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Gentlemen, it is the microbes who will have the last word.

Louis Pasteur
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Abstract

In order to guarantee food security for the future decades, food scientists are focusing their
studies on the search for novel food sources with a low impact on the environment and that
at the same time could represent a valuable source of nutrients. In these respects, seaweeds
and microalgae have the right characteristics. Algae are a heterogeneous group of organisms
characterized by the ability to perform photosynthesis. Algae are commonly divided into
macro and microalgae. Macroalgae are eukaryotic pluricellular organisms while microalgae
are unicellular prokaryotic or eukaryotic organisms. Given their composition, algae are an
appropriate food source for consumers because they present low calories content and a high
presence of nutrients such as essential amino acids, proteins, dietary fibers, vitamins,
minerals and bioactive compounds. Their abundance in bioactive compounds confers to
algae a great potential for food, nutraceutical and pharma industries. Several bioactivities
have been accredited to algae: antimicrobial, antioxidant, antidiabetic, anti-inflammatory
and immunomodulation action, and the use as functional ingredients of these organisms for
the development of therapeutic agents is widely studied. For those reasons, greater
employment of microalgae and seaweeds in food production could be a possible solution to
guarantee food security for the next decades. Considering this premise and the great
potential of this group of organisms, the aim of this thesis is to study three different aspects
connected to the use of algae in food formulations. In particular, was studied the use of
food-grade seaweed and microalgae extracts as natural preservatives in foods assessed
through in vitro and in situ tests. An overview of food safety aspects connected to the use
of algae in food was reported. Interactions of microalgae and lactic acid bacteria were

evaluated in order to produce novel food productions or food supplements.



Introduction and aim of the thesis




Algae and Novel foods

According to the data reported by FAO and by many studies (Grafton et al., 2015; McKenzie
& Williams, 2015), in 2050 the world population will reach 9.7 billion people. In order to
guarantee food security for everyone, food production must be doubled. Though, increasing
food accessibility and food production is not enough. Is necessary to produce food in ways
that enable continuous provisions, by not degrading our ability to produce food in the next
years and do not compromise significant ecosystems (Grafton et al., 2015). An irresponsible
food production, and industrialization, could damage irreversibly the planet in terms of loss
of water supplies, climate change and loss in terms of animal and plant species. In this
regard, even if known and used for centuries, interest in algae (seaweeds and microalgae)
as anew food source has increased in recent decades. Unlike plants and other food products,
seaweeds do not require the use of fresh water and can grow in the seas thus occupy three
quarters of the earth's surface. Also microalgae are a more sustainable production if
compared to traditional crops: they ensure valuable proteins source without occupying

cultivable land.

Though, food production is changing, not just because of the need for more sustainable

productions, but also because of new food choices.

Rising cultural diversity, globalization and the search for sustainable and healthy foods are

the main reason for these changes and constant research for new food sources.
For that reason, many “novel foods” are approved lately by EFSA.

Many algae and its derivatives are defined as "novel food". These were governed by EU
food legislation with Regulation (EC) 258/97, applied to all those food products and
compounds for which there is no demonstrable "significant" consumption until May 15,
1997 within the European Union. This Regulation introduced the concept of "novel food"

but was later replaced by the new Regulation (EU) 2015/2283, effective from 1 January 2018,
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which makes simpler the terms for introducing new foods on the EU while guaranteeing
food safety for consumers. The purpose of the current regulation is to ensure the effective
functioning of the internal market while ensuring a high level of protection of human health
and consumer interests. The term novel food covers food obtained from new sources, new
ingredients used in food formulations as well as not traditionally used technologies for food

production.

Although, many species of seaweeds and microalgae are already sold and produced in

Europe without the “Novel food” wording because significantly consumed before 1997.

Algae are increasingly being marketed as "bio-functional or bio-nutraceutical" foods; these
terms do not have legal status in many countries but describe foods that contain bioactive
or phytochemical compounds that can bring health benefits beyond the role of basic
nutrition (Hafting et al., 2012). Because of their composition, algae are a food source
appropriate for every kind of consumer because of their low calories content and the high
presence of nutrients such as essential amino acids, proteins, dietary fibers, vitamins,
minerals and bioactive compounds. Their richness in bioactive compounds confers them a
great potential for the food and pharma industries. Indeed, these organisms are used as food
supplements, nutraceuticals, functional food ingredients and food hydrocolloids.
Moreover, studies about the exploitation of algae are growing fast, not only in food and in
pharma industries, but also in the energetic sector. Algae are the main population in aquatic
environments, from billions of years their photosynthetic ability to absorb CO: and produce

O: allow the survival on earth exerting the most important oxygenating action.

Several activities have been credited to these organisms: antimicrobial, antioxidant,
antidiabetic, anti-inflammatory and immunomodulation action and the use as functional
ingredients of these classes of organisms for the development of therapeutic agents is
studied. For these reasons, implementing the use of algae in food production could be the

tirst step to guarantee food security for the next decades.



Seaweeds

Because of the abundance along the coasts of Asia, seaweeds are part of traditional diets
and are widely consumed by the eastern population. Numerous algal species are used as
food in Asian countries, and China and Indonesia are by far the countries that most
contribute to global production (Buschmann et al., 2017). What distinguishes seaweeds from
plants is the lack of differentiated organs, the absence of vascularization useful for the
transport of nutrients and the lack of specialized tissues, therefore they do not have the
characteristic distinction in stem, leaves and roots. Their multicellular structure is defined
as thallus (Thallophyte) and can be unicellular or multicellular, with microscopic or
macroscopic structures, the dimensions, therefore, vary from a few centimeters to several
meters. They are photoautotrophic organisms, very heterogeneous and ubiquitous: in fact,

they reside in different habitats such as seas, rivers and lakes.

Because of the need to survive several stresses, they have a strong and flexible structure

composed of carbohydrates, making up 76% of the dry weight (Holdt & Kraan, 2011).

One interesting nutritional property of algae is the content of polyphenols, which constitute
the largest group of secondary metabolites; they include a diversified number of chemical
compounds, consisting of a hydroxyl group bonded to an aromatic hydrocarbon group (Cox
et al., 2010). Polyphenols’ structures can vary from more simple molecules, such as phenolic

acids, to bigger and more complex such as phlorotannins.

The potential of seaweeds as food also lies in their protein content. Seaweeds are generally
composed of 10 to 47% of dry weight of proteins, and it depends on the growing season and
on species (Pangestuti & Kim, 2015). Algal bioactive proteins and peptides have been shown
to have antihypertensive, anticoagulant and antioxidant activity (Harnedy & FitzGerald,
2011). An important role is played by lectin and phycobiliprotein. The lipid content in algae

is lower compared to other nutrients; such organisms can contain up to 1-5% by dry weight



of total lipids (Miyashita et al., 2013). However, it is a powerful functional lipid source due
to the high value of omega-3, such as eicosapentaenoic acid and stearidonic acid, and

omega-6 (Holdt & Kraan, 2011).

Given the heterogeneous characteristics and the number of algae, their classification is
constantly being revised. The most common classification is based on the type of pigments
contained in the photosynthetic system and, depending on these, there are three important
divisions: red algae (Rhodophyta), green algae (Chlorophyta) and brown algae (Phaeophyta)
(Ferrara, 2020).

Red algae are characterized by a typical red-violet color of the thallus, due to the presence
of three main pigments: two phycobiliproteins like phycoerythrins (red pigment) and
phycocyanins (blue pigment) that, associated to chlorophyll, generate the typical red/purple
color. Studies have shown that the nutrient content of this kind of seaweed can be exploited
in human health applications, with purported benefits such as antiviral, anti-inflammatory

and anticoagulant properties (Holdt & Kraan, 2011).

Red algae are characterized by a variable composition in amino acids and proteins such as
phycobiliproteins, high presence of sulfated polysaccharides such as carrageenans, agarans
and galactans, minerals, polyphenols and lipids (Cian et al., 2015; Ferrara, 2020). The most
important role that red seaweed play in food industries is for the extraction of
polysaccharides such as Agarose and Carrageenan that are used as stabilizing and gelling

agents, in particular in yogurts and jams, and in many other food productions.

Red seaweeds present a protein concentration that varies from 10 to almost 50% and are the
macroalgae with the highest amount of proteins. These proteins have proved a series of
important bioactivities such as antioxidant, anti anemic and antidiabetic (Admassu et al.,

2018).

Chlorophyta, known as green algae, is a heterogeneous group that includes both multicellular
and single-celled organisms. The green color that characterizes them is due to the presence

of chlorophylls mixed with xanthophylls. These seaweeds are consumed as food because of
10



their very varied and valuable composition. The presence of fatty acids (Omega 3); Vitamin
B and C, carotenoids and minerals make them a valuable food supplement. The most
consumed species is Ulva lactuca, a bright green seaweed that populates the Mediterranean
Sea and cold-temperate waters. Green algae are also constituted by ulvans, a sulfated

polysaccharide that has exerted many bioactivities (Jaulneau et al., 2010).

The Phaeophyta (brown algae) are marine algae that present a great diversity in shapes and
sizes of the thallus. The brown color is due to the presence of a high variety and quantity of
xanthophylls (fucoxanthin) and other pigments (phlorotannins). Fucoxanthin is the most
copious of all carotenoids that compose Phaeophyta and plays a vital role in the protection
and in photosynthetic functions (Peng et al., 2011). The presence of xanthophylls allows the
organisms to perform photosynthesis at high depths in the oceans. They also contain
chlorophyll a and ¢ and B-carotene. The presence of sulfated polysaccharides like fucoidan
is also really important. Fucoidan consists of sulfated L-fucose and small portions of
glucose, galactose, xylose, mannose and uronic acids. It has a complex chemical nature and
shows different structures depending on the type of alga from which it is isolated. It is a
fundamental part of the algal cell wall. Various biological properties have been accredited
to fucoidans including anti-inflammatory, antiproliferative, antiviral and anticoagulant

(Elizondo-Gonzalez et al., 2012; Li et al., 2008).
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Microalgae

Microalgae are single-celled organisms that live in all the aquatic environments such as,
oceans and seas, rivers and ponds, hypersaline lakes and even in extreme ecosystems like
deserts and arctic (Rathinam et al., 2014). These microorganisms can be subdivided into
eukaryotic and prokaryotic algae, but the common characteristic is the ability to perform
photosynthesis and convert light energy and carbon dioxide (COz2) into biomass and O..
Because of a simple cellular structure, easy access to water sources, CO:z and other nutrients,
their photosynthetic ability is much more efficient in converting solar energy into biomass
than land-based plants. Differently from the traditional feedstock, microalgae have higher
productivity in terms of biomass. For those reasons and their valuable composition, they
are considered one of the most promising sources of food for the future. Furthermore,
microalgae do not need to be grown on arable land, can be grown on seawater or on residual

nutrients.

But what makes microalgae one of the most interesting sources as a food of the future is
their composition in nutrients. Overall, protein is the most important organic component.
Numerous eukaryotic microalgae and cyanobacteria can synthesize high protein content,
(C. vulgaris 51-58%, and A. platensis 60-65%). What makes the protein composition even
more interesting, is the ability, for some microalgae like A. platensis, to synthesize essential
amino acids (Ghaeni et al., 2014). The second most abundant components of microalgae are
carbohydrates. In particular, polysaccharides are fundamental to store energy mainly as
cellulose, starch and glycogen. Many microalgae species are also able to produce
exopolysaccharides that confer to cells a mucilaginous structure making them more
resistant to stress. Interest in microalgae carbohydrates is growing due to many related
bioactivities and to industrial and biotechnological applications. Another important

component of microalgae cells are lipids. The lipid content of microalgae is variable and it
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can reach 40% in some species. Generally, algal oils are composed of polyunsaturated fatty
acids that can be commercialized for nutraceutical and pharmaceutical applications such as
omega-3 (w-3) a-linolenic (ALA, C18: 3), eicosapentaenoic (EPA, C20: 5) and
docosahexaenoic (DHA, C22: 6) acids and omega-6 (w-6) including linoleic (LA, C18: 2), y-
linolenic (GLA, C18: 3) and arachidonic (ARA, C20: 4) acids (Koller et al., 2014). The ability
of certain microalgae to produce lipids has brought scientists to study these organisms not
only as a source of food and feed. Many studies focus on the possibility to use microalgal
oils to substitute fossil oils. Other fundamental components of microalgae are pigments.
Three major groups of algal pigments, responsible for their color, are found in microalgae
and are essential for light-harvesting, protection of cells against overexposure to light, CO:
tixation. The three classes of pigments are chlorophylls, which provide a green coloration,
carotenoids (in particular, carotenes and xanthophylls are responsible for orange and yellow
pigmentation respectively), and phycobilins (phycocyanin and phycoerythrin) (Koller et al.,
2014). Chlorophylls are green pigments essential for photosynthesis and play an important
role in food production as a food colorant (E140). Carotenoids are light-harvesting pigments
that support chlorophylls to absorb light. They play another essential action as antioxidants
able to deactivate reactive oxygen species (ROS) formed by overexposure to too many solar
radiations (Matos, 2017). The presence of carotenoids in microalgae has gained the attention
of the food and pharma industries. The most important carotenoids in microalgae, from an
industrial point of view, are 3 carotene and astaxanthin. These two pigments are extracted
from two green microalgae, Dunaliella salina and Hematococcus pluvialis. These compounds
are used as antioxidants in food and food supplements, as feed for aquaculture to confer to
fishes a more pleasant coloration, and in pharmacological products because of bioactivities.
Phycobilins (phycocyanin and phycoerythrin) are bilins responsible for capture light in
many microalgal phyla. These compounds are useful in many biotechnological and food
applications. At the moment, phycobiliproteins are the compounds resultant from

microalgae with the most important market values (Koller et al., 2014). Phycocyanins are
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used as a blue natural colorant in the food industry, as a constituent of functional foods, and

also as an antioxidant in cosmetic products (Ariede et al., 2017).

Some species of microalgae, mostly Dynoflagellates and cyanobacteria, can produce algal
toxins. These potent toxins can be found both in seawater and in freshwater contaminating
drinking water or fish and molluscs. Because of their stability to high temperatures, these
toxins are still present after cooking. Algal toxins are generally present consequently to algal
blooms in oceans and seas all over the world and can lead to harming of humans, through
food or directly in contact, fish die-offs and close of fisheries. Algal toxins can cause many
poisoning syndromes like: diarrhoeic shellfish poisoning (DSP), neurotoxic shellfish
poisoning (NSP), amnesic shellfish poisoning (ASP), ciguatera fish poisoning (CFP), and
paralytic shellfish poisoning (PSP). Because of climate change, algal blooms is expected to
increase the frequency in coastal areas. This growing phenomenon will have negative
impacts on food security, human health but also on tourism and the local economy (Gobler,

2020).

Microalgae are for sure one of the best resources for future food production and
biotechnology, but because of climate change, they will become also a possible threat to
human health. For that reason, is important to study algae in the food system not only as a

resource but also as a possible threat for consumers.
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Aim of the thesis

This Ph.D. project was aimed to exploit the impact of algae in food application. The study

covered various aspects of the use of algae in food ranging from safety aspects to new

application perspectives for product improvements.

Chapter 1- Antimicrobial activity of algae and food applications- aims to assess the
antimicrobial activity of food-grade extracts obtained from seaweeds and
microalgae. A novel approach based on impedometric technique and fluorescence
microscopy was applied to study the minimal inhibitory concentration and the
minimal bactericidal concentration of algae extracts towards pathogenic and spoilage
microorganisms. It was also evaluated how fermentation and high pressure can

influence the antimicrobial activity of a seaweed extract.

In Chapter 2 - Algae and food safety- are addressed food safety aspects related to
algae. In particular, it is evaluated if algae-based products, already present in the
market as Ready to Eat foods, may arise microbiological food safety issues for
consumers. Moreover, the interaction among lactic acid bacteria with two marine
toxins, an algal and a bacterial toxin as common seafood contaminants, was

investigated with the aim to open up perspectives for a bioremediation process.

Chapter 3- Microalgae and lactic acid bacteria: interactions in formulations- aims
to study the interaction of lactic acid bacteria and microalgae in formulations. The
stimulatory activity of A. platensis on lactic acid bacteria used as starter for fermented
foods production was assessed. It was also investigated the production of a
termented food supplement based on A. platensis focusing on changes in the volatile

profiles of the products due to fermentation. Finally, with the aim to evaluate if lactic
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acid fermentation is a good tool to enhance the bioactivity of algae, it is presented a
study in which was investigated the lipid reduction activity of fermented microalgae

extracts through the Nile red zebrafish fat metabolism assay.
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Abstract

Research is every day more focused on studying and selecting food preservatives of
natural origin. In this scenario, algae are an excellent source of bioactive compounds,
among which antimicrobials, whose presence is really variable depending on the algal
species and environmental conditions. The aim of the present study was to obtain, by a
food-grade approach, antimicrobial extracts from 5 species already approved as foods and
to test their efficacy in vitro (agar well diffusion assay) and in situ (microbial challenge test)
towards foodborne pathogenic bacteria. Moreover, the total phenolic compounds of the
extracts were determined in order to evaluate possible correlations with the antimicrobial
activity. Strains belonging to Salmonella spp., Listeria monocytogenes, Escherichia coli,
Staphylococcus aureus, and Bacillus cereus were considered. Overall, the extracts showed
good antimicrobial activity in vitro towards all the tested microorganisms, especially L.
monocytogenes (15 mm of inhibition diameter). The effect of inhibition was monitored
during 24, 48 and 120 hours showing a good persistence in time. Arthrospira platensis
exerted the highest efficacy, further revealed towards L. monocytogenes on salmon tartare
as bacteriostatic using 0.45% of the extract and bactericidal using 0.90% of the extract. The
presence of phenolic compounds could be related to the antimicrobial activity but was not
revealed as the main component of this activity. The extract with the highest phenolic
content (18.79 + 1.90 mg GAE/g) was obtained from Himanthalia elongata. Anyway, the
efficacy confirmed also in a food matrix might open perspectives for their applications as

food preservatives.
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Introduction

Seaweeds and microalgae are becoming progressively popular as food in western countries,
and some species in particular are recognized as a valuable source of healthy compounds
(Gupta & Abu-Ghannam, 2011; Holdt & Kraan, 2011; Samarakoon & Jeon, 2012). Algae are
indeed a good supply of bioactive and functional constituents for diet, such as essential
amino acids, polyunsaturated fatty acids, fibers, vitamins, phytosterols and minerals
(Niccolai et al., 2019). Twenty million tons of seaweeds are worldwide harvested every year
and half of the production is destined for human consumption in form of dried products
(Buschmann et al., 2017). Also Arthrospira platensis, an edible cyanobacterium commercially
known as spirulina, is commonly employed as food supplement because of its nutritional
value (Andrade, 2018; Batista et al., 2017). Many bioactivities have been attributed to algae
including antioxidant, antidiabetic, anti-inflammatory and immunomodulation actions.
Lately, many studies involving the implementation of algae in food formulations to obtain
or enhance functional and nutritional properties of food have been presented (Camacho et
al., 2019; Torres et al., 2017; Zouari et al., 2011).

Antimicrobial activity, among the other properties, has been proved for some algae
(Alghazeer et al., 2013; Hongayo et al., 2012; Pérez et al., 2016; Saleh & Al-Mariri, 2017;
Zbakh et al., 2012) even if at a variable extent according to several factors such as: i. species,
Phaeophyceae, for instance, are described as the most effective against foodborne pathogenic
bacteria; ii. chemical composition, which varies according to collecting area and season; iii.
type of solvent used in the extraction process, indeed ethanolic and methanolic extracts are
very effective against Gram-negative and Gram-positive bacteria; iv. the concentration of
the extract (Pina-Pérez et al., 2017). Some algal species and bioactive molecules extracted
from them fall into the category of "novel food" introduced by Regulation (EC) 258/97. This
applies to all food products and substances that weren’t significantly consumed until May
15, 1997 within the European Union. This Regulation was subsequently replaced by the new

Regulation (EU) 2015/2283, which simplifies the conditions for introducing new foods on
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the EU market maintaining a high level of food safety. (Zarba et al., 2020) The algal species
used in this work are already approved as food by EFSA, making easier the use of their
extract in food formulations.

