significant. This might indicate
that HPP does not influence the seaweed extract TPC. In general, it should be noted that the TPC of all
of these seaweed extracts was quite low, in line with the literature [22,40,41]. A high variability in the
TPC of seaweeds, in particular that of H. elongata, has been previously reported, due to multiple factors
such as collection season and geographical region [9,40].
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Table 1. Total phenolic content (TPC) of H. elongata extracts obtained after fermentation.

HE I 24 h 72 h

TPC (mg GAEs/g DW)

Lactobacillus casei 2.94 ± 0.28 a 0.27 ± 0.01 b,A 0.21 ± 0.02 b,B

Lactobacillus paracasei 2.94 ± 0.28 a 0.20 ± 0.00 b,B 0.20 ± 0.02 b,B

Lactobacillus rhamnosus 2.94 ± 0.28 a 0.22 ± 0.01 b,B 0.32 ± 0.08 b,A

Bacillus subtilis 2.94 ± 0.28 a 0.20 ± 0.02 b,B 0.36 ± 0.00 b,A

Values are presented as the mean ± the SD (n = 3). TPC is expressed as mg gallic acid equivalents (GAEs)/g dry
weight (DW). Means within each row with different letters (a, b) differ significantly (p < 0.05), and means within the
24-h and 72-h columns with different letters (A, B) differ significantly (p < 0.05).

3.4. Phlorotannin Identification by UHPLC-MS2 Analysis

The UHPLC-MS2 targeted analyses we used allowed for the tentative identification of a total of
20 phlorotannins (Table 2). The compounds were tentatively identified based on an interpretation of
their mass spectral behavior, which was obtained from MS2 experiments and through a comparison to
the literature [42–44]. The identified phlorotannins exhibited distinct molecular weights (370–870 Da)
and degrees of polymerization (3–7 phloroglucinol units). Interestingly, all of the compounds were
identified in HE II (Table 2), while none were found in HE I. This could have been due to many factors
that occur during seaweed cultivation and growth, but quite possibly it was due to the lesser exposure
of HE I to sources of stress, such as microbial infections or UV radiation [42,45]. A quantification was
not carried out due to the lack of proper commercially available standards for this particular group of
hydrolysable tannins.

Table 2. Mass spectral characteristics of the tentatively identified phlorotannins in Himanthalia elongata
(HE II).

Compound RT (min) [M–H]– (m/z) MS2 Ion Fragments(m/z) Ref.

Trimer 4.56 369 351 a
Trimer 5.16 369 279, 351, 325, 307 a
Trimer 5.34 369 351, 295, 325, 307 a
Trimer 5.65 369 351, 279, 325, 307 a
Trimer 7.00 369 238 a
Trimer 7.14 369 238 a
Trimer 1.50 373 355, 207, 329, 165 b

Trimer (Phlorethol) 5.39 373 231, 355 c
Trimer

(Fucophlorethol) 5.75 373 233, 247, 229, 355, 125 c

Tetramer 5.22 497 479, 407, 371
Tetramer 5.40 497 479, 353, 371, 335 b
Tetramer 5.85 497 235 a
Tetramer 6.36 497 355, 371, 479 a
Tetramer 6.69 497 373, 371, 233, 353, 238, 479 b
Pentamer 5.95 621 603, 339, 337 a,b
Pentamer 6.22 621 603, 339, 357, 337, 229 a,b

Pentamer (Fucol) 7.16 621 495, 371, 497, 477, 229, 603 c
Pentamer (Fuhalol) 8.06 651 509, 465, 413, 607, 339, 582 c

Hexamer 6.51 745 727, 601 a
Heptamer 7.12 869 851, 842, 833 b,c

RT: retention time; [M–H]−: molecular ion; fragment ions are listed in order of relative abundance; a tentatively
identified based on the mass spectral data reported by Reference [42]; b tentatively identified based on the mass
spectral data reported by Reference [44]; c tentatively identified based on the mass spectral data reported by
Reference [43].

4. Conclusions

Seaweeds are an underestimated and suitable source of food and food ingredients. Their richness
in terms of bioactive compounds makes them a possible source of food preservatives and other useful
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molecules. The results highlighted that H. elongata extracts were more efficient against L. monocytogenes
and B. cereus. The extracts obtained from H. elongata showed antimicrobial activity against various
food pathogenic bacteria. A great difference was observed between HE I and HE II: despite being the
same species, a lot of variability, probably due to environmental factors or to treatments suffered before
commercialization, emerged. The tested treatments (sterilization, HPP, and fermentation) negatively
affected the antimicrobial activity of H. elongata. In conclusion, (i) H. elongata was demonstrated
to be a suitable substrate for the L. casei group of bacteria and B. subtilis growth; (ii) its extract
exhibited antimicrobial activity toward foodborne pathogens; (iii) fermentation was not an appropriate
technology for obtaining innovative antimicrobial compounds from H. elongate; (iv) HPP, which is
often used as a tool to improve the extraction of bioactive compounds from plant matrixes, did not
enhance the natural antimicrobial activity and phenolic content of this seaweed; and (v) the content of
the phenolic compounds decreased as a consequence of the fermentation process. Further studies are
required to better understand the compounds behind the antimicrobial activity of H. elongata extracts.

Author Contributions: Conceptualization, V.B., C.L., and P.M.; methodology, F.M., C.F., and A.R.; investigation,
F.M. and C.F.; data curation, S.G., F.M., and C.F.; writing—original draft preparation, F.M., C.F., and A.R.;
writing—review and editing, V.B., P.M., D.D.R., E.N., and C.L.; supervision, V.B. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Tajkarimi, M.M.; Ibrahim, S.A.; Cliver, D.O. Antimicrobial herb and spice compounds in food. Food Control
2010, 21, 1199–1218. [CrossRef]

2. Zbakh, H.; Chiheb, H.; Bouziane, H.; Sánchez, V.M.; Riadi, H. Antibacterial activity of benthic marine algae
extracts from the Mediterranean coast of Morocco. J. Microbiol. Biotechnol. Food Sci. 2012, 2, 219–228.

3. Hongayo, M.C.; Larino, R.C.; Malingin, D.L. Antibacterial and Antioxidant Effects of Brown Alga Padina
australis Hauck Crude Extract. IAMURE Int. J. Sci. Clin. Lab. 2012, 2, 13. [CrossRef]

4. Alghazeer, R.; Whida, F.; Abduelrhman, E.; Gammoudi, F.; Azwai, S. Screening of antibacterial activity in
marine green, red and brown macroalgae from the western coast of Libya. Nat. Sci. 2013, 5, 7–14. [CrossRef]

5. Saleh, B.; Al-Mariri, A. Antimicrobial Activity of the Marine Algal Extracts against Selected Pathogens. J. Agr.
Sci. Tech. 2017, 19, 1067–1077.

6. Watson, S.B.; Cruz-Rivera, E. Algal chemical ecology: An introduction to the special issue. Phycologia 2003,
42, 319–323. [CrossRef]

7. Heo, S.; Park, E.; Lee, K.; Jeon, Y. Antioxidant activities of enzymatic extracts from brown seaweeds. Bioresour.
Technol. 2005, 96, 1613–1623. [CrossRef]

8. Chandini, S.K.; Ganesan, P.; Bhaskar, N. In vitro antioxidant activities of three selected brown seaweeds of
India. Food Chem. 2008, 107, 707–713. [CrossRef]

9. Holdt, S.L.; Kraan, S. Bioactive compounds in seaweed: Functional food applications and legislation. J. Appl.
Phycol. 2011, 23, 543–597. [CrossRef]

10. Hintz, T.; Matthews, K.K.; Di, R. The Use of Plant Antimicrobial Compounds for Food Preservation. BioMed
Res. Int. 2015, 2015, 1–12. [CrossRef]

11. Chai, T.-T.; Tan, Y.-N.; Ee, K.-Y.; Xiao, J.; Wong, F.-C. Seeds, fermented foods, and agricultural by-products
as sources of plant-derived antibacterial peptides. Crit. Rev. Food Sci. Nutr. 2019, 59, 162–177. [CrossRef]
[PubMed]

12. Schnürer, J.; Magnusson, J. Antifungal lactic acid bacteria as biopreservatives. Trends Food Sci. Technol. 2005,
16, 70–78. [CrossRef]

13. Ennouali, M.; Ouhssine, M.; Ouhssine, K.; Elyachioui, M. Biotransformation of algal waste by biological
fermentation. Afr. J. Biotechnol. 2006, 5, 1233–1237.