The proliferation of foodborne bacterial pathogens in foods endanger consumers’ safety
since these microorganisms are responsible for infections or intoxications. Preservatives are
commonly used in food products to inhibit microbial growth but consumers’ concern due
to their possible harmful effects on health has generated an increasing demand for foods
free from synthetic additives (Souza et al., 2006). Therefore, the role of algal extracts as
antimicrobial agents against foodborne pathogens might guarantee food safety by
combining the requests of consumers for products with a "clean labels” status.

In this context the aim of the present study was to: i) obtain antimicrobial extracts from algae
approved as food, such as Himanthalia elongata, Laminaria spp., Palmaria palmata and Undaria
pinnatifida, using a food-grade extraction, and test their efficacy in vitro towards the main
foodborne pathogens (Salmonella spp., L. monocytogenes, E. coli, S. aureus, and B. cereus), by
agar well diffusion assay; ii) evaluate in situ, on salmon tartare as food model, the efficacy
of the most performing extract by microbiological challenge test; iii) evaluate the role of total

phenolic compounds of the extracts on the antimicrobial activity.
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Materials and Methods

Algae samples

Four species of seaweeds (H. elongata, Laminaria spp., P. palmata and U. pinnatifida) and a
cyanobacterium (A. platensis) were overall considered. Dried samples were purchased on
the Italian market considering two different producers for each species, in order to evaluate
variability within the same. The 10 samples were grinded with Oster 890-48H mixer

(Recampro, Spain) and maintained at room temperature in darkness until use.

Extraction process

With the purpose to extract compounds with potential antimicrobial activity such as small
peptides, polyphenols and organic acids, an extraction process was carried as described by
Martelli et al (2020)(Martelli, Favari, et al., 2020). In particular, 10 g of grinded sample were
extracted with 100 mL of ethanol/water (70:30 v/v) acidified with 1% formic acid (CH20z). A
double extraction was performed, alternating twice a shaking cycle in an HS 501 digital shaker
(IKA) (Staufen- Germany) at 200 strikes/minute to a sonication one in Ultrasonic Cleaner
sonicator (VWR, United States), each lasting 15 minutes. The sample was then centrifuged
(Eppendorf 5800 Centrifuge, Model 5810R, Hamburg, Germany) at 12857xg for 10 minutes at
10 °C. The solution was filtered on a paper filter to recover the solid part so as to proceed to
the second extraction. The two extracts obtained were combined and dried under vacuum on
a rotary evaporator Strike 300 (Steroglass, Italy, PG) at 4xg with a bath temperature of 40 °C.
The dried extracts obtained were dissolved in sterile bi-distilled water to obtain 250 mg/ml
solutions. For each species, two extracts were obtained (I and II). All the extractions were

carried out in duplicate in order to test the reliability of the extraction method.
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Foodborne pathogenic strains

The antimicrobial activity of the extracts was tested towards 14 strains belonging to the main
foodborne pathogenic bacteria: Salmonella spp. (S. enterica ATCC 14028; S. enterica serotype
Rissen and Salmonella spp. suini), Listeria monocytogenes (LM30; LMG 21264 and LMG 13305),
Escherichia coli (DSM 9025; DSM 10973 and POM 1048), Staphylococcus aureus (NCTC 9393;
ATCC 6538 and ATCC 19095) and Bacillus cereus (31 and 33). These strains belong to the
collection of the Department of Food and Drug (University of Parma, Italy) and to
international collections: National Collection of Type Cultures (NCTC), Belgian Coordinated
Collection of Microorganisms (BCCM), American Type Culture Collection (ATCC), and
Deustsche Sammlung von Mikroorganismen (DSM). Bacteria were kept at -80 °C in Tryptone
Soya Broth (TSB) (Oxoid, Basingstoke, UK) supplemented with 12.5% glycerol (v/v). Before
use, they were revitalized twice by inoculum (3% v/v) in TSB (Oxoid) supplemented with

0.6% of yeast extract and then incubated for 16 hours at 37 °C in aerobic conditions.

Evaluation of the in vitro antimicrobial activity

An agar well diffusion assay was carried out in order to evaluate the antimicrobial activity of
the extracts (Martelli, et al., 2020 a; Ricci et al., 2019). The pathogenic bacteria were diluted to
a concentration of 8 Log CFU/mL and seeded on Tryptone Soya Agar (TSA) (Oxoid) by using
sterile swabs. Then, wells having a diameter of 7 mm were created by means of sterile tips in
the agar and filled with 30 uL of each extract. The antimicrobial activity was evaluated by
measuring the diameter of the inhibition zone (mm) after 24, 48 and 120 hours of incubation
at 37 °C in aerobic conditions. Water was used as negative control. Average values + standard

deviations were reported and the analyses were performed in triplicate.
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Microbiological Challenge Test

Specific studies are recommended to gather experimental data in case the behavior of a
microorganism in a product is not well known (Codex Alimentarius., 2002). For this purpose,
microbiological challenge test (MCT) allows to evaluate if an artificially inoculated organism
can survive or develop in a specific product, determining the eventual reaching of
unacceptable levels (Notermans & in't Veld, 1994). In the case of L. monocytogenes, the
refrigerated storage cannot be considered a sufficient parameter to inhibit its growth (Chan
& Wiedmann, 2008) and MCT becomes an important tool to monitor its behavior in ready-to-
eat (RTE) foods and to evaluate the efficacy process parameters or ingredients used as
preservatives. In the present work, the extract that has shown the highest in vitro efficacy was
selected to test the antimicrobial activity in situ. The test was conducted as described by
Bernini et al. (2013) with some modifications (Bernini et al., 2013). A MCT was designed in a
salmon tartare, chosen as a food model, considering two different extract concentrations, 0.45
and 0.9% (v/w), corresponding to 4.5 mg/g and 9.0 mg/g respectively in the product. Negative
samples, consisting of salmon tartare without any addition of the extract, were also
considered. The antimicrobial activity was tested towards a mixture of the three L.
monocytogenes strains used for the in vitro test (LM30, LMG 21264 and LMG 13305) and
revitalized as previously described (2.3). The salmon tartare, added or not with the extract,
was then contaminated in order to obtain a final concentration of 4 Log CFU/g of L.
monocytogenes in the product. Tartare was then mixed to distribute evenly the contamination,
portioned and stored at refrigeration temperatures for four days to simulate domestic
conservation. L. monocytogenes was monitored just after inoculum (T0), after 24h (T1), 48h (T2),
72h (T3) and 96h (T4) of shelf life by plate count on Agar Listeria acc. to Ottaviani & Agosti
(ALOA) (Biolife, Milan, Italy) after incubation at 37°C for 24 hours. Analysis were performed

in triplicate and average values + standard deviations were reported.
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Chemicals

Ethanol, methanol and formic acid used for extraction procedures were obtained from Sigma-
Aldrich (St. Louis, MO, USA), while bi-distilled water was in house produced by a Millipore
Alpha Q purification system (Waters, Billerica, MA, USA). Sodium carbonate and gallic acid
utilized for the determination of phenol content were purchased from Sigma-Aldrich (St.
Louis, MO, USA), while Folin-Ciocalteu’s phenol reagent solution was obtained from VWR

(Milano, Italy).

Total phenolic amount determination

The determination of the total phenolic content was performed following the protocols
reported by Cox et al. (2010) with some modifications. In particular, 0.10 g of seaweed extract
were weighed, added with 10 mL of a methanol/bi-distilled water solution (70/30, v/v) and
extracted at room temperature by constant shaking on a shaker HS 501 digital (IKA, Staufen,
Germany) at 200 strokes/minute for 30 minutes. Then, the solutions were centrifuged at 5000
rpm for 10 minutes at room temperature using a Centrifugette 4206 centrifuge (Alc
International, Pévy, France). 200 pL of sample extracted were then added with 1 mL of Folin-
Ciocalteu’s phenol reagent solution, previously diluted in bi-distilled water (1/10, v/v), and 2
mL of aqueous sodium carbonate (20 %, w/v), and incubated in the dark for 30 minutes. After
this step, the absorbance of the solution was measured at 760 nm by a JASCO V-530
spectrophotometer (Easton, MD, USA). Blank was prepared and analyzed following the same
procedure. The total phenolic amount was calculated as mg gallic acid equivalent per g (mg
GAE/g) from a calibration curve obtained by measuring the absorbance at 760 nm of 5 gallic
acid solutions at different concentrations: 0.01, 0.025, 0.05, 0.075 and 0.1 mg/g. All the
extractions and analyses were repeated twice, while for each extract and standard solution

the absorbance measurement was performed in triplicate.
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Statistical analysis

The statistical analysis was carried out by testing a univariate multifactorial ANOVA using
the GLM software SAS University edition. With the significance test (P value <0.05) a first
analysis was carried out in which the inhibition halo was placed as a dependent variable,
while extract, contact time and algae species corresponded to the independent variables.
Subsequently, a post-hoc TEST (Tukey) was carried out. The antimicrobial activity of the
different extracts obtained from the same algae species (I and II) was compared and evaluated
against each pathogenic strain at different contact times. Statistical elaborations of the results
obtained from total phenolic content determination were performed with IBM SPSS Statistics
23. In particular, two tailed T-test for independent samples was applied to determine a
significant difference (p<0.05) between extracts I and II corresponding to different samples of
the same algae species. Conversely, to define analogies and/or differences among samples
belonging to different species, one-way ANOVA analysis was applied using Tukey test and

the results were considered different for values of p <0.05.
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Results

In vitro antimicrobial activity

The in vitro antimicrobial activity of the extracts was evaluated by agar well diffusion assay
as described by Martelli et al. (2020) (Martelli, Favari, et al., 2020) i. This test is based on the
measurement of the inhibition zone on a layer of bacterial cells, after the spreading in the
culture medium of the extracts to be tested. Fourteen foodborne pathogenic strains
belonging to Salmonella spp., L. monocytogenes, E. coli, S. aureus, and B. cereus were
considered. The extracts activities were determined by evaluating the dimension of the
inhibition zone (mm in diameter) around the well after 24, 48, and 120 h of incubation at
37°C. In Figure 1 the heatmap representing in color scale the inhibition effect towards each

foodborne pathogen along time is reported.
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A
24h Salmonella spp. L.monocytogenes E.coli S.aureus B.cereus
Himanthalia elongata
Arthrospira platensis
Laminaria spp.

Palmaria palmata

Undaria pinnatifida

B
48h

Himanthalia elongata
Arthrospira platensis
Laminaria spp.
Palmaria palmata
Undaria pinnatifida

120h
Himanthalia elongata
Arthrospira platensis
Laminaria spp.
Palmaria palmata

Undaria pinnatifida

0 3 6 9 12 15

Figure 1. Antimicrobial activity of algae extracts towards Salmonella spp., L. monocytogenes, E. coli, S. aureus
and B. cereus represented by heatmap. A scale ranging from a minimum of 0 mm (green) to a maximum of 15
mm (red) was used to represent the size of inhibition diameter calculated, as average values of triplicates, after
24 h (A), 48 h (B), and 120 h (C) of incubation at 37 °C. I and II represent two different extracts referred to the

same algae species.

Overall, extracts obtained from A. platensis resulted as the most effective. By comparing the
antimicrobial activity after 24 and 48 hours (Figure 1A and 1B) it was observed an overall
loss of effectiveness during incubation time of almost all the extracts. After 120 hours (Figure
1C) some of them, in particular those deriving from U. pinnatifida, were not active toward

the considered food pathogens anymore.
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In the case of H. elongata, Laminaria spp., P. palmata and U. pinnatifida, according to the

statistical model, the antibacterial activity varied among extracts I and II obtained by the

same seaweed species as according to incubation time and to the pathogenic species (P value

< 0.05). Only in the case of A. platensis the extract antibacterial activity didn’t vary

significantly (P value > 0.05).

In Figure 2 the activity of each extract against the tested foodborne pathogens is reported.
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Figure 2. Antimicrobial activity of algae extracts along time: 24 h (Green line), 48 h (light blue line) and

120 h (Blue line). (a) Arthrospira platensis extracts; (b) Himanthalia elongata extracts. (c¢) Laminaria spp.

extracts. (d) Palmaria palmata extracts. (e) Undaria pinnatifida extracts. The means with different letters are

significantly different (p < 0.05).
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The high standard deviation values underlined the heterogeneous efficacy of the
extracts inside the same population. The inhibition of Salmonella spp. by both A. platensis
extracts did not significantly differ, and the effect remained constant during time
(Figure 2a). The same behavior was observed regarding E. coli. In the case of L.
monocytogenes, both extracts led to a significant decrease in the inhibition zone along
time, resulting in a loss of effectiveness (p < 0.05). The behavior of S. aureus and B. cereus
was very similar to L. monocytogenes when A. platensis extracts were used. However,
extracts I and II differently exerted inhibitory effects on S. aureus and, in particular, a
significant difference in the first 24 hours occurred (p < 0.05). The inhibitory zone of H.
elongata extracts towards Salmonella spp. remained constant after 24 and 48 hours of
incubation, then decreased after 120 hours, highlighting a loss of effectiveness in the last
three days of observation (Figure 2b). Besides, a significant difference between the
activity of extracts was highlighted (p < 0.05). The antibacterial activity of H. elongata
extracts against all the other food pathogens (L. monocytogenes, E. coli, S. aureus and B.
cereus) didn’t show any significant differences either as a function of incubation time or
according to the origin of the sample. The antimicrobial activity of Laminaria spp.
extracts was particularly high towards L. monocytogenes, but it decreased significantly
over time (p < 0.05) (Figure 2c). When referred to Salmonella spp. and B. cereus it could
be noticed also a significant difference between the effectiveness of the two extracts (p
< 0.05). The inhibition of L. monocytogenes was different considering extracts I and II at
48 hours. In Figure 2c it can also be observed that the inhibition of E. coli remained
constant in extract I for the first 48 hours, and then decreased. The two extracts proved
a significantly different activity towards S. aureus (p <0.05). The inhibition of Salmonella
spp. due to P. palmata extracts I and II was constant in the first 48 hours (Figure 2d).
Different was the L. monocytogenes case: the inhibitory zone remained constant in the
tirst 48 hours for extract I and then decreased, while in the presence of extract II after a
halo first degrowth at 24 hours, it remained stable. The inhibition of P. palmata extracts

against E. coli and B. cereus was constant along time with any significant difference.
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Extract I behaved towards S. aureus in a similar way to Salmonella. U. pinnatifida extracts

proved the lower antimicrobial activity compared to all the tested extracts (Figure 2e).
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Antimicrobial activity in situ

In order to evaluate the antimicrobial effect of an algal extract in situ, a contamination
simulation with a mixture of L. monocytogenes strains was performed on salmon tartare
chosen as a food model. For this purpose, A. platensis extract II, which showed the highest
antimicrobial activity in vitro, was selected as a useful ingredient for the improvement of
microbiological food safety. Two concentrations of extract were considered in the
formulation: 0.45 and 0.9% (v/w).

In the control sample (C), without extract addition, L. monocytogenes, artificially inoculated
in order to reach an initial contamination of 4 Log cfu/g in the product, remained at the
inoculum level during the first 24 hours and then rapidly grew by two logarithms (Figure
3). So a completely different behavior of the pathogen in the presence of 0.45% and 0.9%
(v/w) of the extract was evident (Figure 3). Indeed, in these samples the contamination was
maintained at the inoculum level during 4 days of storage, proving a bacteriostatic activity

of the extract.

Log CFU/mL

—cC ---0.45% e 0,.9%

Figure 3. Behavior of Listeria monocytogenes during a 4 days’ shelf life at refrigeration temperatures in
salmon tartare without extract addition (C) (—), with 0.45% (v/w) (---) and 0.9% (v/w) (-*-*) of A. platensis

extract.
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Phenolic content

The amount of total phenolic compounds of the different algae extracts was reported in Table
1. Among the samples tested, U. pinnatifida presented the lowest phenolic content, while the
highest was found in H. elongata extracts. Regarding this latter, a significant higher phenolic
content was found in extract II respect to all the other considered samples (18.79 + 1.90 mg
GAE/g). Extracts obtained from the red seaweed specie P. palmata and the cyanobacterium A.
platensis showed comparable phenolic content, and resulted the second group in terms of
phenol abundance, with values of 2.45 + 0.06 — 4.56 + 0.41 mg GAE/g and 3.18 + 0.48 — 3.40 +
0.42 mg GAE/g respectively. Significant lower quantities of phenols were found in Laminaria
spp. and in U. pinnatifida extracts, both pertaining to the group of brown algae. In particular,
U. pinnatifida contained 10 times less phenolic compounds in respect to all the other seaweed

species considered, with values of 0.15 + 0.01 mg GAE/g (Table 1).

Table 1. Total phenolic content of seaweed extracts expressed as mg GAE/g. Stars indicate a significant
difference (p<0.05) between samples pertaining to the same specie (T-test), while letters refer to differences

and/or analogies among different species (one way Anova).

Algae species TPC (mg GAE/g)
Himanthalia elongata 1 1.524+0.38
Himanthalia elongata 11 18.792 £ 1.90*
Arthrospira platensis 1 3.18b<+0.48
Arthrospira platensis 11 3.400c + 0.42
Laminaria spp. 1 1.154+0.25
Laminaria spp. 11 1.554 +0.92
Palmaria palmata 1 4.56° + 0.41*
Palmaria palmata 11 2.45¢ £ 0.06
Undaria pinnatifida 1 0.16¢ £ 0.01
Undaria pinnatifida 11 0.14¢ £ 0.01
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Discussion

Thanks to the good nutritional value and high bioactive compound content, the use of
seaweeds in food and feed formulation is everyday growing (Ak et al., 2016; Swinscoe et al.,
2020). Seaweeds and derived compounds have proved a series of bioactivities that could
significantly enhance the use of these organisms in food formulation in order to guarantee a
healthy diet for consumers (Pefialver et al., 2020). In particular, antioxidant, anti-
inflammatory, anti-cancer, and anti-diabetic properties are attributed to compounds extracted
from seaweeds and microalgae. Favoring the requests of corporations and consumers for
clean label products, researchers are every day more interested in the compounds extracted
from plants and, among these, to new antimicrobial agents (Rios & Recio, 2005). In this
context, currently, seaweeds and algae may represent a promising resource, even if many of
the extracts obtained since now are derived by species not recognized as edible. So, the
possibility to obtain novel antimicrobial compounds from seaweeds and microalgae already
approved by EFSA as food enhance their applications in food formulations. Furthermore,
these extracts could not only work as antimicrobial compounds but also as a source of flavors.
Ditferent works have focused on the in vitro antimicrobial activity of several algae extracts
against Salmonella spp. (Cox et al., 2014; Elshouny et al., 2017; Moubayed et al., 2017; Navarro
et al, 2017; Rao et al, 2010; Sivakumar & Santhanam, 2011; Vinay Kumar, 2011), L.
monocytogenes (Cox et al., 2010; Kim et al., 2018; Martelli, Favari, et al., 2020; Nshimiyumukiza,
Ossiniel et al., 2015), E. coli (Maadane et al., 2017, Mendiola et al., 2007; Radhika et al., 2014;
Shaieb et al., 2014), S. aureus (El Shafay et al., 2016; Kadam et al., 2015; S. Santoyo et al., 2009;
Susana Santoyo et al., 2006) and B. cereus (Velichkova et al., 2018), demonstrating different
effectiveness depending on the algae species as on the extraction process. Others reported
antimicrobial activity referred to the algae species tested in the present study, even if a
different extraction process was followed. The extraction protocol used in this study proved
a good antimicrobial activity, contrary to other studies stating that the use of a methanolic

solution or dichloromethane are better to extract antimicrobial compounds from seaweeds
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(Bansemir et al., 2006). Moreover, at the best of our knowledge, the efficacy of the extracts in
situ by microbiological challenge test has not yet been tested. Numerous macro and
microalgae have been discussed for their content in bioactive compounds (Pina-Pérez et al.,
2017; Sivakumar & Santhanam, 2011) among which polysaccharides, proteins and amino
acids, polyunsaturated fatty acids (PUFAs) and antioxidants (polyphenols, carotenoids and
tflavonoids) mainly demonstrated antimicrobial activity (Al-Saif et al., 2014; Sanmukh, 2014;
Stabili et al., 2014). This last group of secondary metabolites has been associated to a broad
spectrum of in vitro antibacterial activity, specifically against Bacillus spp. and S. aureus.
Phlorotannins are the most important phenolic compounds characteristic of brown seaweeds.
Other phenolic compounds, such as bromophenols, flavonoids, phenolic acids,
anthraquinones, coumarins, rutin, quercetin, and kaempferol, present in different algae
species, also demonstrated antimicrobial potential (Al-Saif et al., 2014; Pina-Pérez et al., 2017;
Rodriguez-Bernaldo de Quiros et al., 2010). The antimicrobial activity of algae against both
Gram-positive and Gram-negative bacteria was also traced back to fatty acids (Vello et al,,
2014) that represent a defense against bacteria, viruses and protozoans (Leflaive & Ten-Hage,
2009).

Each type of algae, because of various classes and quantity of compounds, has a different
inhibitory activity on diverse classes of bacteria (Mishra, 2018). In this study, all the algae
species considered (A. platensis, H. elongata, Laminaria spp., P. palmata and U. pinnatifida) have
generally shown a good antimicrobial activity (Figure 2). Anyway, differences in the efficacy
of the extracts against Gram-positive and Gram-negative bacteria have arisen. The
cyanobacterium extracts proved the highest antimicrobial activity against Gram-positive
bacteria (L. monocytogenes, S. aureus and B.cereus) as already demonstrated (El-Sheekh et al.,
2014), but an interesting effect was also observed on Gram-negative bacteria. H. elongata
extracts were highly effective against the Gram-positive bacteria L. monocytogenes but strong
differences between Gram-positive and Gram-negative weren’t noticed. Similarly, another
Phaeopyceae, U. pinnatifida, proved the highest efficacy against L. monocytogenes. Laminaria spp
extracts mainly inhibited two Gram-positive bacteria, L. monocytogenes and S. aureus. A higher

antimicrobial activity on Gram-positive respect to Gram-negative ones was also observed on
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the Rhodophyta P. palmata extracts. These results confirm what is stated by other studies, in
which the highest antimicrobial activity of seaweed extracts is found against Gram-positive
bacteria (El Shafay et al., 2016; Stirk et al., 2007). A. platensis is studied as a valuable source of
antimicrobial, antiviral and antioxidant compounds but its activity is really variable and
dependent on the extractive solvent (LewisOscar et al., 2017; Mala et al., 2009; Rania & Hala,
2008). This cyanobacterium, commercially known as Spirulina, is used in food formulations
or as a food supplement (Batista et al.,, 2017; Martelli, Alinovi, et al., 2020) as in healthy
products (Golmakani et al., 2019; Majdoub et al., 2009; Mohammadi-Gouraji et al., 2019;
Yamaguchi et al., 2019), because of its composition rich in proteins and small peptides. The
antimicrobial potential of small peptides is well known and the activity of several algae is
related to their high protein content. Also the great antimicrobial activity of A. platensis
extracts I and Il could definitively be linked to the large amount of proteins and small peptides
of this cyanobacterium (Figure 2a). The application of an A. platensis extract as a preservative,
as far as the authors are aware, was never tested in situ and could find applications for
instance in seafood products due to its sea-like smell (Figure 3). In particular, these products
are frequently subjected to L. monocytogenes contaminations, because of its psychrotrophic
behavior. Just in the first 6 months of 2020, RASFF (The Rapid Alert System for Food and
Feed) has issued 7 warnings regarding L. monocytogenes contaminating salmon based
products (RASFF 2020.0525, 2020.0683, 2020.0876, 2020.1049, 2020.1631, 2020.2276 and
2020.2409). The behavior and the growth ability of this microorganism in salmon based food
is widely studied (Beaufort et al.,, 2007). Salmon is generally preserved under pressure
packaging or COz2atmosphere packaging, but the use of natural origin preservatives is a well-
considered possibility (Rervik, 2000). Recently, the efficacy of essential oils (EOs) obtained by
plants and fruits has been evaluated with interesting results in terms of MIC (Minimal
Inhibitory Concentration) and MBC (Minimal Bactericidal Concentration) referred to L.
monocytogenes strains isolated from salmon (Pedros-Garrido et al.,, 2020). Though, from a
sensory point of view, the use of EOs wasn’t very compatible with salmon as they masked
any fish or seafood odor and flavor. For that reason, the use of an alternative with a sea-like

flavor could be really applicable apart from being effective. Indeed, an A. platensis extract
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obtained by using the extraction protocol of the present study was tested against Listeria
innocua and a MIC of 0.20% and a MBC of 0.30% was found, proving a really good efficacy
(Bancalari et al., 2020). A. platensis extracts have already been tested against several food
pathogenic bacteria. Tough, those obtained in this work proved a higher antimicrobial activity
against B. cereus if compared to other work (Shaieb et al., 2014). In fact, both ethanolic and
aqueous extract didn’t exert any inhibition on the pathogenic bacteria.

Phaeophyceae is described in the literature as the class of seaweeds with the most relevant
antimicrobial activity. Promising groups of polysaccharides, such as Fucoidans and other
sulfated polysaccharides extracted from Phaeophyta, have demonstrated an antimicrobial
potential. In particular, sulfated polysaccharides and, among them, alginates, fucoidans and
laminarian, inhibited the growth of E. coli and S. aureus (de Jesus Raposo et al., 2015).
Fucoidans have proven not only antimicrobial activity against food pathogenic bacteria but
also antiviral, antioxidant, immunomodulatory, anticoagulant, antithrombotic, antitumor
and anti-inflammatory activities (Li et al., 2008; Marudhupandi & Kumar, 2013). In this study
three species belonging to Phaeophyceae have been tested. The antimicrobial activity of H.
elongata extract has been previously studied with similar results (Martelli, Favari, et al., 2020;
Plaza et al., 2010; Rajauria et al., 2013) while the extracts obtained in the present work have
been more effective against L. monocytogenes and Salmonella spp. than those obtained by
Rajauaria and colleagues (Rajauria et al., 2013) (Figure 2b). In fact, the extract produced an
inhibition halo of 9.95 mm, while the extract obtained in the present work led to a halo of
more than 10 mm. Also the genus Laminaria, characterized by Phaeophyceae of large
dimensions, proved a good antimicrobial potential towards L. monocytogenes, S. aureus and
Salmonella ebony (Cox et al., 2010; Kadam et al., 2015), even if a different extraction protocol
was used. In fact, the methanolic Laminaria spp. and H. elongata extracts obtained by Cox and
colleagues (2010) (Cox et al., 2010), have proved a very valuable antimicrobial activity against
the food pathogenic bacteria tested. These algal extracts were able to inhibit the growth of L.
monocytogenes of 100%. Indeed, the food-grade extraction method applied in the present work
was never tested on this species and led to interesting results (Figure 2c). Otherwise, U.

pinnatifida didn’t reveal a satisfactory antimicrobial activity and this could be due to the
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extraction process (Figure 2e). Its antimicrobial activity has been connected to the essential
oils content (Patra et al., 2017) but in this case a polar solvent, water and ethanol, was in fact
applied.

P. palmata is a red seaweed characteristic of the Atlantic Ocean and it also demonstrated good
antimicrobial activity against L. monocytogenes, Salmonella ebony, Enterococcus faecalis and
Pseudomonas aeruginosa (Cox et al., 2010). No information about the antimicrobial effect of P.
palmata extracts on E. coli, B. cereus or S. aureus are reported in the literature (Figure 2d). It can
be supposed that the extraction procedure applied in this study led to obtain extracts rich in
polyphenolic compounds. The tested algae and the extraction process can also indicate that
the antimicrobial activity could be due to small peptides, polysaccharides and phenolic
compounds that act synergistically. Indeed, phenolic content appears not to be the main
component of the activity we observed, though some relations could be noticed. H. elongata
extract II, having the highest phenolic content (18.79 + 1.90 mg GAE/g), had a significantly
higher antimicrobial activity (p < 0.05) if compared to H. elongata extract I (1.52 = 0.38 mg
GAE/g) towards Salmonella spp., presenting a difference in inhibition halo higher than 2 mm
(Figure 2b). A. platensis extracts didn’t prove a significant difference (p > 0.05) on the
antimicrobial activity (Figure 2a) and neither in the phenolic content (Table 1). Regarding
Laminaria extracts the differences on the antimicrobial activity can’t be related to the phenolic
content that did not differ (Figure 2c). Otherwise, the different effects of P. palmata’s extracts
towards L. monocytogenes, Salmonella spp. and S. aureus (p < 0.05) (Figure 2d) might be linked
to their phenolic content which significantly differs (p < 0.05) (4.56 + 0.41 and 2.45 + 0.06 mg
GAE/g respectively for extract I and II) (Table 1). Finally, the almost absence of phenolic
compounds in U. pinnatifida extracts corresponded to low antimicrobial activity of these
samples (Figure 2e). The protocol used to obtain the extracts doesn’t involve the use of high
temperature, for that reason, the phenolic content of the matrix shouldn’t be affected during
the extraction process (Dordevic et al., 2020).

The results obtained showed that the phenolic content of seaweed seems to be related to the
species, as also reported in previous studies. Cox and colleagues (2010) analyzed the phenolic

content in seaweed samples belonging to different species, obtaining values ranging from
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about 37 mg GAE/g for L. digitata to 151 mg GAE/g for H. elongata. In that case, the authors
speculated that total phenolic content could vary among brown, red or green seaweeds.
Brown seaweeds have been described as rich in polyphenols (Chandini et al., 2008) and H.
elongata was found as the species with the highest total phenolic amount (Rodriguez-Bernaldo
de Quiros et al., 2010), as reported also in the present study. In addition to that, it has to be
taken into account that the concentration of phenols may present a wide range of variability
in this kind of matrices. It was indeed demonstrated that the total phenolic amount was
strongly influenced by several factors as seasonality, temperature, light intensity, and water
salinity (Marinho et al., 2019). This may explain why H. elongata extracts I and II showed a
significant different phenolic content (Table 1). Even if to a less extent, a similar trend was
observed in the case of the red seaweed P. palmata: extract I presented a significant higher
phenolic content (4.56 + 0.41 mg GAE/g) compared to extract II in which this concentration
resulted about the half (2.45 + 0.06 mg GAE/g) (p < 0.05). Taking onto account that samples
were provided by two different suppliers, it can be supposed that considered seaweed
pertaining to H. elongata and P. palmata have been subjected to diverse stabilization treatments
before commercialization or have been collected from different area and/or in different
seasons. Concerning A. platensis, Laminaria spp. and U. pinnatifida no differences were found
between total phenolic amount of the two extract inside the specie, but the content resulted
significantly different among the species. In particular, phenolic content of A. platensis extracts
of 3.29 + 0.45 mg GAE/g was comparable with data recently obtained by da Silva and
colleagues (2017) (da Silva et al., 2017) who reported a total amount of 3.32 + 0.08 mg GAE/g
in samples of A. platensis extracted with high pressure/temperature extraction (HPTE)
method. Total phenolic content of Laminaria spp. calculated in the present work (I:1.15 £ 0.25
and II:1.55 + 0.92 mg GAE/g) (Table 1) resulted in line with data reported by Rodriguez-
Bernaldo de Quirds et al. (2010), that showed an amount of 1.3 £ 0.6 — 1.4 + 1.0 expressed as
mg Phloroglucinol/g. Conversely, the same authors reported a value of 6.0 + 2.2 mg
Phloroglucinol/g for U. pinnatifida, while lower amounts were found in this study for the same

variety (0.15 +0.01 mg GAE/g).
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Conclusions

In order to ensure microbiological food safety and improve quality according to consumer
preferences for “clean labels” products, food corporations are looking for new compounds
to be used as an alternative solution to traditional preservatives. This study highlighted that:
(i) extracts obtained from different species of edible algae exerted antimicrobial activity
towards the main foodborne pathogens such as Salmonella spp., L. monocytogenes, E. coli, S.
aureus, and B. cereus; (ii) A. platensis extract showed an interesting antibacterial activity in
situ towards L. monocytogenes; (iii) a great variability in the phenolic content of the tested
seaweed was noticed, and this content was not always related to the antimicrobial activity
observed, emphasizing the possibility of a synergic effect involving other compounds. In
this context, a deep investigation of extract composition in order to evaluate the effect of
compounds responsible for the antimicrobial activity will surely be of great interest. Overall,
good effectiveness of algae extracts was confirmed even if results suggested that
antibacterial activity can be influenced by various factors: it varies according to algal
species, producers, contact time and foodborne pathogens. In particular, the growth
inhibitory efficacy toward L. monocytogenes of A. platensis extract, highlighted by the
microbiological challenge test, could open up perspectives of applications for food
preservation. Indeed, antimicrobial extract might work as a food preservative and
antioxidant not only in fish products but also in other products that need to guarantee safety

criteria and to preserve the freshness by slowing down microbial growth.
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Abstract

In recent years, increasing consumer's demand for cleaner labels, functional, safe and high-
quality products has led to searching for new antimicrobial agents of natural origin that can
improve quality and safety by reducing the impact on the product composition. In this
scenario, the use of algae extracts in food formulations as antimicrobial agents is taking
more and more interest. In particular, the antimicrobial potential of Arthrospira platensis has
already been tested in vitro, using the agar well diffusion method or the broth dilution
method, which can provide a quantitative estimation of minimum inhibitory concentration
(MIC). Even if several methods are already in use to test the MIC and minimum bactericidal
concentration (MBC) of antimicrobials, the aim of the present research was to propose
impedance measurement as a valid method for the in vitro evaluation of MIC and MBC of
a natural antimicrobial extract of A. platensis. To this purpose, six different concentrations
of A. platensis extract (0.1%, 0.15%, 0.2%, 0.25%, 0.3% and 0.5% v/v) were tested on
Pseudomonas fluorescens and Serratia liquefaciens, two species commonly involved in food
spoilage, and Listeria innocua, as representative of the human foodborne pathogenic species
Listeria monocytogenes. The results obtained confirmed the in vitro antimicrobial potential of
A. platensis extract, but also highlighted how MIC and MBC could be different depending
on both the concentration of antimicrobial and the tested strain. Furthermore, the proposed
method allowed the identification of MIC and MBC values in a new way never used before

for this purpose.
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Introduction

Preservation techniques such as heat treatment, salting, acidification and drying are
commonly used to prevent the growth of spoilage and pathogenic bacteria in foods (Lucera,
Costa, Conte, & Del Nobile, 2012). Those methods certainly lead to a modification of the
natural composition of products, often affecting food quality standards such as nutritional,
sensory, odor, color and texture (Lucera et al., 2012; Pisoschi et al., 2018). For these reasons,
in a hurdle technology approach, antimicrobial compounds have been extensively used by
industries to ensure food safety and protect products from spoilage along with preparation,
storage and distribution. However, the addition of compounds of synthetic origin in food
formulations fights with the increasing consumer's demand for even more clean labels,
functional, and high-quality products. In recent years the interest in searching for new
antimicrobial agents of natural origin that can improve quality and safety with reducing the
impact on the product is growing (Ricci et al., 2019). Furthermore, natural preservatives
could also constitute a valid alternative to address the problem of the growing microbial
resistance to antibiotics (Lucera et al., 2012; Pisoschi et al., 2018). To date, several natural
antimicrobials exerting different roles are in use by food industries, and they are commonly
grouped by the diverse origin: plants, animals, microbes and fungi (Pisoschi et al., 2018).
Among the ingredients with high technological potential, that can be used as natural
preservatives, seaweeds and microalgae are gaining a lot of attention (Martelli, et al 2020 b;
Pina-Pérez, Rivas, Martinez, & Rodrigo, 2017). Among them, the use of Arthrospira platensis
in food formulation is taking more and more interest because of consumer’s request
(Barkallah et al., 2017; Batista et al., 2017; Beheshtipour, Mortazavian, Haratian, & Darani,
2012; De Caire & Parada, 2000; Golmakani, Soleimanian-Zad, Alavi, Nazari, & Eskandari,
2019; Martelli et al., 2020b; Varga & Molnéar-Asvanyi, 2012; Zouari et al., 2011; Asvanyi-
Molnar, Sipos-Kozma, Toth, Asvémyi, & Varga, 2009). A. platensis, commercially known as
Spirulina, is a fresh-water cyanobacterium that has attracted a lot of attention due to its

growing employment as human foodstuff and for its potential functional properties. This
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cyanobacterium is one of the most important among microalgae showing antimicrobial
activity towards many bacterial pathogens and fungi. It represents a novel source for
antimicrobials because of its high level of amino acids and small peptides, phycocyanobilin,
polyphenols, carotenoids, chlorophyll and other compounds that have proven an in vitro
antimicrobial activity (Amaro, Guedes, & Malcata, 2011; Elshouny, El-Sheekh, Sabae, Khalil,
& Badr, 2017; Kumar, SaranTirumalai, Singh, Bhatnagar, & Shrivastava, 2013; Mala, Sarojini,
Saravanababu, & Umadevi, 2009). Until now, the antimicrobial potential of algae in general
and A. platensis in particular has already been tested in vitro, using the agar well diffusion
method (Cakmak, Kaya, & Asan-Ozusaglam, 2014; Manivannan, Karthikai devi,
Anantharaman, & Balasubramanian, 2011; Martelli et al.,, 2020a) or the broth dilution
method (Gupta, Rajauria, & Abu-Ghannam, 2010) that can provide a quantitative estimation
of minimum inhibitory concentration (MIC). In general, the methods for in vitro evaluation
of antimicrobial activity have been widely reviewed by Balouiri, Sadiki, and Ibnsouda
(2016) who listed and discussed in detail all the advantages and limitations of the methods
actually in-use. Nowadays, the disk-diffusion and broth or agar dilution methods are the
most used, for ease of application, cost-effectiveness and immediacy of results
interpretation. On the other hand, they are time-consuming and they could be subjected to
manual undertaking and risk of errors by the users (Balouiri et al., 2016). The absorbance
measurement of cell cultures is commonly associated with such mentioned methods,
however, it presents some limitation, such as the need for a calibration step, in order to
correlate the results with viable counts, or the absence of cell physiological state
consideration (Chorianopoulos et al., 2006). Other techniques such as time-kill test or flow
cytometry and bioluminescent methods are also used but, associated with the high
performances, they have the disadvantages of needing specific equipment and user's
training (Balouiri et al., 2016). In addition, not all these methods enable the evaluation of
MIC and minimum bactericidal concentration (MBC) with the same and unique approach.
Considering all these facts, the aim of the present research was to propose impedance

measurement as a valid method for the in vitro evaluation of MIC and MBC of an A. platensis
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antimicrobial extract. This method, initially used as growth index of lactic acid bacteria in
milk (LAB) (Lanzanova, Mucchetti, & Neviani, 1993) was recently reassessed by Bancalari,
Bernini, Bottari, Neviani, and Gatti (2016) for the evaluation of the in vitro growth kinetics
of LAB. Conversely, in the present research, it was used to test the effect of six different
concentrations of A. platensis extract (0.1%, 0.15%, 0.2%, 0.25%, 0.3%, 0.5% v/v) on
Pseudomonas fluorescens and Serratia liquefaciens, two species commonly involved in food
spoilage, and on Listeria innocua as representative of the human foodborne pathogen species

Listeria monocytogenes.
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Material and methods

Arthrospira platensis extraction process

An extraction process from dried A. platensis, kindly provided by S.a.Ba.r. (Novellara, RE,
Italy), was carried out as described by Martelli et al., (2020a). Briefly, 100 mL of
ethanol/water (70:30 v/v) acidified with 1% formic acid (CH20:) solvent was used for
extraction of 10 g of A. platensis. A double extraction was carried out, alternating twice a
shaking cycle to a sonication one in Ultrasonic Cleaner sonicator (VWR, United States). The
sample was then centrifuged (Eppendorf 5800 Centrifuge, Model 5810R, Hamburg,
Germany) at 12,857xg for 10 min at 10 °C. The solution was filtered with filter paper to
recover the solid part so as to proceed to a second extraction. The two extracts obtained were
combined and concentrated until fully dried with a rotary evaporator Strike 300 (Steroglass,
Italy) at 4xg at a bath temperature of 40 °C. The concentrated extract was then suspended in
sterile water to recover the soluble part and then stored at -80 °C until use for antimicrobial
activity test. The obtained extract had a concentration of 235 mg/mL (23.5% v/v). The final

pH of the obtained extract was 4.0.
Bacterial strains and culture conditions

P. fluorescens 5026, S. liquefaciens 5006, and L. innocua Lin6 strains were used for the
experiments. The strains, belonging to the Food Microbiology unit collection of the Food
and Drug Department (University of Parma), have been previously isolated from different
food matrixes and identified by 165 rRNA sequencing. The strains, maintained as frozen
stock cultures in Tryptic Soy Broth (TSB) (Oxoid, Ltd., Basingstoke, United Kingdom) broth
containing 20% (v/v) glycerol at =80 °C, were recovered in TSB by two overnight sub-

culturing (2% v/v) at 37 °C for L. innocua and 30 °C for P. fluorescens and S. liquefaciens.