14. Uchida, M.; Murata, M. Fermentative preparation of single cell detritus from seaweed, Undaria pinnatifida,
suitable as a replacement hatchery diet for unicellular algae. Aquaculture 2002, 207, 345–357. [CrossRef]

http://dx.doi.org/10.1016/j.foodcont.2010.02.003
http://dx.doi.org/10.7718/iamure.ijscl.v2i1.388
http://dx.doi.org/10.4236/ns.2013.51002
http://dx.doi.org/10.2216/i0031-8884-42-4-319.1
http://dx.doi.org/10.1016/j.biortech.2004.07.013
http://dx.doi.org/10.1016/j.foodchem.2007.08.081
http://dx.doi.org/10.1007/s10811-010-9632-5
http://dx.doi.org/10.1155/2015/246264
http://dx.doi.org/10.1080/10408398.2018.1561418
http://www.ncbi.nlm.nih.gov/pubmed/30663883
http://dx.doi.org/10.1016/j.tifs.2004.02.014
http://dx.doi.org/10.1016/S0044-8486(01)00792-X


Microorganisms 2020, 8, 248 13 of 15

15. Prachyakij, P.; Charernjiratrakul, W.; Kantachote, D. Improvement in the quality of a fermented seaweed
beverage using an antiyeast starter of Lactobacillus plantarum DW3 and partial sterilization. World J. Microbiol.
Biotechnol. 2008, 24, 1713–1720. [CrossRef]

16. Gupta, S.; Abu-Ghannam, N.; Scannell, A.G.M. Growth and kinetics of Lactobacillus plantarum in the
fermentation of edible Irish brown seaweeds. Food Bioprod. Process. 2011, 89, 346–355. [CrossRef]

17. Plaza, M.; Santoyo, S.; Jaime, L.; García-Blairsy Reina, G.; Herrero, M.; Señoráns, F.J.; Ibáñez, E. Screening for
bioactive compounds from algae. J. Pharm. Biomed. Anal. 2010, 51, 450–455. [CrossRef]

18. Eom, S.-H.; Kim, Y.-M.; Kim, S.-K. Antimicrobial effect of phlorotannins from marine brown algae. Food Chem.
Toxicol. 2012, 50, 3251–3255. [CrossRef]

19. Michell, C.; Lahaye, M.; Bonnet, C.; Mabeau1, S.; Barry, J.-L. In vitro fermentation by human faecal bacteria
of total and purified dietary fibres from brown seaweeds. Br. J. Nutr. 1996, 75, 263–280. [CrossRef]

20. Jun, X. Micromechanism of ultrahigh pressure extraction of active ingredients from green tea leaves.
Food Control. 2011, 22, 1473–1476. [CrossRef]

21. Jun, X. High-Pressure Processing as Emergent Technology for the Extraction of Bioactive Ingredients From
Plant Materials. Crit. Rev. Food Sci. Nutr. 2013, 53, 837–852. [CrossRef] [PubMed]

22. Cox, S.; Hamilton Turley, G.; Rajauria, G.; Abu-Ghannam, N.; Jaiswal, A.K. Antioxidant potential and
antimicrobial efficacy of seaweed (Himanthalia elongata) extract in model food systems. J. Appl. Phycol. 2014,
26, 1823–1831. [CrossRef]

23. Kim, S.-J.; Cho, A.R.; Han, J. Antioxidant and antimicrobial activities of leafy green vegetable extracts and
their applications to meat product preservation. Food Control. 2013, 29, 112–120. [CrossRef]

http://dx.doi.org/10.1007/s11274-008-9662-1
http://dx.doi.org/10.1016/j.fbp.2010.10.001
http://dx.doi.org/10.1016/j.jpba.2009.03.016
http://dx.doi.org/10.1016/j.fct.2012.06.028
http://dx.doi.org/10.1017/BJN19960129
http://dx.doi.org/10.1016/j.foodcont.2011.03.008
http://dx.doi.org/10.1080/10408398.2011.561380
http://www.ncbi.nlm.nih.gov/pubmed/23768146
http://dx.doi.org/10.1007/s10811-013-0215-0
http://dx.doi.org/10.1016/j.foodcont.2012.05.060