60



Experimental design and growth conditions

The activity of A. platensis extract on the tested strains was evaluated following the

experimental design reported in Figure 1.
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Figure 1. Schematic representation of the experimental design.

TSB (Oxoid) was reconstituted to 30 g/L (w/v) and sterilized at 121 °C for 20 min. A. platensis
extract was then added to reach a final concentration (v/v) in the medium of: a) 0.50%; b)
0.30%; c) 0.25%; d) 0.20%; e) 0.15%; f) 0.10%; g) 0% (negative control sample without any
addition of extract) (Fig. 1). The last sub-culturing step of each bacterial culture was ten-fold
diluted in Ringer solution (Oxoid) and inoculated (2% v/v) in 18 mL of the growth media
supplemented, respectively and separately, with all the different concentrations of A.
platensis extract (Fig. 1). A 6 mL aliquot of each inoculated medium was then transferred
into three sterilized BacTrac 4300® vials (SY-LAB, Neupurkersdorf, Austria), and incubated
at the optimal growth temperature of each strain (37 °C for L. innocua and 30 °C for P.
fluorescens and S. liquefaciens). After 30 h of incubation, the content of the three vials for each
strain was aseptically mixed and used to inoculate the fresh TSB medium in the flask. All
the analysis were carried out in triplicate and monitored for 30 h by measuring the

impedometric signal every 10 min.
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Impedometric measurement

Impedance measurements were performed by means of BacTrac 4300® Microbiological
Analyzer system (SY-LAB, Neupurkersdorf, Austria). requiring the use of dedicated glass
measuring cells (vials) with 4 electrodes. The specific impedance E% value was measured
and recorded every 10 min for 30 h (Bancalari et al., 2016, 2019). Each experiment was
replicated twice and each analytical variable was measured in triplicate. The results of the
impedometric measurements were analyzed as previously reported by Bancalari et al.
(2016) and the Lag and yEnd values, together with the observation of impedometric curves,
were considered to evaluate the bacteriostatic or bactericidal activity of the antimicrobial

extract on the tested strains, defining MIC and MBC.

Evaluation of MIC and MBC

The MIC value was defined as the lowest concentration able to inhibit the growth of the
tested strains. In our case, no growth means that no Lag values were recorded in 30 h. The
MBC was determined by sub-culturing the cells exposed to different concentrations of the
antimicrobial extract used to evaluate MIC, in fresh TSB medium and defined when no Lag

values were recorded in 30 h (Fig. 1).

Culture-independent viable counts

Fluorescence microscopy count was obtained by using the LIVE/ DEAD® Baclight ™
Bacterial Viability kit (Molecular Probes, Oregon, USA) and Nikon Eclipse 80i
epifluorescence microscope (Nikon, Tokyo, Japan) equipped with a C-SHG1 100 W mercury
lamp. Nikon filter set B2A FITC was used for Lbhl FITC labelled probe (excitation
wavelength, 450-490 nm; emission wavelength, 500-520 nm). Nikon filter set G-2E /C was
used for St4 Cy3-labelled probe (excitation wavelength, 540 /25 nm; emission wavelength,

605 / 55 nm). Pictures of each field were taken and then superimposed through the Nis
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Elements software (ver. 2.10 Nikon). (Bottari, Santarelli, Neviani, & Gatti, 2010; Gatti,
Bernini, Lazzi, & Neviani, 2006; Santarelli, Bottari, Lazzi, Neviani, & Gatti, 2013). The
analysis was performed on the sub-cultured cells after 30 h of incubation. One mL of ten-
fold diluted sub-cultures was stained with LIVE/DEAD® and after 15 min filtered onto
black polycarbonate filters (0.2 um pore size) (Millipore Corp., Billerica, MA, USA). Then it
was visualized by epifluorescence microscope (Nikon 80i, Tokyo, Japan) and cells were
counted as previously described (Bottari et al., 2010; Gatti et al., 2006; Santarelli et al., 2013).
A minimum of five separate counts were performed for each sample. Results were reported
as average values + standard deviation of total, viable and non-viable cells referred to one

ml.
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Results and discussion

Evaluation of A. platensis extract MIC by impedometric measurement

The impedometric analysis was performed by means of BacTrac 4300® that enables the
detection of bacteria activity in real-time via the decrease of the impedance in an alternating
current (AC) field. In fact, during duplication, bacteria viable cells break down sugars
present in the medium into smaller molecules that make the medium more conductive,
decreasing the overall resistance and total impedance. This variation is due only to the
presence and duplication of bacteria, and thus it is used as a measure of their metabolism
(Bancalari et al., 2016). The instrument is able to register, during the incubation time, two
specific impedance values for every single measurement: i) the conventional conductance
value (M-value) that corresponds to the overall medium impedance, and ii) the capacitance
value (E-value) which is the measure of electrochemical double layer impedance in the
vicinity of the electrodes. Both these values, simultaneously recorded every 10 min, are
shown as relative changes compared to a starting value and expressed as M% and E%.
Furthermore, they are also visualized in realtime in a capacitance or conductance curve
(Bancalari et al., 2019). As the value of the double-layer capacitance is more sensitive to any
slight alteration in the nearby of the electrodes, it was more suitable for the measurement in
TSB, and therefore E-value was chosen for this investigation (SY-LAB microbiology).
Differently from the method already proposed and available in the literature
(Chorianopoulos et al., 2006; Puttaswamy, 2013), at the end of the analysis all recorded
capacitance data (E%) were used in two different ways: i) were fitted by the Gompertz
equation, following the method previously reported by Bancalari et al. (2016) to obtain the
kinetic parameter Lag and yEnd; ii) were used to build a graphical representation of the

original capacitance curve (Fig. 2).

64



]
(O 5 10 15 20 25 30 35

' time (hours)

Figure 2. Example of capacitance curves fitted to the Modified Gompertz equation (Gibson et al., 1988) using
DMTfit version 2.1 Excel add-in (http://www.combase.cc/index.php/en/tools). Black circles symbols are the y
values that DMfit uses to represent the E% data recorded by the BacTrac4300 each 10 minutes for 30 hours of
incubation. Solid line is the fitted curve described by Modified Gompertz equation. The two parameters used
in this experiments can be calculated by the ComBase too: i) lag time (Lag), and iii) maximum value of E%

(Yend) (Bancalari et al., 2019).

Lag value is an adjustment period measured in hours, and the greater the value, the bigger
the time that the strains need to adapt before growing. yEnd is the highest variation of
impedance recorded and it has been interpreted as the maximum acidifying capacity of the
LAB strains (Fig. 2) (Bancalari et al., 2016). In this case, for the bacterial species considered
in this study, it could be interpreted as metabolic capacity (Sauer, Herskovits, & O'Riordan,
2019; Silby, Winstanley, Godfrey, Levy, & Jackson, 2011; Yang & Bashir, 2008). The
calculated Lag and yEnd values, allowed to estimate and display the bacteriostatic activity,
quantified as the Minimum Inhibitory Concentration (MIC) and bactericidal activity, as
Minimum Bactericidal Concentration (MBC), of A. platensis extract on the tested strains. At

tirst, MIC was evaluated by inoculating the strains in the medium in presence of different
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concentrations of A. platensis extract and without any addition as a negative control (0%) as
schematized in Figure 1. By comparing the Lag values of the strains grown with different
percentages of A. platensis extract to those obtained in the negative control, we were able to
evaluate the presence or not of an inhibitory effect on strains growth. In particular, if the
Lag values, in presence of the extract, were equal to the negative control ones, no effect was
detected. On the other hand, if the Lag values increased along with the concentration of A.
platensis extract used, an effect on the bacterial growth took place. When detected, Lag
values were expressed in hours, while, when no growth was detected, “nd” was reported,

which means that no variation of capacitance (E%) values were recorded in 30 h (Table 1).

Table 1. Lag and yEnd parameters of the three considered strains evaluated in TSB in presence of different

A. platensis extract concentration for the determination of Minimum inhibitory concentration (MIC).

A. platensis extract
L. innocua Lin6é P. fluorescens 5026 S. liquefaciens 5006
in the medium

Lag Yend Lag Yend Lag Yend

0% <120.01  50+0.12 <1+0.01 25+0.088 <1+0.01 40+0.05
0.10% <1+0.01 44.04+0.09 <1+0.01 16x0.09 <1+0.01 25+0.07
0.15% 1.21+0.05 34.01+0.18 27+0.08 3+0.1 4.3+0.05 14+0.10
0.20% nd nd nd nd 19+0.12 18+0.09
0.25% nd nd nd nd nd nd
0.30% nd nd nd nd nd nd
0.50% nd nd nd nd nd nd

Lag: is reported in hours; nd: not detected within 30 hours.
Values are the mean + SD of, at least two separate experiments in which each variable was measured in

triplicate

In the case of L. innocua, the Lag values were<1 h, both for the control and 0.10% of A.

platensis extract, so in this case, no effect on the growth was observed (Table 1). On the other
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hand, by increasing the concentration of antimicrobial extract, an initial, even if small, effect
was detected when 0.15% was used. This concentration prolonged the Lag time until 1.21 h,
but at the same time also affected the metabolic capacity of the strain, by lowering the yEnd
value (Table 1). This means that the cells were in greatest difficulty as compared to the
control, first of all at the beginning of their growth phase (> Lag), but also they were not able
anymore to reach their maximum metabolic capacity. This effect is clearly visible also from
the conductance curves (Fig. 3A1). Moving forward to the highest concentration of A.
platensis extract, no growth was detected anymore, thus MIC value was established at 0.20%
(Table 1). The same effect observed for L. innocua at 0.10% of extract in the medium was
found also for P. fluorescens and S. liquefaciens, even if these last showed a lower Yend value
underling a lower metabolic capacity in TSB respect to L. innocua (Fig. 3B1 and 3Cl1, Table
1).
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Figure 3. Capacitance curve of the first inoculum (A1,B1,C1) and the sub-culturing (A2,B2,C2) of the three

strains tested in presence different antimicrobial concentrations
Antimicrobial concentrations used for each analysis:

(—) 0%, (M) 0.1%, (A) 0.15, (@)0.2%, () 0.25%, (4) 0.3%, (- 0.5%

Moreover, P. fluorescens growth was more affected by the addition of 0.15% of extract
compared to L. innocua, as it showed a higher increase of the Lag phase, which reached 27
h, with a yEnd values of 3. This result means that a little amount of cells was able to grow,
in fact they took a lot of time to leave the Lag phase. Consequently, they were not able to

impact on the overall capacitance of the media and, therefore, also a lower value of yEnd
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was recorded (Table 1 and Figure 3B1) (D’Incecco, Bancalari, Gatti, Ranghetti, & Pellegrino,
2020). However, as for L. innocua, MIC value of P. fluorescens was 0.20% (Table 1). S.
liquefaciens, showed a highest resistance to A. platensis extract, as compared to the other
strains its Lag phase was 19 h at 0.20%, and it still maintained a good metabolic capacity,
with a yEnd value of 18 (Table 1). MIC values for S. liquefaciens was 0.25% (Table 1). This
difference among species was already observed by Whiting and Buchanan (2007) who
pointed out that the growth range and/or inactivation characteristics of bacteria may vary
significantly between species and sometimes also within the same species. This underlines
the importance of using a fast, easy and reproducible method to test as many variables as

possible to understand the behavior of the strains, ensuring the safety of food processes.

Evaluation of A. platensis extract MBC by impedometric measurement

To determine the MBC of the tested strains, the same method as for MIC was used. In
addition, to better underline the bactericidal effect, the trend of capacitance curves obtained
by the sub-cultured strains were also compared. After 30 h of incubation, the three vials of
each strain tested for MIC were mixed and sub-cultured in a fresh TSB medium and
incubated at the same condition in BacTrac 4300® (Fig. 3A2, 3B2, 3C2). This procedure to
sub-culturing the strains into a fresh medium without the antimicrobial addition is
commonly used to determine whether the cells are still alive or not, thus establishing if the
effect on cells is bacteriostatic or bactericidal (Balouiri et al.,, 2016). As the 0.10% of A.
platensis extract did not affect the growth of any of the bacteria tested (Table 1), it was not
considered for the sub-culturing. By determining the Lag and yEnd values of the sub-
cultured strains, it was possible to observed a high variability within the tested species

(Table 2).
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Table 2. Lag and yEnd parameters of the sub-cultures of the three considered strains arising from different

A. platensis extract concentrations for the determination of Minimum bactericidal concentration (MBC).

Antimicrobial concentration of the

sub-culture L. innocua Lin6 P. fluorescens 5026  S. liquefaciens 5006
Lag Yend Lag Yend Lag Yend
0.15% 1.02+0.05  60+0.1  7.28+0.7 14+0.05 <1+0.01  37+0.8
0.20% 3.1+0.08  51+0.08  14+0.11 11.59+0.12 <1+0.03  38+0.11
0.25% 10.5+0.16 50.4+0.18 27+0.17 10.32+0.15 2.18+0.19 36.5+0.2
0.30% nd nd nd nd nd nd
0.50% nd nd nd nd nd nd

Lag: is reported in hours; nd: not detected after 30 hours.

Values are the mean +SD of, at least two experiments in duplicate.

In particular, L. innocua and P. fluoresces, having both MIC values of 0.20%, when sub-
cultured in TSB were able to grow even with 0.25% of A. platensis extract. This means that
some alive cells were still present at the concentration of extract defined as MIC and gave
rise to a higher MBC and corresponding to 0.30% of extract. This MBC value was stated also
for S. liquefaciens even if it had higher MIC values compared to the other two strains (Table
2). Going deeper in the results, we can observe that L. innocua, even if showed a longer Lag
phase when a growing amount of A. platensis extract was used, still maintained a very high
metabolic capacity as revealed from conductance curve observation (Figure 3A2) and
quantified from Yend value (Table 2). It is interesting to note that the activity of subcultures
is at least equal, or higher than that of the control (Table 1). This means that, even if the
number of alive cells decreased (> Lag), their metabolic activity, after 30 h of contact with
the A. platensis extract, has not been compromised or reduced at all. S. liguefaciens showed
the lowest Lag values and constant yEnd (Table 2, Figure 3C2). This could mean that a
greater number of alive cells were present when sub-culturing. In fact, as we can observe in

Figure 3, the curves obtained using the first three concentrations (Figure 3C2) were
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comparable to those obtained for the control (Fig. 3C1). Although MBC referred to P.
fluorescens is 0.30%, as for the other two strains, observing the Lag and Yend values (Table
2) and the curves (Fig. 3B2), the contact with A. platensis extract for 30 h, affected
Pseudomonas cells on a higher extent compared to the other strains considered. The in vitro
antimicrobial effect of A. platensis extract has been already investigated on different spoilage
and pathogenic bacteria (Kumar et al., 2013) and its activity was mainly attributed to the
presence of lipids, tocopherols, C-phycocyanin and extracellular polysaccharides.
Considering that the above mentioned extraction method is comparable with our method,
we can attribute to the same compounds the antimicrobial effect observed in the present
study. In any case, further studies need to be carried out to confirm this hypothesis. More
in detail, Sarada, Sreenath Kumar, and Rengasamy (2011) reported that up to 40% of A.
platensis total protein is represented by the protein-pigment complexes as C-phycocyanin
(C-PC) that was demonstrated to be able to control the growth of some Gram-negative
bacteria. Despite few informations are present in literature about the specific action of all
tocopherols, lipids and extracellular polysaccharides in A. platensis extract, their
antimicrobial effect has already been proved for other natural antimicrobials (Mariod,
Matthdus, Idris, & Abdelwahab, 2010; Ulusoy, Bosgelmez-Tinaz, & Secilmis-Canbay, 2009;
Yue, Shang, Zhang, & Zhang, 2017).

Culture-independent viable counts

The fluorescence microscopy count was used to estimate the cell number of the sub-cultured
strains, to have a deeper view of the effect of A. platensis extract and to confirm the result
obtained with the impedometric method. After 30 h of incubation of sub-cultured strains
into the fresh TSB, the total (red + green), viable (green) and dead (red) cells were counted
(Bottari et al., 2010; Fakruddin, Mannan, & Andrews, 2013). In Table 3 the results of the cell
counts are reported for each subcultured strain with 0.10%, 0.20% and 0.30% of A. platensis

extract.
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Table 3. Results of microscopy fluorescence count. For each strains the viable, not-viable and total count are

reported as Log cell / mL. The inhibition effect of the extract was reported as %.

0% 10% 20%  30% %inhibition" %inhibition" %inhibition"
10% 20% 30%
2 Viable 6.94 6.73 5.92 2.47 38.43% 90.48%  99.99%
1
§ Non-viable 4.44 4.4 49 5.47
=]
g Total 694 673 596 59
—~
2 Viable 6.97 5.91 5.28 3.03 91.17% 97.93%  99.99%
W
Q
¢ g Non-viable 4.76 5.36 5.45 6.3
(=
3 L
= Total 6.97 6.02 5.67 5.79
Viable 6.74 6.34 5.61 3.14 60.46% 92.71%  99.98%
g
q . Non-viable  4.86 5.06 5.53 5.79
T S
& °
3 Total 6.75 6.36 5.87 5.87

*The % of inhibition was calculated on viable cell count as: [(Log CFU/mL of control- Log CFU/mL of the

antimicrobial)/ (Log CFU/mL of control)]*100 (K.H. Cho et al., 2005)

The antimicrobial effect was variable within the species considered, but evident on both
live and dead cells (Table 3). In fact, the number of live cells decreased along with the
increasing concentration of extract, and, on the other hand, dead cells increased with the
increasing amount of antimicrobial in the medium. In particular, regarding L. innocua, the
number of live cells fell from 6.94 Log CFU/ml of the control to 2.47 Log CFU/ml of the sub-
cultured cells that were grown with the 0.30% of A. platensis extract. This lead to a 99.99% of
inhibition corresponding to 4 decimal reductions, allowing to confirm that 0.30% was the
MBC for L. innocua (Table 3). The same results were obtained for P. fluorescens who showed
a good reduction of viable cells, from 6.97 Log CFU/ml to 3.03 Log CFU/ ml, with 99.99% of
inhibition in the presence of 0.30% of A. platensis extract, confirming this value as the MBC

for P. fluorescens (Table 3). Slight differences were observed for S. liguefaciens, who showed
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the highest viable cell count of 3.14 Log CFU/ml with 0.30% of A. platensis extract,
highlighting a lower antimicrobial inhibition of 99.98%, but reasonably acceptable the MBC
as 0.30% (Table 3). It was therefore interesting to note that also the lowest concentrations of
A. platensis extract showed different effects depending on the strains. In fact, the % of
inhibition calculated for L. innocua in presence of 0.10% of the extract was the lowest if
compared to the other two strains. This was in agreement with the impedometric results
that showed how the sub-cultured cells from 0.10% of A. platensis extract had the best
metabolic capacity, resulting less affected by the antimicrobial. Conversely, the sub-cultured
cells of P. fluorescens and S. liquefaciens were more affected by the extract, showing an
inhibition of 91.17% and 60.46% respectively (Table 3). To give a better view of the effect of
A. platensis extract on cell viability, the fluorescence microscopy images are reported (Figure
4). For all the strains, the cells in contact with a higher amount of A. platensis extract, despite
their sub-culturing in a fresh medium, showed a high percentage of mortality (Figure 4D).
This further confirm the 0.3% of A. platensis extract as the MBC for all the tested strains.
Conversely, the lowest concentration of A. platensis extract used (Figure 4B) seems to not

affect cells viability, confirming the data obtained from the impedometric analysis.
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L. innocua

P.fluorescens

8. liquefaciens

Figure 4. Microscopy fluorescence images of the sub-cultured cells in presence of the diverse antimicrobial

concentrations, reported as: A) control 0%, B) 0.10%, C) 0.20% and D) 0.3%.
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Conclusions

The results obtained from this research have a double impact: firstly, we confirmed the in
vitro antimicrobial activity of A. platensis against two strains representative of food
spoilage species, P. fuorescens and S. liquefaciens, and a L. innocua strain representative of
the pathogenic species L. monocytogenes. In fact, even if we did not analyze the
composition of the A. platensis extract, we can hypothesize that its activity could be related
to the presence of small peptides, lipids, tocopherols, phycocianin and extracellular
polysaccharides. MIC and MBC values could differ depending on the concentration of
antimicrobial and the strain tested. Indeed, while MIC values varied for the three species
considered, 0.20% for L. innocua and P. fluorescens and 0.25% for Serratia, MBC was 0.30%
for all the species. Secondly, with the proposed impedometric method we were able to
assess MIC and MBC values in a new way never used before for this purpose. In fact, by
evaluating the obtained parameters, Lag time (hours) and the metabolic capacity (yEnd),
we were able to observe how every single strain differently replies to the variation of
antimicrobial concentration. Considering all that, the applications of this approach could
be very interesting and impactful because by measuring the changing of capacitance
values, even any small variation caused by microorganism metabolism are detected,
making it a promising method. Furthermore, it would represent a good strategy to test
other antimicrobial compounds than A. platensis as it allows the analysis of many variables
or many samples at the same time and in addition, it gives a fast, objective, reliable and

easy-to-interpret result as compared to some of the conventional methods.
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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 Lactobacillus casei group (Lactobacillus casei,
Lactobacillus paracasei and Lactobacillus rhamnosus) and a Bacillus subtilis strain were used for
solid state fermentation of commercial seaweeds and bacterial growth was monitored by
plate counts method. A High-Pressure Processing (HP) was also employed (6,000 bar, 5
minutes, 5°C) before extraction. The antimicrobial activity of the extracts was tested
towards the main food pathogenic bacteria (Salmonella spp., Listeria moncytogenes,
Escherichia coli, Staphylococcus aureus and Bacillus cereus), the phenolic content was
estimated using the Folin-Ciocalteau method while targeted UHPLC-MS? methods were
used to unravel the profile in phlorotannins. H. elongata allowed the growth of L. casei
group strains and B. subtilis, showing the fermentability of this substrate. A significant
antimicrobial activity towards L. monocytogenes was observed in the extracts obtained from
unfermented samples, but both fermentation and HPP did not enhance the natural
antimicrobial activity of this seaweed species. The content in phenolic compounds
decreased because of the fermentation process and the amount of phenolics in both
unfermented and fermented H. elongata extracts being very low. Despite phlorotannins
have been related to the natural antimicrobial activity of this brown seaweed, these results
did not support this association. Conclusion: Even if fermentation and HPP have not
proved to be effective tools to enhance useful compounds from H. elongata, the seaweed
showed to be a suitable substrate for L. casei group strains as well as for B. subtilis growth

and its extract highlighted antimicrobial activity towards foodborne pathogens.
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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, are requesting food
that contains preservatives of natural origin (Tajkarimi et al., 2010).

This consumer choice has raised the 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 proved a broad range of applications as antibacterial (Alghazeer
et al.,, 2013; Hongayo et al., 2012; Saleh & Al-Mariri, 2017; Zbakh et al., 2012). Different
studies attributed the antimicrobial and antioxidant capacity of seaweed extracts to the
presence of bioactive compounds such as phlorotannins, flavonoids, steroids and sulfated
polysaccharides (Chandini et al., 2008; Heo et al., 2005; Holdt & Kraan, 2011; Watson &
Cruz-Rivera, 2003). These secondary metabolites allow the synthesizing organism a good
defense against pathogens, as well as survival in stressful conditions. Moreover, many of
these compounds have been proven able to inhibit bacterial growth (Hintz et al., 2015). Some
plants peptides might also exert antimicrobial activity, and could be divided in two groups:
(i) endogenous peptides, which are already present in the organism, and (ii) peptides
generated by enzymatic hydrolysis and/or fermentation (Chai et al., 2019). Moreover,
antimicrobial compounds like organic acids can be produced through fermentation
(Schniirer & Magnusson, 2005).

Seaweed fermentations are poorly reported in the literature, even if lactic acid bacteria
(LAB) and yeasts have been employed, after agar-agar extraction, in red seaweed waste
fermentation in order to produce fertilizers (Ennouali et al., 2006). Fermentation of Undaria
pinnatifida (brown seaweed) has been reported as an alternative feed for aquaculture
(Uchida & Murata, 2002), whereas, in the framework of human consumption, a fermented

beverage from Gracilaria fisheri has been developed (Prachyakij et al., 2008).
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Fermentation of Himanthalia elongata, a brown seaweed belonging to the order of Fucales
growing spontaneously on the coast of the Atlantic Ocean, was attempted without success,
as neither heat-processed nor raw seaweed was able to support the growth of Lactobacillus
plantarum (Gupta et al., 2011). However, its antimicrobial activity toward Escherichia coli and
Staphylococcus aureus was demonstrated (Plaza et al., 2010). Eom and colleagues attributed
the strong antimicrobial activity of marine brown algae to phlorotannins (Eom et al., 2012),
a subclass of phenolic compounds originated from the polymerization of phloroglucinol
(1,3,5-trihydroxy benzene), or to sulfated polysaccharides, such as fucoidans. High
concentrations of fucose and sulfate, as well as their particular arrangement in brown algal
fibers, are probably responsible for the resistance to bacterial fermentation (Michell et al.,
1996).

High pressure improved 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
(Cox et al., 2014; Jun, 2011, 2013). Despite the evidence on the antimicrobial activity of algae
and the role of fermentation in the production of bioactive compounds, the attempt to screen
different bacterial species for fermentation and to produce 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 L. casei group bacteria and B. subtilis to ferment H. elongate, ii)
the antimicrobial activity of H. elongata extract toward foodborne pathogenic bacteria and
ii) the effect of biological (fermentation) and technological (HPP) processes on the

antimicrobial activity and phenolic composition of H. elongata.
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Materials and Methods

Sample preparation

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

temperature in darkness until use.

Standards and reagents

All chemicals and solvents, purchased from Sigma-Aldrich Co. (St. Louis, MO, USA), were
of analytical grade. Ultrapure water from MilliQ system (Millipore, Bedford, MA, USA) was

used throughout the experiment.

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, belonging to the
collection of the Department of Food and Drug of the University of Parma, were maintained
at -80 °C in de Man, Rogosa and Sharpe (MRS) (Oxoid, Basingstoke, UK) (for LAB) and in
Nutrient Broth (Oxoid) (NB) (for B. subtilis), added with 12.5% glycerol (v/v).

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 LAB and
in NB incubated overnight at 30°C under shaking for B. subtilis. Afterward, LAB and B.
subtilis were inoculated (3% v/v) in MRS and NB and incubated at the specific temperatures
of the species, for 16 h, in order to obtain a concentration of 9 Log cfu/mL. The grown cell

cultures were collected by centrifugation (12857xg for 10 minutes at 4 °C), washed twice in
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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 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. Fermentations were
carried out in duplicate and for each sampling time analyses were performed in duplicate.
Average values + standard deviations were reported. After the process, fermented seaweeds

were lyophilized.

High-pressure processing (HPP)

High-pressure treatments were performed using the equipment of HPP Italia (Traversetolo,
Parma, Italy) on HE 1. Seaweeds were first rehydrated for 30 minutes with 75% of water at
room temperature, put under vacuum in bags and then placed into containers in the
hyperbaric chamber that was then filled with cold water for the treatment. The process was
carried out at 6,000 bars, which was for 5 minutes at 5 °C. After the treatment, the product
was lyophilized. Samples were treated and analyzed in duplicate. Average values +

standard deviations were reported.

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 (CH202) were added to 10 g of
lyophilized sample. A double extraction was carried out, alternating twice a shaking cycle
to a sonication one in an ultrasonic bath, each lasting 15 minutes. 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 the Ultrasonic Cleaner sonicator (VWR, United States). The
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sample was then centrifuged (Eppendorf 5800 Centrifuge, Model 5810R, Hamburg,
Germany) at 12857xg for 10 minutes 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 by the rotary evaporator Strike 300 (Steroglass, Italy, PG)
at 4xg with a bath temperature of 40 °C until fully dried. The concentrated extract was then
suspended using sterile water to recover the soluble part and then stored at -80 °C until use.
With the aim to test the stability at high temperature, the HE I extract underwent a treatment

at 121° for 15 minutes by autoclave.

Pathogenic strains

The antimicrobial activity of the extracts obtained from unfermented, fermented and HPP
treated HE I and unfermented HE II was tested towards 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 (Al: NCTC
9393; A2: ATCC 6538 and A3: ATCC 19095) and Bacillus cereus (C1: 31 and C2: 33). These
strains are part of the collection of the Department of Food and Drug (University of Parma,
Italy) and of international collections: National Collection of Type Cultures (NCTC), Belgian
co-ordinated collection of microorganisms (LMG), American Type Culture Collection
(ATCC), 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 added with 0.6% yeast extract

followed by incubation for 16 hours at 37 °C in aerobic conditions.
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Evaluation of antimicrobial activity in vitro

The evaluation of the antimicrobial activity of the extracts was carried out according to the
agar well diffusion assay (Kim et al., 2013) with little 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 uL 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 hours of incubation. Analyses were
performed in triplicate and average values + standard deviations were reported. Water was

used as a negative control.

Total phenolic content

The total phenolic content (TPC) of the extracts obtained from unfermented, fermented and
HPP treated HE I and unfermented HE II was determined using the Folin-Ciocalteau
method as outlined by Medina-Remoén and colleagues (Medina-Remon et al., 2009) with
slight modifications (Mena et al., 2013). Briefly, 15 puL of diluted sample were mixed with
170 pL of double-distilled water in a 96-well microplates (Sarstedt AG & Co., Niimbrecht,
Germany), then added with 12 uL of Folin—Ciocalteau’s reagent and 30 pL of sodium
carbonate (200 g/L). The mixtures were kept at room temperature in darkness for 1 h. After
the reaction period, 73 uL of double-distilled water were added and absorbance was
recorded at 765 nm in a Sunrise™ microplate reader (Tecan, Grodig, Austria). Samples
quantification was performed using gallic acid as standard and results were expressed as
mg of gallic acid equivalents (GAE) per gram of dry weight (DW). Analyses were performed

in triplicate and average values * standard deviations were reported.
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UHPLC-ESI-MS? analysis

The extracts obtained from unfermented, fermented and HPP treated HE I and unfermented
HE II were analyzed by ultra-high-performance liquid chromatography (UHPLC) coupled
with mass spectrometry (MS) to investigate the presence of phlorotannins. In order to be
analyzed, extracts were centrifuged at 15294xg for 10 min, diluted in 0.1% formic acid in
water (1:2, v/v), vortexed, centrifuged once again at 10625xg for 10 min at 4 °C, and finally
filtered (0.45 um nylon filter). An Accela UHPLC 1250 apparatus equipped with a linear ion
trap MS (LIT-MS) (LTQ XL, Thermo 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 x 2.1 mm, 1.8 um particle size, Waters, Milford, MA, USA). For UHPLC, the mobile
phase was pumped at a flow rate of 0.3 mL/min, consisting of a mixture of acidified
acetonitrile 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 at 90% solvent A and
then 4 min at the initial condition to re-equilibrate the column. The injection volume was 5
uL and the column was thermostated at 40 °C. The MS worked in negative ionization mode
with a 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 MS? analyses were carried out to identify phlorotannins, by fragmentation of
specific molecular ions (m/z). Identification was performed by comparison with spectral

data reported in the literature.
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Statistical analysis

The analyses were conducted separately for Salmonella spp, E. coli, S. aureus, L.
monocytogenes, B. cereus and for each of them two different analyses were performed: one
for the extract obtained by non-fermented seaweeds (time of fermentation=0) seaweeds and
one for the extracts obtained after fermentation. For both, the effect of different parameters
on the inhibition zone was studied by means of linear mixed-effects models (LMM). The
radius of inhibition zone was measured at 24, 48 and 120 hours after inoculum. For the
statistical analysis of the non-fermented extracts [i) HE I and HE 11, ii) HE I HPP treated, iii)
HE I sterilized], the effect of the incubation time, the effect on the pathogenic bacterial strains
as well as the interaction between time of incubation and the kind of extract were considered
as “fixed effects”, while the effects of the plate and the one of the section nested within the
plate were considered as random effects. For the analysis of the extracts obtained after
fermentation, the time of fermentation (24 and 72 hours), the effect of the different strains
used for fermentation (B. subtilis took as reference), the effect on the pathogenic strains, the
effect of incubation time (24, 48 and 120 hours) and the interaction between time of
incubation and type of extracts were considered as fixed effects. The plate, the section nested
within the plate and also the batch of fermentation were considered as a possible source of
non-independency. All the analyses were conducted with R (R: The R Project for Statistical
Computing, n.d.), the LMM model analyses were conducted using the “Ime4” package (Bates
etal., 2015). For analyses related to the extracts phenolic content, the SPSS statistical package
(version 25, SPSS, Inc., Chicago, IL, U.S.A.) was used. One-way analysis of variance

(ANOVA) with Duncan post hoc tests as well as t-tests were carried out.
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Results and discussion

Himanthalia elongata fermentation

All strains showed a different, but overall good growth capacity on H. elongata (Figure 1).
Contrary to Gupta et al. (Gupta et al., 2011), 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, B. subtilis
5002) have demonstrated the capacity to grow in this matrix, opening new perspectives for
novel fermented foods based on algae. To the best of our knowledge, the species tested in
the present study were never employed for H. elongata fermentation. However, Weissella
spp., Lactobacillus spp., Leuconostoc spp., Streptococcus spp., L. rhamnosus were employed for
the fermentation of different algal species showing good growth ability (Gupta et al., 2012;
Lee et al.,, 2015; Uchida & Miyoshi, 2013).
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Figure 1. L. casei group and B. subtilis strains growth ability (Log cfu/mL) in Himanthalia elongata after

24 and 72 hours of fermentation at optimal temperatures.
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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 (Pina-Pérez et al., 2017). Several seaweed species have
been studied for their rich content in bioactive compounds and their antimicrobial
activity has been well known for many years (Sridhar & Vidyavathi, 1991). Each class
of seaweed (Phaeophyceae, Rhodophyta and Chlorophyta), because of the different
composition, shows a different degree of antimicrobial activity and different target
microorganisms (Mishra, 2018). Ecklonia cava, a brown seaweed, was tested toward L.
monocytogenes and a good antimicrobial activity was found (Nshimiyumukiza, Ossiniel
et al., 2015). Several Sargassum species were found to be strong antimicrobial agents
mainly against Gram-positive bacteria but also towards Salmonella spp. (Mishra, 2018).
Seaweeds offer opportunities for obtaining new types of bioactive compounds that
could be used by the food industry as preservatives; though, the mechanism of
inhibition of seaweeds extracts are not always clear. The antimicrobial activity of H.
elongata compounds has been previously studied (Cox et al., 2014; Plaza et al., 2010;
Rajauria et al., 2013), but the effect of fermentation and of HPP on these algae has 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 non-fermented seaweeds differently inhibited target pathogens (Figure

2).
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Figure 2. Inhibition radius (mm) of extracts obtained from unfermented seaweed towards foodborne
pathogens. Measurements were taken after 24, 48 and 120 hours. Values + standard deviations are
reported. With * expresses the significance (p< 0.05) between the antimicrobial activity of HE I and of the

other extracts (HE II, HE I (Sterilized Extract) and HE I (HPP)) for each time point (24, 48, and 120 h).
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HE I and HE 1II were provided from different suppliers in order to evaluate a possible
variability within the same species. Indeed, the two extracts showed a significantly different
behavior against L. monocytogenes (p<0.05 and E. coli (p<0.001). However, most of the
pathogenic species tested were affected by both the extracts. Antimicrobial activity towards
different pathogens could be related to the wide number of compounds observed in
seaweeds (polysaccharides, polyunsaturated fatty acids, phlorotannins, other phenolic
compounds, carotenoids, etc.) (Pina-Pérez et al., 2017). Nevertheless, many natural factors,
such as the environmental condition (light, temperature and salinity), the life stage (as the
age of seaweed), the geographical location and seasonality of growth and harvesting can
influence it (Hollants et al., 2013; Pérez et al., 2016). Since HE I explained better antimicrobial
performances compared to HE II, it was subjected to different treatments such as heat
temperature, fermentation and HPP, in order to check their effects on antimicrobial activity.
HE I extract showed a good heat resistance, as the thermal treatment induced a significant
reduction in antimicrobial activity only towards L. monocytogenes (p<0.05). The resistance of
the extract to high temperature could be useful for applications in thermally processed
products, to prevent the occurrence of post-processing contamination. In order to study the
possibility to enhance seaweed’s antimicrobial activity, a high-pressure treatment,
considered a promising strategy for extraction of bioactive ingredients from plant material
(Jun, 2013), was performed. However, the antimicrobial activity didn’t increase but, on the
contrary, the efficacy against Salmonella spp. (p<0.001), E. coli (p<0.001 and S. aureus (p<0.05)
was reduced after HPP treatment. All the extracts by non fermented samples, regardless of
the seaweed and the treatment, lost the inhibitory activity for all 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). HE I was also tested after L. casei, L.
rhamnosus L. paracasei fermentation to evaluate the contribution of microorganisms and their

metabolic activity (Figure 3 and 4).
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fermented with L. casei group (L. casei, L. rhamnosus and L. paracasei) strains.
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L. casei group (L. casei, L. rhamnosus and L. paracasei) strains.
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Extracts after LAB fermentation gave rise to a stronger antimicrobial activity compared with
those obtained after fermentation with B. subtilis (with an exception for L. monocytogenes).
The extracts obtained after L. casei and L. paracasei fermentation showed significantly higher
activity towards Salmonella spp. and S. aureus, whereas in the case of L. rhamnosus, a
significantly lower antimicrobial activity on L. monocytogenes (p<0.05) but a significantly
higher one towards E. coli (p<0.05) could be observed. Overall, extracts obtained after
seaweed fermentation significantly lost their activity towards all the tested pathogenic
bacteria (except for E. coli) over time (Figure 3 and 4). The comparison between the
antimicrobial activity (considered as an average value) of extracts derived from
fermentation or not 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 towards pathogens (Chai et
al., 2019; Kantachote et al., 2008; Moayedi et al., 2016), 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 a

lower efficacy.
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Figure 5. Antimicrobial activity of extract from not fermented and fermented samples (considered as
average values of inhibition radius measurements) towards 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 (Al: NCTC 9393; A2: ATCC 6538 and A3: ATCC

19095) and Bacillus cereus (C1: 31 and C2: 33).
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Total phenolic content

TPCs were similar for HE I and HE II extracts obtained from unfermented samples, with
values of 2.94 + 0.28 mg GAE/g DW and 3.22 + 0.21 mg GAE/g DW, respectively. Results
from the Folin-Ciocalteau assay showed that TPCs were significantly higher for extracts
deriving from non-fermented samples compared to fermented ones (Table 6).
Quantitatively, fermentation caused a 10-fold decrease of TPC values, while the time of
fermentation (24 and 72 hours) did not affect TPCs. After 24 hours 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 hours of fermentation.
Regarding HPP, the extract deriving from HPP-treated seaweed had a total content in
phenolic compounds slightly lower (2.72 + 0.03 mg GAE/g DW) than the corresponding
untreated extract (2.94 + 0.28 mg GAE/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 amount in TPC of all these seaweed extracts was quite
low, in line with the literature (Cox et al., 2014; Marinho et al., 2019; Rodriguez-Bernaldo de
Quirds et al., 2010). High variability in the TPC of seaweeds and, in particular, of H. elongata
had been previously reported, due to multiple factors like collection season, geographical

region, etc. (Holdt & Kraan, 2011; Marinho et al., 2019).
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Table 1. Total phenolic content of H. elongata extracts obtained after fermentation. Values are presented

as mean * SD (n=3). TPC is expressed as mg gallic acid equivalents/g dry weight. Means within each row

with different letters (a—b) differ significantly (p < 0.05), while means within column 24 h and 72 h with

different letters (A-B) differ significantly (p < 0.05)