Microorganisms 2020, 8, 248 14 of 15

24. Medina-Remón, A.; Barrionuevo-González, A.; Zamora-Ros, R.; Andres-Lacueva, C.; Estruch, R.;
Martínez-González, M.-Á.; Diez-Espino, J.; Lamuela-Raventos, R.M. Rapid Folin–Ciocalteu method using
microtiter 96-well plate cartridges for solid phase extraction to assess urinary total phenolic compounds, as a
biomarker of total polyphenols intake. Anal. Chim. Acta 2009, 634, 54–60. [CrossRef] [PubMed]

25. Mena, P.; Martí, N.; Saura, D.; Valero, M.; García-Viguera, C. Combinatory Effect of Thermal Treatment and
Blending on the Quality of Pomegranate Juices. Food Bioprocess. Technol. 2013, 6, 3186–3199. [CrossRef]

26. R. The R Project for Statistical Computing. Available online: https://www.r-project.org/ (accessed on 16
October 2019).

27. Bates, D.; Mächler, M.; Bolker, B.; Walker, S. Fitting Linear Mixed-Effects Models Using lme4. J. Stat. Softw.
2015, 67, 48. [CrossRef]

28. Lee, S.-J.; Lee, D.-G.; Park, S.-H.; Kim, M.; Kong, C.-S.; Kim, Y.-Y.; Lee, S.-H. Comparison of biological
activities in Sargassum siliquanstrum fermented by isolated lactic acid bacteria. Biotechnol. Bioprocess. Eng.
2015, 20, 341–348. [CrossRef]

29. Gupta, S.; Abu-Ghannam, N.; Rajauria, G. Effect of heating and probiotic fermentation on the phytochemical
content and antioxidant potential of edible Irish brown seaweeds. Bot. Mar. 2012, 55, 527–537. [CrossRef]

30. Uchida, M.; Miyoshi, T. Algal Fermentation—The Seed for a New Fermentation Industry of Foods and
Related Products. JARQ 2013, 47, 53–63. [CrossRef]

31. Pina-Pérez, M.C.; Rivas, A.; Martínez, A.; Rodrigo, D. Antimicrobial potential of macro and microalgae
against pathogenic and spoilage microorganisms in food. Food Chem. 2017, 235, 34–44. [CrossRef]

32. Sridhar, K.R.; Vidyavathi, N. Antimicrobial Activity of Seaweeds. Acta Hydrochim. Hydrobiol. 1991, 19,
455–496. [CrossRef]

33. Mishra, A.K. Sargassum, Gracilaria and Ulva Exhibit Positive Antimicrobial Activity against Human
Pathogens. OALib 2018, 5, 1–12. [CrossRef]

34. Nshimiyumukiza, O.; Kang, S.-K.; Kim, H.-J.; Lee, E.-H.; Han, H.-N.; Kim, Y.; Kim, D.-H.; Kim, J.-H.;
Eom, S.-H.; Kim, Y.-M. Synergistic Antibacterial Activity of Ecklonia cava (Phaeophyceae: Laminariales)
against Listeria monocytogenes (Bacillales: Listeriaceae). Fish. Aquat. Sci. 2015, 18, 1–6.

35. Rajauria, G.; Jaiswal, A.K.; Abu-Gannam, N.; Gupta, S. Antimicrobial, antioxidant and free radical-scavenging
capacity of brown seaweed Himanthalia elongata from western coast of Ireland: Antimicrobial and antioxidant
properties of irish seaweed. J. Food Biochem. 2013, 37, 322–335. [CrossRef]

36. Hollants, J.; Leliaert, F.; De Clerck, O.; Willems, A. What we can learn from sushi: A review on
seaweed-bacterial associations. FEMS Microbiol. Ecol. 2013, 83, 1–16. [CrossRef]

37. Pérez, M.; Falqué, E.; Domínguez, H. Antimicrobial Action of Compounds from Marine Seaweed. Mar. Drugs
2016, 14, 52. [CrossRef]

38. Moayedi, A.; Hashemi, M.; Safari, M. Valorization of tomato waste proteins through production of antioxidant
and antibacterial hydrolysates by proteolytic Bacillus subtilis: Optimization of fermentation conditions. J. Food
Sci. Technol. 2016, 53, 391–400. [CrossRef]