HE1 24h 72h
s Lactobacillus casei 2.94 +0.28° 0.27 £ 0.01b 4 0.21+0.02>5
a]
%’3 Lactobacillus paracasei 2.94 +0.282 0.20 + 0.00> 8 0.20 £ 0.02b 8
S
o0 Lactobacillus rhamnosus 2.94 +0.282 0.22 +0.01>8 0.32 +0.08> 4
g
o Bacillus subtilis 2.94 +0.282 0.20 +0.02>8 0.36 + 0.00> A
=

Phlorotannin identification by UHPLC-MS? analysis

The UHPLC-MS? targeted analyses used allowed the tentative identification of a total

of 20 phlorotannins (Table 7). The compounds were tentatively identified based on the

interpretation of their mass spectral behavior obtained from MS? experiments and by

comparison with literature (Hermund et al., 2018; Lopes et al., 2018; Vissers et al., 2017). The

identified phlorotannins exhibited distinct molecular weights (370-870 Da) and degree of

polymerization (37 phloroglucinol units). Interestingly, all the compounds were identified

in HE II (Table 7), while none was found in HE I. This could be due to many factors occurring

during seaweed cultivation and growth, but quite possibly to a lesser exposure of HE I to

sources of stress, such as microbial infections or UV-radiation (Arnold & Targett, 2003;

Lopes et al., 2018). Quantification was not carried out due to the lack of proper commercially

available standards for this particular group of hydrolyzable tannins.
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Table 2. Mass spectral characteristic of tentatively identified phlorotannins in Himantalia elongata (HEII)

Compound RT (min) [M-H]-(m/z) MS? 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 abundances

aTentatively identified based on the mass spectral data reported by (Lopes et al., 2018)

b Tentatively identified based on the mass spectral data reported by (Hermund et al., 2018)

<Tentatively identified based on the mass spectral data reported by (Vissers et al., 2017) extract.
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Conclusions

Seaweeds are an underestimated and suitable source of food and food ingredients. Their
richness in bioactive compounds makes them a possible source of food preservatives and
other useful 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 great variability,
probably due to environmental factors or to treatments suffered before commercialization,
has emerged. The tested treatments (sterilization, HPP and fermentation) negatively
affected the antimicrobial activity of H. elongata. In conclusion: i) H. elongata demonstrated
to be a suitable substrate for L. casei group bacteria and B. subtilis growth, ii) its extract
highlighted antimicrobial activity towards foodborne pathogens, iii) fermentation was not
an appropriate technology to obtain innovative antimicrobial compounds from H. elongata,
iv) HPP, often used as a tool to improve extraction of bioactive compounds from plant
matrixes, didn’t enhanced the natural antimicrobial activity and the phenolic content of this
seaweed, v) the content in phenolic compounds decreased as a consequence of the
fermentation process. Further studies are required to better understand what may be the

compounds behind the antimicrobial activity of H. elongata extracts.
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Abstract

Consumption of seaweeds is becoming progressively popular in western countries where
seaweeds are often categorized as a superfood. Algae can be marketed fresh, but they are
usually sold dehydrated to ensure longer shelf life. The growing trend of consumption,
often as ready to eat, open up possible risks for public health because of food pathogenic
bacteria that can contaminate the raw material during harvesting or manipulation. In this
study, fourteen ready to eat foods based on dehydrated algae, representative of the most
consumed species, were considered. Plate counts were carried out to investigate the
microbial content of food products and Bacillus cereus strains were isolated and identified
by 16s rRNA gene sequencing. The microbiological quality was heterogeneous among the
samples and, in particular, the presence of marine bacteria, B. cereus and coliforms were
detected. To contribute to related risk assessment, the ability of B. cereus strains to proliferate
into seaweed-based food was evaluated, to our knowledge for the first time, by
microbiological challenge test on two ready to eat foods based on Undaria pinnatifida and
Palmaria palmata. Despite this study demonstrated the inability of B. cereus strains to grow
in seaweed-based food, their presence in dehydrated foodstuffs cannot rule out the
replication after rehydration before consumption, making it necessary to shed light on the

possible risks for consumers.
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Introduction

Algae are an important component of the daily diet in some countries such as China, Korea,
Japan, Indonesia and the Philippines with traditional consumption as dried or fresh form.
Even though seaweeds are considered a superfood and consumers’ interest is growing
(Palmieri & Forleo, 2020), their use is not yet usual in western countries, with some
exceptions along the Atlantic coast such as Ireland, France, Maine and Nova Scotia (Birch et
al., 2019; Chapman et al., 2015; Fleurence et al., 2012; Holdt & Kraan, 2011). Thanks to their
composition, algae are considered a good source of functional ingredients and bioactive
compounds like phytosterols, polyunsaturated fatty acids, fibers, vitamins, minerals and
amino acids. More than twenty million tons of seaweeds are globally harvested each year.
The main producers are China and Indonesia, and half of the production is used for human
consumption as dried products (Buschmann et al., 2017). Seaweeds can be marketed fresh
but, usually, they are air-dried at temperatures ranging from 50 to 60 °C (Gupta & Abu-
Ghannam, 2011; Lépez-Pérez et al., 2017), then packed and consumed after hydration and
cooking or as ready to eat food without any further heat treatment or processing (Moore et
al., 2002). The growing tendency in consumption of dried algae also in Western countries,
often as ready to eat food or as ingredients in complex formulations, opens up new scenarios
concerning public health because of food pathogenic bacteria that can contaminate the raw
material during harvesting and following manipulation. Indeed, many contaminants may
occur along the process and clear relationships between macroalgae and bacteria that
colonize their surface have been demonstrated: seaweeds provide nutrients while the
bacterial community promotes algal growth and protects the host against pathogens
(Hollants et al., 2013). The drying process exhibits a selective effect on seaweed-associated
bacteria consortium by reducing water activity, losing moisture, and thus promoting the
survival of spore-forming bacteria (del Olmo et al., 2017). The Bacillales order is one of the
most recognized on these products and in particular Bacillus cereus has been isolated in

dehydrated samples (del Olmo et al., 2017; Hollants et al., 2013). When stress conditions are
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overcome, spore-forming bacteria can return to vegetative form, colonizing, and then
developing in hydrated seaweeds in domestic conditions (Schoeni & Lee Wong, 2005).

To shed light on the possible biological hazards associated with novel foods, the main
objective of the present study was to: I) investigate the microbial populations present in
commercial ready to eat dehydrated algae, focusing on pathogenic bacteria; II) evaluate B.
cereus behavior in commercial Undaria pinnatifida and Palmaria palmata ready to eat food

during refrigerated storage by microbiological challenge tests.
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Materials and Methods

Algae samples

Food samples were purchased on the Italian market, considering different brands and
different producers. Only ready to eat (RTE) products were chosen and analyzed. A total of
fourteen dehydrated samples, representing seven species of algae were selected. Ready to
eat food containing Undaria pinnatifida, Palmaria palmata, Arthrospira platensis, Porphyra spp.,
Laminaria spp., Ulva spp. and Hizikia fusiformis were purchased considering two different

suppliers (I and II).

Microbial plate counts

Dehydrated samples were homogenized (Seward Stomacher, 400 circulator, UK) with sterile
Ringer solution (Oxoid, Basingstoke, UK), tenfold diluted, and plated in duplicate on different
culture media. Total mesophilic bacteria were determined on Plate Count Agar (PCA) (Oxoid,
Bagsintoke, UK) incubated at 30° C for 48 h. Marine bacteria were determined on Marine
broth 2216 (BD Difco, Heidelberg, Germany) added with bacteriological agar (Oxoid,
Basingstoke, UK) (1,5 % w/v) and incubated at 30° C for 72 h. Total coliforms and Escherichia
coli were quantified on Chromocult Coliform Agar (Merck, Darmstadt, Germany) after
incubation at 37° C for 24 h. Moulds and yeasts were enumerated on Yeast Extract-Dextrose-
Chloramphenicol (YEDC, Remel, San Diego, California, Usa) incubated at 30° C for 72 hours.
ALOA (Agar Listeria acc. to Ottaviani & Agosti, Biolife, Milan, Italy) incubated at 37° C for 24
hours was used for the enumeration of Listeria spp. and Listeria monocytogenes. For the research
of aerobic spore-forming bacteria, the homogenized samples were at first treated at 80° C for
10 minutes and, after dilution, plated on Nutrient Agar (VWR, Radnor, Pennsylvania, Usa)
and on Brilliance Bacillus cereus (Oxoid, Basingstoke, UK) for the selection of B. cereus. Plates
were incubated under aerobic conditions. Microbial counts were performed in duplicate.

Average values + standard deviations were reported as Log cfu/g.
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Isolation and identification of B. cereus strains

Five colonies grown on Brilliance Bacillus cereus agar were isolated through four purification
steps on the same media. The purified strains were examined under optical microscope
Olympus BX51 (Olympus, Waltham, United States) to evaluate morphology, and then stored
at — 80° C in Tryptic Soy Broth (TSB) (Oxoid, Basingstoke, UK) plus 20% glycerol (v/v) until
use.

Before genotypic identification, strains were grown twice at 37 °C for 18 h in TSB (Oxoid) in
aerobic conditions. The DNA was extracted and purified by using DNeasy and Blood Tissue
Kit (Qiagen, Germany) and checked on agarose gel with TAE 1X running buffer (1% w/v).
Then, the 165 rRNA gene was amplified by PCR (Martelli, Bancalari, et al., 2020). The
amplification products were sequenced (Macrogen Europe Inc.) and sequence comparisons
were performed against the NCBI database using BLASTN (Basic Local Alignment Tool,
BLAST, p://www. ncbi.nlm.nih.gov/blast.cgi).

Microbiological Challenge Test

Two ready to eat foods based on U. pinnatifida and P. palmata were selected for two
experimental trials designed to evaluate the behavior of B. cereus artificially contaminating
the products. Samples were rehydrated with 75% of sterile water just before contamination
that was performed by using three B. cereus strains isolated and identified in the previous
step. Each frozen stock culture was transferred twice (2% inoculum v/v) into TSB (Oxoid) and
incubated at 37°C for 18 h in aerobic conditions. The grown cell cultures were collected by
centrifugation (12,857x g for 10 min at 4 °C), washed twice in Ringer solution (Oxoid), and
suspended in equal volumes in sterile bidistilled water used for seaweed rehydration to
obtain contamination ranging between 2 and 3 Log cfu/g. Rehydrated but not contaminated
seaweeds were considered as control samples. Aliquots of rehydrated seaweeds, both
contaminated and not, were prepared and stored at refrigeration temperatures for four days
to simulate domestic conservation. B. cereus was monitored by plate count on Brilliance

Bacillus cereus (Oxoid) just after inoculum (T0) and after 24h (T1), 48h (T2), 72h (T3) and 96h
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(T4) of storage. Analysis were performed in triplicate for each sampling time. Data were

reported as average values of Log cfu/g + standard deviations.

Statistical analysis

Two tailed t-test for independent samples was applied to determine a significant difference

(p<0.05) between sample I and II of the same algal species.
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Results and Discussion

Microbial contamination of algae

The consumption of algae, also as RTE products, is growing (Martelli, Alinovi, et al., 2020)
and the evaluation of their microbiota with particular focus on the presence and behaviour of
food pathogens is of fundamental importance to contribute to safety assessment. In the
present work, commercial RTE samples based on algae were analyzed by plate counts to

investigate their microbial content. The results are reported in Figure 1.
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Figure 1. Microbial plate counts of dehydrated ready to eat algae-based products determined on different culture

media (a. PCA; b. YEDC; c. Marine agar; d. ALOA; e. Nutrient Agar; f. Chromocult; g. Brilliance Bacillus cereus).

Values are reported as Log cfu/g + standard deviation. Significant differences between the count of the two

replicates (p<0.05) are expressed with letters (a,b).
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Products based on U. pinnatifida highlighted a highly heterogeneous microbial load,
confirming previous data (del Olmo et al., 2017). In U. pinnatifida 1, a low number of
microorganisms, never exceeding 4 Log cfu/g, was detected, differently from sample II
characterized by a significantly higher charge of microorganisms (6.03 + 0.37 Log cfu/g). In
the same sample, colonies were counted on ALOA, but they were not attributable to L.
monocytogenes species. Also 5.78 = 0.05 Log cfu/g referred to spore-forming bacteria were
found in the sample. Significant differences between samples I and II were also found
considering Marine Agar (p< 0.05) plate counts. Quantification of microorganisms in P.
palmata didn’t show significant differences among samples: only marine bacteria were 2 Log
cfu/g higher in Palmaria palmata I than in Palmaria palmata II (p<0.05). Two products based on
A. platensis were also analyzed. Commercially known as Spirulina, A. platensis is a
cyanobacterium widely consumed for its valid composition in proteins, vitamins, essentials
amino acids, polyunsaturated fatty acids, minerals, polyphenols, carotenoids and chlorophyll
(Niccolai et al., 2019). Both samples presented a similar microbial load in PCA and in Marine
Agar. A. platensis I had a significantly higher number of spore-forming bacteria while A.
platensis Il presented 2.15 + 0.21 Log cfu/g in YEDC, 3.03 + 0.19 Log cfu/g in Chromocult and
2.80 £ 0.04 Log cfu/g in ALOA (not attributable to L. monocytogenes) that were not detected in
sample I. Raceway ponds are the most common cultivation method of these kinds of
microalgae, but it can be problematic because bacterial strains, mainly including Bacillus
spp., Alteromonas spp., Flavobacterium spp. and Pseudomonas spp. are reported as
contaminants during cultivation and could be maintained in the dried biomass (Wang et al.,
2013). B. cereus was indeed found in both samples at levels ranging between 1.61 Log cfu/g
and 2.67 Log cfu/g (Figure 1g). Porphyra spp., commonly known as Nori, is the most known
and consumed seaweed. In both samples, only marine bacteria and total mesophilic bacteria
were detected, while coliforms, Listeria spp. or spore-forming bacteria were below the
detection limit (1 Log cfu/g) (Figure 1). In the sample I total mesophilic bacteria and marine
bacteria were higher than 4 Log cfu/g, while lower numbers (p<0.05) were detected in sample

II.
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Laminaria spp. showed significant differences between the two samples considered. As
previously reported for Porphyra spp., total mesophilic bacteria and marine bacteria were
significantly higher in sample I respect to sample II (p<0.05). Moreover, in the first one 2.47 +
0.24 Log cfu/g in chromocult and 3.41 + 0.04 Log cfu/g in YEDC were also detected. H.
fusiformis samples had significant differences in PCA and YEDC (p<0.05) plate counts. Ulva
spp. (I) showed a higher microbial load than what was observed in other studies referred to
Ulva lactuca (del Olmo et al., 2017). In particular, a high number of total coliforms and spore-
forming bacteria were detected (Figure le and 1f), probably reflecting fecal contamination
that occurred during manipulation at harvesting or conveyed by cultivation water. Colonies
were able to grow on ALOA, but none of them was attributable to L. monocytogenes. In the
same sample, B. cereus was detected at a concentration of about 4 Log cfu/g (Figure 1g) though,
a significantly lower charge was found in Ulva spp. (II). That values agree with previous
reports on Ulva lactuca sample (del Olmo et al., 2017).

In general, the highest amount of bacteria was detected both on PCA, as representative of the
total aerobic mesophilic bacteria, and on Marine agar. In Marine agar, the presence of
halophilic microorganisms, characteristic of the marine habitat, was detected in almost all
samples with variable concentrations ranging from 2 to 5 Log cfu/g. The bacteria able to grow
on this media are lower than what was found in another study (del Olmo et al., 2017). The
main reason could be the different collecting area and season. Overall, the presence of yeasts
and moulds was variable as also found by Del Olmo and colleagues (4) (Figure 1b).
Characteristic Listeria spp. colonies, even if not belonging to L. monocytogenes specie, were
revealed on ALOA in 5 samples. Total coliforms were detected at the maximum concentration
of 5 Log cfu/g in Ulva spp. I and this amount is higher than what is found in the literature (4).
This data could reflect a low quality of cultivation water or a contamination during the
dehydration or further processing steps. The presence of spore-forming microorganisms was
relevant in most of the samples, reaching more than 4 Log cfu/g in some of them (Figure 1e).
Only in 3 samples, blue-green colonies were found on Brillance Bacillus cereus Agar. Overall
microbial contamination in commercial products was not generally high but the presence of

sporogenic pathogens like B. cereus and coliforms may open risk scenarios for consumers.
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B. cereus identification

Five B. cereus strains were isolated from two different species of algae: A. platensis (I and II)
(concentration of about 2.5 Log cfu/g) and from Ulva spp. (I) with a concentration of 3.83 +
0.04 Log cfu/g. B. cereus is generally recognized as ubiquitous in nature and particularly in
a marine environment (Liu et al., 2017), soil, dust, and plants (Schoeni & Lee Wong, 2005).
During the last decades, an increasing number of psychrotolerant B. cereus strains have been
described. This species is characterized by strains ables to grow below 7 °C and produce
endospores (Stenfors & Granum, 2001). Spores can be passively diffused and contaminate
also foods. Norwegian surface waters have been studied for the presence of B. cereus spores
and cytotoxic strains have been isolated from several rivers (Ostensvik et al., 2004). This
suggests the possibility that water supply may be a source for B. cereus entering the food
processing chain.

The presence of B. cereus in the analyzed samples arises food safety issues and implies
possible risks for human health related to RTE algae consumption. Moreover, considering
that seaweeds and cyanobacteria may represent worldwide a future source of nutrients, it
can be referred to a global concern. So, microbiological control of collection waters or
during cultivation steps, such as cleaning and drying of algae according to good hygienic
practices, could surely reduce the presence of environmental contaminants among which
undesirable microorganisms. Microbiota of wild seaweeds is deeply being investigated
from an ecological point of view (Hollants et al., 2013) but determination and
quantification of food-related bacteria contaminating dehydrated algae have not been yet
sufficiently detailed. This raises the need for specific investigations concerning safety
issues about dried seaweeds and cyanobacteria consumption. Indeed, many products
containing raw algae are also commercialized as RTE foods, which makes it even more
important to evaluate the presence and the behavior of pathogenic bacteria on this type of

foods that are attracting more and more consumers.
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The behavior of B. cereus in seaweed-based products during refrigerated storage

Algae sold in the dehydrated form are microbiologically stable because of the low water
content but, although the growth of pathogens is greatly discouraged, it cannot be excluded
after rehydration and during food storage, also considering their use as ingredients in many
recipes. Moreover, some B. cereus strains have demonstrated to be able to grow at low
temperatures and it is of fundamental importance to study their behavior during shelf life at
refrigerated conditions (Ivy et al., 2012).

Taking into account that B. cereus strains were isolated from the commercial food products
analyzed, the growth ability of this pathogen was challenged, for the first time to our
knowledge, on RTE seaweed salads. In particular, two seaweed products based on U.
pinnatifida and P. palmata were considered in a scenario of rehydration and storage for
domestic consumption.

In figure 2 is illustrated the behavior of a mixture of three strains of B. cereus during storage
at refrigeration temperature. The bacterial charge was evaluated just after artificial

contamination of the product (T0) and daily for 4 days of shelf life (T1, T2, T3, and T4).
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Figure 2. The behavior of B. cereus in seaweeds food products based on U. pinnatifida (M) and P. palmata (A)

evaluated by Microbiological challenge test during a 4 days shelf life at refrigeration conditions.
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The reduction of the microbial load of B. cereus, artificially contaminating samples with 3.18 +
0.14 Log cfu/g, was evident in U. pinnatifida. After a first decrease during the first 24 hours of
shelf life, the number of cells remained stable up to 48 h. Then B. cereus still decreased up to
reach a concentration of 2.19 + 0.27 Log cfu/g at the end of the storage, with an overall
reduction of 1 Log cfu/g compared to the initial artificial contamination. B. cereus did not find
favorable conditions for growth, maybe due to the compositional characteristics of U.
pinnatifida (Patra et al., 2017). In P. palmata it was observed a quite different behavior. Indeed,
the initial artificial contamination with 2.39 + 0.12 Log cfu/g of B. cereus did not decrease but
remained stable along the shelf life considered.

Anyway, even if U. pinnatifida had a bactericidal effect, also P. palmata didn’t allow the growth
of B. cereus during a four days’ shelf-life at refrigerated conditions demonstrating that, even
considering B. cereus strains adapted to this niche, the growth of this pathogen was
discouraged in the condition here tested.

The probable reason is the natural antimicrobial activity of seaweeds, traceable to the
composition of the organism itself (Martelli, Favari, et al., 2020), but also to the epiphytic
bacteria that populate the surface of seaweeds (Horta et al., 2014). From this study transpires
that microbiological hazards cannot be excluded, and for that reason, it is necessary to
deepen these aspects to contribute to a more complete assessment of the risk associated with

different algae consumption habits.
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Abstract

Harmful algal bloom and marine toxins are actual and overgrowing problems. Okadaic
acid (OA), produced by several species of dinoflagellates, is the main toxin responsible for
diarrheic shellfish poisoning in humans. Tetrodotoxin (TTX) is a tremendously strong
neurotoxin, and is considered an emergent toxin in Europe because, over recent years, it
became more recurrent in temperate waters. Given their high toxicity, strategies to obtain
a mitigation of these toxins are every day more fundamental, in the optic of preserve
consumer health, and, on the other hand, in giving supports to shellfisheries in selling their
products. In this context, the application of microbial metabolism to biodegrade toxins and
“undesired” substances, may represent a promising strategy in terms of toxin reduction.
In the present study, the ability of lactic acid bacteria (LAB) and Paracoccus spp. to reduce
OA and TTX in vitro was evaluated using HPLC/MS-MS technique. Different mechanisms
of interaction were observed. Some species of LAB were able to reduce significantly the
amount of toxin while in viable state (Lacticaseibacillus rhamnosus 1473 = 30 % OA
reduction), but also a binding effect of the toxins was observed. Contrarily, Paracoccus spp.
was able to reduce significantly the amount of toxin while in a cell-free extract form, in
particular Paracoccus aerius 5038 could reduce the presence of TTX of about 24%. As a
general remark, this study provided a sound line of evidence for the possible future use
either of specific bacteria or selected bacterial components to reduce the level of harmful
marine toxins in aquaculture and food production. Interesting future studies could also be
conducted directly in bivalves or in food matrix to check whether the use of bacteria

described in this work could mitigate the level of toxins in real world-like condition.
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Introduction

Harmful algal blooms (HAB) and phycotoxins represent a current safety issue strictly
connected to global climate change (Gobler, 2020). HAB phenomena, consisting in the
overgrowth of marine phytoplankton, are caused by about 300 recognized microalgae
species of which more than 100 are producers of toxins responsible for intoxication or even
death in animals and humans (Visciano et al., 2016). Marine toxins can be classified on the
basis of their poisoning symptoms: diarrheic shellfish poisoning (DSP), paralytic shellfish
poisoning (PSP), amnesic shellfish poisoning (ASP), neurotoxic shellfish poisoning (NSP),
and ciguatera fish poisoning (CFP). Besides, HAB and marine toxins are also an economic
problem for shellfisheries causing an impact on profitability due to site closures and the
related consequences (Theodorou et al., 2020).

Among marine toxins, tetrodotoxin (TTX) is a tremendously strong neurotoxin (it blocks
voltage-gated sodium (Na+) channels in nerve and muscle tissues) named after the
Tetraodontidae pufferfish family from which it was first isolated. This compound is
considered an emergent toxin in Europe because, over recent years, it became more
recurrent in temperate waters (Silva et al., 2015). From a food safety viewpoint, this toxin
has been responsible for many fatalities over the years due to the consumption of marine
foods (Lago et al., 2015). TTX can also be found in different taxa not closely related, such as
marine invertebrates but also terrestrial and marine vertebrates (Silva et al., 2019). The
widespread presence in many organisms is due to its exogenous origin; it is indeed
produced by several bacterial strains belonging to Bacillus, Shewanella, Roseobacter,
Alteromonas, Aeromonas, Nocardiopsis, Vibrio, and Pseudomonas (EFSA , 2017). TTX has been
associated to Prorocentrum blooms, proving a high risk for shellfisheries and consequently
for consumers (Magarlamov et al., 2017). Some species of this Dinoflagellata phylum are
well known to be phycotoxins producers.

Okadaic acid (OA) is the main toxin responsible for DSP in humans, causing diarrhea,
nausea and vomiting, but it is not considered lethal (Fu et al., 2019). It has moreover been
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shown to be neurotoxic, hepatotoxic and cytotoxic (Kamat et al., 2013). OA is produced by
several species of Dinophysis, Phalacroma and Prorocentrum (Arapov, 2013). The high
persistence of these phytoplankton populations in many geographic areas highlights their
importance from an economic point of view given that their presence above the legal limit
results in a large number of harvesting closures (Blanco et al., 2019).

Given their high toxicity, mitigation strategies to both ensure consumer health and support
shellfisheries are of increasing interest. In this context, the application of microbial
metabolism to biodegrade toxins and “undesired” substances, called bioremediation, may
represent a promising strategy in terms of toxin reduction. Indeed different studies involve
the use of lactic acid bacteria (LAB) as a tool to biodegrade or remove toxins (Dalié et al.,
2010; El-Nezami et al., 1998; Fuchs et al., 2008; Halttunen et al., 2007, Ogawa et al., 2001;
Zhao et al., 2015). In particular, this approach was widely studied to reduce mycotoxins
amount in food and feed (Dali€ et al., 2010; Fuchs et al., 2008; Perczak et al., 2018; Shetty &
Jespersen, 2006), but limited are the researches aimed to investigate the mitigation of marine
toxins and cyanotoxins (Meriluoto et al., 2005; Ramani et al., 2012).

Given the high toxicity of marine toxins, their increasing spread leading to a relevant
occurrence in fish-based foods, and the promising results in terms of reduction of some toxic
compounds obtained by LAB, this research aimed to investigate the effect of interaction
between different bacteria and two marine toxins, in order to evaluate a possible reduction.
In particular, different LAB and marine isolated bacteria strains were considered and the
effect of viable, not viable and lysed cells was tested in vitro on okadaic acid and

tetrodotoxin.
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Results

Microbial growth

In order to evaluate the effect of bacterial growth and activity on the level of OA and TTX,
bacterial counts of the metabolically active bacteria were determined. In supplementary
table 1 are represented the growth of lactic acid bacteria without toxins. The tested strains
showed different attitudes of growth. In table 1 is reported the behavior of bacteria just after

inoculum (t0) and after 48 hours (tF) of incubation in the presence of OA (100 ug/L) and TTX
(50 pg/L).

Table 1. Microbial counts before and after contact between Okadaic acid (100 pug/L) and
Tetrodotoxin (50 pg/L) and microorganisms. Stars highlight statistical differences within the

strains. * = p<0.05. The values are reported as mean + SD.

Okadaic acid (100 pg/L) Tetrodotoxin (50pg/L)
Strain t0 Log CFU/ml  tf Log CFU/ml ALog CFU/ml t0Log CFU/ml  tf Log CFU/ml A Log CFU/ml
L. casei 2240 8.78 +0.16 8.88 +0.14 0.10 8.78 +0.16 8.83 +0.09 0.05
L. rhamnosus 2411 9.58 +0.10 8.98 +0.10 -0.60 9.58 +0.10 8.86 +0.06 -0.72
L. fermentum 11441 9.22+0.04 8.43 +0.05 -0.79* 9.22+0.04 7.98 +0.06 -1.24*
L. brevis 6906 9.12+0.12 8.42+0.01 -0.70% 9.12+0.12 8.97+0.01 -0.15
L. rhamnosus 1473 8.12+0.01 9.16 +0.02 1.04* 8.12+0.01 9.05+0.01 0.93*
L. paracasei 4186 7.79+0.16 7.49 +0.58 -0.30 7.79+0.16 743 +0.12 -0.36
P. marcusii 5034 8.46 +0.01 8.64 +0.04 0.18 8.46 +0.01 8.85+0.04 0.39*
P. aerius 5038 8.32+0.04 8.76 + 0.01 0.44* 8.32+0.04 8.65+0.02 0.33*
P. aestuarii 5039 7.53+0.13 8.49 + 0.02 0.96* 7.53+0.13 8.39 +0.04 0.86*

Regarding OA samples, Lacticaseibacillus casei 2240 and Lacticaseibacillus paracasei 4186
remained at the inoculum level during the 48 hours’ incubation. Differently,

Lacticaseibacillus ~ rhamnosus 2411, Limosilactobacillus ~ fermentum LMG 11441 and
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Levilactobacillus brevis LMG 6906 decreased during incubation, probably entering in death
phase. Contrarily, Lacticaseibacillus rhamnosus 1473 increased by more than 1 Log CFU/mL
respect to the inoculum level (p< 0.05), proving that the bacteria stayed in exponential phase
during the incubation. All the Paracoccus spp. strains incubated together with OA presented
a very similar behavior to each other. In fact, they stayed in an exponential phase keeping
growing during the 48 hours’ incubation. This was more evident for Paracoccus aerius 5038
and Paracoccus aestuarii 5039 that statistically increased their concentrations (Table 1). In
table 1 is also shown the behavior of the tested strains during 48 hours of incubation with
50 ug/L of TTX, which showed results similar to those observed for OA. Only L. rhamnosus
1473 and Paracoccus spp. strains increased their concentration respect to the inoculum level
(p<0.05) while L. casei 2240 concentration didn’t change and the other LAB strains entered a
death phase. In supplementary table 2 are compared the growth of lactic acid bacteria after
48 hours (tF) with and without the toxins (OA and TTX). Significant differences were found
in the growth of LMG 6906 and 1473 in presence of OA and in the growth of LMG 11441
and 4186 in presence of TTX.

Bacteria and toxins interaction

In order to evaluate the effect of interaction between marine toxin and lactic acid or marine
bacteria, all the samples were analyzed and the toxin content was calculated. In negative
control samples, the two toxins resulted absent and no interferences were evidenced. To
highlight a reduction of toxin amount due to bacteria activity, analyte concentration
calculated in the samples were compared with those found in positive controls. The results
were expressed as percentages. Changes of OA concentrations in MRS broth after 48 hours’
incubation in samples inoculated with LAB strains, as viable or lysed cells are shown in

Table 2.
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Table 2. Results of interaction between toxins and lactic acid bacteria and respective distribution of the

toxins. Data are expressed as percentages, considering as 100% the control samples. Stars underline

statistical differences (p<0.05) with the controls. (n.d. =not detectable).

MRS PBS
ID Pellet Supernatant Pellet Supernatant Cell-free extract
2240 9.88 £0.36 90.12+1.20 5.63+£0.39 94.37 +0.44 100
2411 11.10+0.30 88.90+0.20  536+0.12  94.64+0.19 100
Okadaic acid LMG 11441 12.72+032 87.28+0.29 5.55+0.19 94.45+0.25 100
(100 pg/L) LMG 6906 11.93+0.81 88.07+0.10 544+0.09 9456+0.58 100
1473 n.d 68.65+2.00* 8.08+8.08  85.11+3.09 100
4186 n.d 88.90 + 11.10 n.d 90.60 + 3.00 100
2240 1.41+1.41 98.59 +1.41 9.75+0.58 81.75+4.94 100
2411 190+190 81.10+2.83* n.d 100 92.50 +2.50
Tetrodotoxin LMG 11441 n.d 100 n.d 94.00 + 1.41* 100
(50 ug/L) LMG 6906 n.d 100 580+580  94.20+5.80 96.50 + 3.50
1473 14.67+£0.12 8533+195 7.36+736  73.60+148* 100
4186 n.d 82.50+1.00* 7.13+7.13  92.87+7.13 87.00 +2.00*

Not all interactions led to a modification of OA concentration. In particular, cell free extracts
of lactic acid bacteria did not exert any effect on the initial toxin content. Rather, a
statistically significant reduction of toxin amount was proved by metabolically active L.
rhamnosus 1473 cells (MRS). In fact, the percentage of toxin after incubation was 68.65 +
2.00% referred to the control (100%), showing a reduction of about 30% of the initial content.
In MRS, LAB strains seemed to have a slight binding activity toward OA, in particular
regarding 4 out of 6 strains (2240, 2411, LMG 11441 and LMG 6906) 10% of the toxins were
found in the pellet. The same effect was observed in PBS samples even if to a lesser extent.
In fact, about 5% of OA was found in the pellet (Table 2). Regarding TTX, heterogeneous
interactions with the different LAB strains were also noted (Table 2). A reduction of 20% in
the amount of TTX in MRS when Lacticaseibacillus rhamnosus 2411 and Lacticaseibacillus

paracasei 4186 were inoculated was observed (p< 0.05). A binding interaction resulted only
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in sample inoculated with L. rhamnosus 1473, in which about 15% of TTX was found in the
pelleted cells. The capability to reduce the TTX level was also assessed in metabolically
inactive bacteria. To do so, growth media were substituted with PBS buffer to reduce any
metabolic activity of bacteria. In this condition, Lacticaseibacillus casei 2240, Limosilactobacillus
fermentum1141 and Lacticaseibacillus rhamnosus 1473 were able to reduce TTX concentration
in the samples: the greatest effect was exerted by L. rhamnosus 1473 with a 20% TTX
reduction. Interaction between cells and TTX was observed in PBS regarding 4 out of 6
strains (Table 2). The 9.75 + 0.58% of the toxin was detected in L. casei 2240 pellet. Differently
from what was observed in OA samples, Cell-free extracts of lactic acid bacteria, and in
particular L. rhamnosus 2411, L. brevis 6906 and L. paracasei 4186 strains, showed an
interaction with TTX. Cell-free extracts of L. paracasei 4186 could reduce the presence of TTX
by more than 10% (p< 0.05). Differently from what was observed for LAB species, bacteria
isolated from marine environment showed completely different behavior. In Table 3 the
percentages of OA found after the incubation with metabolically active (Marine broth), not

metabolically active (PBS) and cell-free extracts of Paracoccus spp. strains are reported.
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Table 3. Results of interaction between toxins and Paracoccus sp. and respective distribution of the
toxins. Data are expressed as percentages, considering as 100% the control samples. Stars underline

statistical differences (p<0.05) with the controls. (n.d. = not detectable)

Marine broth PBS
ID Pellet  Supernatant Pellet Supernatant  Cell-free extract

5034 n.d 92.70+7.30 n.d 100 87.15+11.85
Okadaic acid

5038 n.d 100 n.d 100 83.05+9.25

(100 ug/L)

5039 n.d 97.00 +2.00 n.d 100 78.20 + 3.39*

5034 n.d 100 n.d 100 81.50 + 3.54*
Tetrodotoxin

5038 n.d 100 n.d 100 76.00 = 1.41*

(50 pg/L)
5039 n.d 100 n.d 100 83.50 + 10.61

Differently from Lactic acid bacteria behavior, only Paracoccus spp. strains lysed cells were
able to interact with the toxin. The most important reduction of OA amount was obtained
with 5039 strain, in which cell-free lysed extract the 78.20 + 3.39% of the toxin was collected
(p<0.05). The same strain proved a slight interaction while metabolically active (97.00 +
2.00%). Also, Paracoccus marcusii 5034 and Paracoccus aerius 5038 lysed cells showed an
interaction with OA: 87.15+11.85 % and 83.05 £ 9.25 % of the toxin was respectively detected
in the free cell extract. Contrary to what happened with LAB strains, no interaction between
pelleted cells and OA was observed. Regarding TTX the effect of Paracoccus spp. with TTX
was similar to what was observed with OA (Table 3). In fact, only lysed cells could act on
the toxin and reduce the amount of TTX detected. In particular, P. aerius 5038 free cell extract
could reduce the toxin of about 24%, similarly to P. marcusii 5034 lysed cells that led to a
TTX decrease of about 20% As already noted with OA, no interaction between pelleted cells

and TTX was detected.
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Discussion

The contamination of seafood with marine toxins poses concerns for human health and
represents a severe threat for aquaculture (Brown et al., 2019). Climate change and
eutrophication are growing phenomena with a great impact on the prevalence and
distribution of marine toxins also in biological niches that were considered not suitable for
toxins accumulation in the past. As an example, TTX has been recently found contaminating
bivalve molluscs like mussels and Pacific oysters harvested in Europe (Turner et al., 2015),
indicating the capability to migrate in a broad range of animal species — including some
intended for wide human consumption. This changing scenario is undergoing rapid
changes and, exposes consumers of seafood to serious health threats. Therefore, in order to
guarantee consumers' safety, is necessary to study a possible solution to mitigate the
presence of these compounds either at a pre-harvest stage or along the food production
chain. This study focused on biological strategies for the mitigation of toxins potentially
occurring in different food products such as shellfish and fish-based food. For this purpose,
the effect of interactions between bacteria (LAB and Paracoccus spp. strains isolated from the
marine environment) and toxins (OA and TTX) was investigated by considering both
metabolically active or not active cells and cell-free extracts (lysed cells). The bacterial
species used in the present study have not been tested previously for their ability to remove
marine toxins such as OA and TTX.

Different effects have been observed due to the interaction of the two toxins tested and the
bacterial strains considered both as metabolically active, non-active and lysed cells. The
potential ability of these bacteria may be the capacity to help to reduce the presence of these
toxins by metabolically transforming them or with a binding mechanism as observed for
other toxins (Fuchs et al., 2008; Lemes et al., 2008). In this study, different efficacy and type
of interaction in the removal or binding of OA acid by LAB were noted. In literature, the
interaction between LAB and other microbial toxins such as mycotoxins is well documented

(Dalié et al., 2010; Fuchs et al., 2008; Perczak et al., 2018). Researches about this topic have
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led to the conclusion that binding rather than metabolism was the mechanism by which
mycotoxins were removed (El-Nezami et al.,, 2002). It was suggested that toxins, like
aflatoxin B1, could bound to the bacteria by weak noncovalent interactions, such as
associating with hydrophobic pockets on the bacterial surface (Haskard et al., 2001). In this
study, a very similar behavior could be supposed for OA that was found associated with
bacterial pellet. In both the tested media (MRS and PBS), a binding effect by LAB was
noticed tough to a little extent (5-10%). The binding activity of LAB toward OA is not yet
demonstrated but it can be supposed that interaction between bacterial cell wall and toxin
occurred. Differently to what observed towards mycotoxins and microcystin, the ability of
L. rhamnosus 1473, in a metabolically active state to remove OA from the media was
observed (Meriluoto et al., 2005). This strain duplicated during the 48 hours of incubations,
increasing of 1.04 + 0.02 Log CFU/ml and probably for that reason it was able to metabolize
the toxin causing a reduction of the initial concentration. Only using this strain indeed a
transformation of the toxin was feasible; in the samples involving this strain a decrease of
toxin initial amount was noticed in MRS supernatant (p< 0.05) compartments but, at the
same time, the presence of OA was not evidenced in the pelleted cells.

A different attitude of LAB against TTX was observed. The reduction of TTX through a
spontaneous fermentation of pufferfish has been previously tested (Anraku et al., 2013). The
study proved that during a few years’ fermentation periods under salt, the amount of TTX
contained in pufferfishes ovaries decreased to 1/50-1/90 times respect to the fresh ovary.
The reduction of TTX by LAB has also been noticed. In that case, exopolysaccharides were
involved in the reduction of toxins amount (Tu et al., 2018). The reduction of this toxin has
never been related to lactic acid bacteria metabolism. In the present study, a TTX reduction
in MRS was observed for the first time. L. rhamnosus 2411 and L. paracasei 4186 proved an
interaction with the toxin showing a reduction in its amount. This phenomenon is probably
related to a metabolization of the toxin that has been demonstrated by marine bacteria
concerning Paralytic shellfish toxins (Donovan et al., 2009).