39. Kantachote, D.; Charernjiratrakul, W.; Umsakul, K. Antibacterial Activities of Fermented Plant Beverages
Collected in Southern Thailand. Antibact. Act. Fermented Plant. Beverages Collect. South. Thail. 2008, 8,
1280–1288. [CrossRef]

40. Marinho, G.S.; Sørensen, A.-D.M.; Safafar, H.; Pedersen, A.H.; Holdt, S.L. Antioxidant content and activity of
the seaweed Saccharina latissima: A seasonal perspective. J. Appl. Phycol. 2019, 31, 1343–1354. [CrossRef]

41. Rodríguez-Bernaldo de Quirós, A.; Frecha-Ferreiro, S.; Vidal-Pérez, A.M.; López-Hernández, J. Antioxidant
compounds in edible brown seaweeds. Eur. Food Res. Technol. 2010, 231, 495–498. [CrossRef]

42. Lopes, G.; Barbosa, M.; Vallejo, F.; Gil-Izquierdo, Á.; Andrade, P.B.; Valentão, P.; Pereira, D.M.; Ferreres, F.
Profiling phlorotannins from Fucus spp. of the Northern Portuguese coastline: Chemical approach by
HPLC-DAD-ESI/MS and UPLC-ESI-QTOF/MS. Algal Res. 2018, 29, 113–120. [CrossRef]

43. Vissers, A.M.; Caligiani, A.; Sforza, S.; Vincken, J.-P.; Gruppen, H. Phlorotannin Composition of Laminaria
digitata. Phytochem. Anal. 2017, 28, 487–495. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.aca.2008.12.012
http://www.ncbi.nlm.nih.gov/pubmed/19154810
http://dx.doi.org/10.1007/s11947-012-0961-z
https://www.r-project.org/
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.1007/s12257-015-0112-2
http://dx.doi.org/10.1515/bot-2011-0052
http://dx.doi.org/10.6090/jarq.47.53
http://dx.doi.org/10.1016/j.foodchem.2017.05.033
http://dx.doi.org/10.1002/aheh.19910190502
http://dx.doi.org/10.4236/oalib.1104258
http://dx.doi.org/10.1111/j.1745-4514.2012.00663.x
http://dx.doi.org/10.1111/j.1574-6941.2012.01446.x
http://dx.doi.org/10.3390/md14030052
http://dx.doi.org/10.1007/s13197-015-1965-2
http://dx.doi.org/10.3923/jbs.2008.1280.1288
http://dx.doi.org/10.1007/s10811-018-1650-8
http://dx.doi.org/10.1007/s00217-010-1295-6
http://dx.doi.org/10.1016/j.algal.2017.11.025
http://dx.doi.org/10.1002/pca.2697
http://www.ncbi.nlm.nih.gov/pubmed/28612431


Microorganisms 2020, 8, 248 15 of 15

44. Hermund, D.B.; Plaza, M.; Turner, C.; Jónsdóttir, R.; Kristinsson, H.G.; Jacobsen, C.; Nielsen, K.F.
Structure dependent antioxidant capacity of phlorotannins from Icelandic Fucus vesiculosus by
UHPLC-DAD-ECD-QTOFMS. Food Chem. 2018, 240, 904–909. [CrossRef] [PubMed]

45. Arnold, T.M.; Targett, N.M. To grow and defend: Lack of tradeoffs for brown algal phlorotannins. Oikos
2003, 100, 406–408. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.foodchem.2017.08.032
http://www.ncbi.nlm.nih.gov/pubmed/28946360
http://dx.doi.org/10.1034/j.1600-0706.2003.11680.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample Preparation 
	Standards and Reagents 
	Bacterial Strains Used for Fermentation 
	Set-Up of Fermentation Conditions and Monitoring 
	High-Pressure Processing (HPP) 
	Extraction Process 
	Pathogenic Strains 
	Evaluation of Antimicrobial Activity In Vitro 
	Total Phenolic Content 
	UHPLC-ESI-MS2 Analysis 
	Statistical Analyses 

	Results and Discussion 
	Himanthalia elongata Fermentation 
	Antimicrobial Activity toward Foodborne Pathogens 
	Total Phenolic Content 
	Phlorotannin Identification by UHPLC-MS2 Analysis 

	Conclusions 
	References