The results of this study evidently show the strain differences in the removal of TTX. The

most efficient reduction was obtained by 1473 (in MRS) and 2240 (in PBS) strains, while no
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removal by binding was achieved by Paracoccus spp. strains. This fact suggests that the
bacterial ability to remove toxins is dependent on the bacterial cell wall structure. As already
portrayed by other studies, the ability of bacteria to bind toxins and other compounds, could
be strictly connected to the conformation of the bacterial cell walls and consequently to
gram-positive or gram-negative bacteria (El-Nezami et al., 2002). Confirming this statement,
also in this study no bonding effect was observed due to a Gram-negative genus (Paracoccus)
differently to gram-positive bacteria (LAB). A variable binding phenomenon was observed
in PBS and in MRS, that reflect a metabolically non-active and active cells state respectively.
The three Paracoccus spp. strains considered portrayed a similar behavior towards the two
tested toxins. In fact, all these species did not demonstrate a capture activity or a
metabolization activity on both marine toxins. A toxin reduction activity was recorded only
when bacteria had undergone a lysing treatment. This attitude means a reductive effect on
these toxins closely related to enzymes and endocellular materials. In the last decades,
several Paracoccus spp. strains have been reported to degrade and metabolize many kinds
of toxic aromatic compounds (Bai et al., 2008). This genus is widely studied in the field of
bioremediation, in particular for the ability of some strains to degrade insecticide residuals
(pyridine, fipronil, carbofuran and Chlorpyrifos) (Bai et al., 2008; Kumar et al., 2012; Li et
al., 2011; Peng et al., 2008), pyrene (Yang et al., 2013), and other compounds (Nisha et al.,
2015, 2016; Siddavattam et al., 2011; Xu et al., 2008; Zhang et al., 2011). What emerged in this
study may thus open up to further researches on the application of lyses Paracoccus cells as
a possible tool to biodegrade undesired compounds in general, and not only marine toxins.
Several studies show effective interactions between LAB and mycotoxins. For instance, L.
casei group bacteria were very effective in removing aflatoxin B1, with more than 80% of the
toxin trapped (Haskard et al., 2001). Otherwise, as presented in this study, the ability of LAB
to “trap” marine toxins were lower. This behavior can be linked to the different toxins
structures but also to a substantial environmental difference. LAB and moulds producing
mycotoxins are microorganisms typical of the same environment and this can be the reason

why the bonding interactions is more efficient.
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Conclusions

This study aimed to shed light on the possibility to use LAB and marine isolated bacteria to
reduce or bond two marine toxins. At the best of our knowledge, it is the first time that
interaction between LAB or other bacteria and OA is studied. Even if slight, some interesting
interactions were noticed and it is clear that LAB and Paracoccus spp. had a different effect
on toxins. Gram-positive bacteria (LAB) are able to metabolize or bond on the cell walls the
tested toxins, while Gram-negative bacteria could only reduce the amount of toxin after a
lysis treatment of bacterial cells. Further researches need to be conducted in order to deeply
investigate the role of bacterial metabolism, intracellular enzymes or cell wall involved in
this mechanism. To this purpose contact time and bacterial concentration may be interesting
variables to be considered. As a general remark, this study provided a sound line of
evidence for the possible future use either of specific bacteria or selected bacterial
components to reduce the level of harmful marine toxins in aquaculture and food
production. Interesting future studies could also be conducted directly in bivalves or in food
matrix to check whether the use of bacteria described in this work could mitigate the level

of toxins in real world-like conditions.
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Materials and Methods

Microbial strains
Six lactic acid bacteria strains, belonging to different species, and three wild Paracoccus

strains were used (Table 4).

Table 4. Bacterial strains used in the experiments

ID Species Temperature Source Isolation matrix

2240 Lacticaseibacillus casei 37°C UNIPR  Parmigiano Reggiano cheese
2411 Lacticaseibacillus rhamnosus 37°C UNIPR  Parmigiano Reggiano cheese
LMG 11441  Limosilactobacillus fermentum 37°C BCCM Not available

LMG 6906  Levilactobacillus brevis 30°C BCCM Human feces

1473 Lacticaseibacillus rhamnosus 37°C UNIPR  Parmigiano Reggiano cheese
4186 Lacticaseibacillus paracasei 37°C UNIPR  Pecorino Toscano cheese
5034 Paracoccus marcusii 30°C UNIPR  Seaweeds

5038 Paracoccus aerius 30°C UNIPR  Seaweeds

5039 Paracoccus aestuarii 30°C UNIPR  Seaweeds

TUNIPR, University of Parma; BCCM, BCCM/LMG Collection Laboratorium voor Microbiologie,

Universiteit Gent.

Limosilactobacillus fermentum LMG 11441 and Levilactobacillus brevis LMG 6906 were
purchased from Belgian Coordinated Collection of Microorganisms (BCCM) (Universiteit
Gent, Gent, Belgium). The remaining strains belong to the collection of the Department of
Food and Drug (University of Parma, Italy) where they have been previously isolated from
different food matrixes and identified by 16S rRNA sequencing. LAB strains were
maintained as frozen stock cultures in MRS broth (Oxoid, Ltd. Basingstoke, United
Kingdom) containing 20% (v/v) glycerol at -80 °C. Paracoccus strains were kept as frozen
stock cultures in Marine broth 2216 (BD Difco, Heidelberg, Germany) containing 20% (v/v)
glycerol at -80 °C. The strains were revitalized in MRS broth (LAB) and in Marine broth 2216
(Paracoccus spp.) by three overnight sub-culturing (2% v/v) at their optimum temperature

(Table 4).
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Chemicals

Analytical standards of OA and TTX were obtained from Cayman Chemicals (Michigan,
USA). For each toxin, stock solutions at the concentration of 100 mg/L were prepared in
appropriate solvents and stored at -80°C until use. HPLC grade acetonitrile and formic acid
used for sample extractions and dilutions, as for UHPLC analyses, were supplied from
Sigma Aldrich (Milano, Italy), while bi-distilled water was in house produced utilizing an
Alpha-Q system (Millipore, Marlborough, MA, USA). Phosphate Buffer Solution (PBS), was
laboratory-made (1.6 g of NaCl, 0.24 g of Na2HPOs, 0.04 g of KH2POs and 0.04 g of KCl and
160 mL of bi-distilled water, pH 7 with HCI 1N) then sterilized in autoclave at 121°C for 20

minutes.

Experimental design

The experiments were conducted adapting the protocol reported by Zaho et al. (2005) for
mycotoxins. Two working solutions were previously prepared for OA and TTX by drying
an opportune aliquot of each toxin stock solution (10 pL) under a gentle nitrogen flow and
dissolving the residue in 1 mL of sterilized PBS solution, obtaining a final concentration of
1000 pg/L. One mL of each revitalized bacterial solution was centrifuged at 12,857* g for 10
min at 4°C. The supernatant was then discarded and the bacterial cells were suspended in
1 mL of sterile PBS. This cells washing step was carried out twice, to guarantee the removal
of residual culture medium. Bacterial cells were then suspended with 900 uL of MRS broth
(LAB) or Marine broth 2216 (Paracoccus) or PBS and 100 uL of OA solution or (TTX solution
were added, obtaining a final toxin concentration of 100 pug/L and 50 pg/L for OA and TTX
respectively. The samples were homogenized in a vortex and incubated at the specific
growth temperature for each strain (Table 1) for 48 hours. After incubation samples were
centrifuged for 10 minutes at 4 °C at 12,857* g. Supernatant and pellet were separately
extracted with 0.5 mL of acetonitrile. For this purpose, samples were stirred on a vortex for
2 min to ensure optimum homogenization of the extracting solution with the sample. A final
centrifuge at (12,857* g for 10 min at 4°C) was carried out in order to separate supernatant

which was transferred in HPLC vials.
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To obtain cell free extracts, 1 mL of revitalized bacterial solution was centrifuged at 12,857*
g for 10 min at 4°C, then the supernatant was discarded and the bacterial pellet was
suspended in 1 mL of PBS. In order to guarantee the removal of the media present in the
revitalization process, a total of two cells washings steps were applied. After these passages,
1 mL of each bacterial cells culture suspended in PBS, was transferred in BeadBug™
prefilled tubes, 2.0 mL capacity with 0.1 mm Silica glass beads (Sigma- Aldrich, USA), and
treated with Mini-Beadbeater (Biospec products, US/ Canada) alternating 2 minutes of
mixing and 1 minute in ice, 3 times. After the last treatment, the supernatant with cell-free
extracts was used for the experiment. To confirm the absence of alive bacterial cells, counts
on MRS (LAB strains) and in Marine broth (Paracoccus strains) were performed. As positive
controls, OA or TTX were added to not inoculated MRS, Marine broth 2216 or PBS
maintaining the same proportions considered for the inoculated samples, while negative
controls were constituted of toxins free media/PBS and bacteria cultures or cell-free extracts.
All the experiments were replicated twice and then analyzed.

Reported data are expressed as percentages obtained by comparing the concentration of
toxins calculated in samples, based on calibration curves, with that present in the positive
control samples, taken as 100%.

The experimental design is schematized in Figure 1.
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Figure 1. Experimental design

Microbial counts

Samples were incubated for 48 h at the optimal temperature for each strain, then 100 pl of
each suspension containing bacteria and toxins and controls, were serial diluted and plated
in order to evaluate bacterial concentration. Lactic acid bacteria and Paracoccus spp. were
counted on MRS agar and Marine agar respectively, at the beginning (t0) and after 48 hours

(tF) of incubation at their optimum temperature.
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UHPLC-MS/MS analysis and quantification of toxins

All the UHPLC-MS/MS analyses were conducted on a UHPLC Dionex Ultimate 3000
separation module coupled with a triple quadrupole mass spectrometer (TSQ Vantage;
Thermo Fisher Scientific Inc., San Jose, CA, USA) equipped with an electrospray source
(ESI). Since the two analytes, OA and TTX. considered in this study presented different
Physico-chemical characteristics, in terms of polarity and ionization potential, two methods
of analysis were applied, as follows.

For the separation of OA a RP-C18 EVO Kinetex column (Phenomenex, Torrance, CA, USA)
(2.10x100 mm, particle size 2.6 um) was used. Water (eluent A) and aqueous acetonitrile
(95%) (eluent B), both acidified with 0.1% formic acid, were utilized as eluents applying a
gradient elution: initial conditions were set at 2% of B, that was increased to 100% in 10
minutes. The column was flashed for 2 min, then initial conditions were restored. The total
run time resulted of 23 min. The column oven was maintained at 40 °C, 5 uL of samples
extract were injected; the flow rate was maintained at 0.350 mL/min. For the detection, the
ESI source was operated in negative ionization mode; spray voltage was set at 3000 V, the
capillary temperature at 270 °C, vaporizer temperature at 200 °C, sheath gas flow at 50 units
and the auxiliary gas flow at 5 units. Detection was performed in SRM mode, monitoring
the following transitions were considered: m/z 803.0 — 562.9 (CE =45 eV) and m/z 803.0 —
255.1 (CE=49 eV).

The separation of TTX was conducted using a XBridge BEH Amide column (Waters Co.,
Milford, MA, USA) (2.10x100 mm, particle size 2.5 um). Water (eluent A) and aqueous
acetonitrile (95%) (eluent B), both acidified with 0.1% formic acid, were utilized as eluents
applying a gradient elution: initial conditions were set at 95% of B, that was decreased to
20% in 10 minutes. The column was flashed for 2 min and in 1 min the initial conditions
were restored. The total run time resulted of 23 min. The column oven was maintained at
40 °C, 5 puL of samples extract were injected; the flow rate was maintained at 0.350 mL/min.
The detection of TTX was performed using the ESI source in positive ionization mode with
the spray voltage set at 3500 V, the capillary temperature at 270 °C, vaporizer temperature

at 200 °C, sheath gas flow at 50 units and the auxiliary gas flow at 5 units. Also in this case,
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SRM detection mode was chosen, monitoring the following transitions: m/z 319.9 — 301.9
(CE=24 eV) and m/z 319.9 — 161.9 (CE =38 eV).

Relative concentrations of OA and TTX were calculated on the basis of two different
calibration curves; in particular acetonitrile standard solutions at the concentration of 50, 75,
100, 150 and 200 pg/L were prepared for OA, while 20, 30, 50, 75 and 100 pg/L were the
amounts considered for TTX. Good linearity (R? > 0.99) for both calibration ranges was

obtained.

Statistical analysis

Data were statistically elaborated using SPSS Statistics 23.0 software (SPSS Inc., Chicago,
IL). In particular, an independent-samples t-test was applied to compare microbial counts
before and after the addition of toxins, as data obtained for the positive control samples with
those obtained for incubated samples with a statistical difference when p < 0.05. Other
independent-samples t-tests were applied to confront bacterial growth in presence of toxins

(OA and TTX) with bacterial growth without toxins (p<0.05).
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Supplementary Table 1. Microbial counts of bacteria without the presence of toxins. Stars

highlight statistical differences within the strains. * = p<0.05. The values are reported as mean + SD.

Strain t0 Log CFU/ml  tf Log CFU/ml A Log CFU/ml
L. casei 2240 8.78 £0.16 9.05 £ 0.07 0.27
L. rhamnosus 2411 9.58 £0.10 8.69+0.12 -0.89
L. fermentum 11441 9.22 £0.04 8.58 + 0.01* -0.63
L. brevis 6906 9.12+£0.12 8.94+0.13 -0.18
L. rhamnosus 1473 8.12+0.01 8.99 + 0.05* 0.86
L. paracasei 4186 7.79+0.16 8.17 £ 0.08 0.39
P. marcusii 5034 8.46 £ 0.01 8.72+0.17 0.26
P. aerius 5038 8.32 £0.04 8.73+0.05 0.42
P. aestuarii 5039 7.53+0.13 8.63 +0.09 1.11

Supplementary Table 2. Comparison between microbial growths of bacteria without (Controls)

and with toxins (OA and TTX) after 48 hours. Stars highlight statistical differences within the

strains. * = p<0.05. The values are reported as mean + SD.

Controls Okadaic acid (100 pg/L) Tetrodotoxin (50ug/L)
tf Log CFU/ml tf Log CFU/ml tf Log CFU/ml
L. casei 2240 9.05+0.07 8.88+0.14 8.83+0.09
L. rhamnosus 2411 8.69 +0.12 8.98 +0.10 8.86 +0.06
L. fermentum 11441 8.58 +0.01 8.43 +0.05 7.98 £ 0.06*
L. brevis 6906 8.94+0.13 8.42 +0.01* 8.97 £0.01
L. rhamnosus 1473 8.99 +0.05 9.16 +0.02* 9.05+0.01
L. paracasei 4186 8.17 £ 0.08 7.49 +0.58 7.43+0.12*
P. marcusii 5034 8.72+£0.17 8.64 +0.04 8.85+0.04
P. aerius 5038 8.73+0.05 8.76 +0.01 8.65+0.02
P. aestuarii 5039 8.63 +0.09 8.49 +0.02 8.39 +0.04
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Abstract

Arthrospira platensis, commercially known as Spirulina, is a fresh-water cyanobacterium that
is gaining even more attention in the last years due to its high biological and nutritional
value. For this reason, it has been employed in several food applications, to obtain or
enhance functional and technological properties of cheese, yogurt, bread, cookies or pasta.
The aim of this work was to evaluate the potential boosting effect of two different
concentrations (0.25% and 0.50%) of A. platensis on the fermentation capability of several
starter LAB strains, 1 probiotic and 4 commercial mix culture. These strains were used to
ferment three different substrates and their fermentation behaviors were evaluated by
impedance analyses together with rheological and color measurements. In tryptic soy broth
(TSB), the A. platensis boosting effect was significantly higher if compared to yeast extract
for all the starter LAB strains except for Lb. casei who was equally stimulated. Different
results were found when the same LAB strains were cultivated in SSM. The most evident
boosting effect of A. platensis was found for S. thermophilus and Lb. casei. LAB growth was
promoted by A. platensis, confirming that it could be a useful tool in the production of novel
functional fermented dairy foods. The potential boosting effect was evaluated on four
commercial mix cultures used to produce milk and soy fermented beverages. It was
demonstrated that the booster effect took place, but it was variable and dependent not only
on the mix culture used, but also on the substrate and A. platensis concentration. Also,

rheological and color modifications were found to be dependent on these factors.
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Introduction

A. platensis is a fresh-water cyanobacterium that has several biological activities and a great
nutritional value because it contains high levels of proteins (more than 60% on dry basis),
essentials amino acids, vitamins, polyunsaturated fatty acids, minerals, polyphenols,
carotenoids and chlorophyll (Ghaeni et al., 2014). Due to the presence of the pigment C-
phycocyanin, the color of A. platensis is green-blue (Park et al., 2018). This microalga,
commercially known as Spirulina, has different industrial applications: e.g. as a food
supplement (Andrade, 2018; Batista et al., 2017), in feed (Holman & Malau-Aduli, 2013), in
cosmetics (Ariede et al., 2017) and in health products (Majdoub et al., 2009). In several
studies A. platensis has been employed in food formulations in order to obtain or enhance
the functional and technological properties of cheese (Golmakani et al., 2019), yogurt
(Mohammadi-Gouraji et al., 2019; Yamaguchi et al., 2019), soft drink beverages (Camacho
et al., 2019), bread, cookies and pasta (Ak et al., 2016; Massoud et al., 2017; Zouari et al.,
2011). Moreover, the growing demand for fermented, functional or vegan products opens
new frontiers for its use as a natural ingredient and/or as a natural growth stimulator of
starter bacteria in fermented food production. In fact, the increasing consumers’ demand
for functional and natural food has led to the continuous research of new natural ingredients
to be used in food formulations (Bhowmik et al., 2009). Some studies reported that A.
platensis stimulated lactic acid bacteria (LAB) growth in vitro condition (Bhowmik et al.,
2009; Parada, 1998; Plaza et al., 2009) moreover, in milk products such as yogurt and ayran,
Spirulina contributed to the preservation of LAB viability during storage (Barkallah et al.,
2017; Celekli et al., 2019; Guldas & Irkin, 2010).

This aspect could be very important especially for probiotic cultures that, after ingestion,
are believed to play a significant role in the intestinal tract against pathogenic
microorganisms (Gardiner et al., 2002). To perform this activity, a sufficient number of

viable microorganisms must be present throughout the shelf life of the product (Parada,
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1998). Moreover, as it is well known that LAB strains have a high nutritional requirement
and that their fermentation time could be influenced by numerous factors, (especially in
fermented milk-related products) (Gueimonde et al., 2004; Korbekandi et al., 2009;
Mortazavian et al., 2007; Shafiee et al., 2010; Shah, 2000), in some cases energy boost is
required in order to promote growth, fermentation capability and viability of the strains
(Varga et al., 2002). As it has been already observed, A. platensis biomass could increase the
rate and the survival of several strains in fermented dairy products (Vijay Pratap Singh,
2014). In this context, A. platensis, could play a multiple role in fermented foods: as a
functional ingredient but also as a booster to enhance the technological performances of
starter LAB. The impacts of A. platensis on the viability s of some LAB strains in fermented
milk products have been already investigated by some authors (Barkallah et al., 2017;
Hannane Beheshtipour et al., 2012), who used A. platensis at the end of fermentation, without
warring about the problems related to the microbial contaminations brought by A. platensis.
In fact, the addition after fermentation, as in the case of yogurt at refrigeration temperatures
slow down or prevent microbial cell duplication during storage. On the other hand, as our
purpose was to investigate the potentiality of A. platensis as a fermentation booster, it was
therefore necessary to add it at the beginning of fermentation. In this case, to avoid any
growth of contaminant microorganisms during fermentation that can compromise the
success of fermentation and the safety of the final product, a sterilization step of A. platensis
was necessary. Considering all these reasons, the aim of the present research was to i)
evaluate the potentiality of sterilized A. platensis as natural growth booster for acidifying
starter LAB strains, a probiotic strain and also commercially used acidifying starter cultures,
by an innovative approach based on impedance analysis (Bancalari et al., 2016) ii) study the
impact of A. platensis addition on the overall color and rheological characteristics of the

fermented milk and fermented soy-based beverage.
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Materials and Methods

Strains and commercial acidifying starter cultures

Seven wild LAB strains, belonging to different species commonly used as acidifying starter
for milk fermentation, the probiotic strain Lactobacillus rhamnosus GG and 4 commercial
acidifying mix cultures (Mix I, II, III, and IV) were used. The acidifying LAB strains,
belonging to the collection of the Laboratory of Food Microbiology of the Department of
Food and Drug (University of Parma), have been previously isolated from different food
matrixes and identified by 16S rRNA sequencing (Tab. 1), while the commercial mix cultures
were provided by Sacco Srl (Cadorago, CO, Italy). The acidifying LAB strains and
Lactobacillus rhamnosus GG, maintained as frozen stock cultures in MRS (Oxoid, Ltd.,
Basingstoke, United Kingdom) (Lactobacillus), or M17 (Oxoid, Ltd., Basingstoke, United
Kingdom) (Lactococcus and Streptococcus) broth containing 20% (v/v) glycerol at -80°C, were
recovered in Tryptic Soy Broth (TSB) (Oxoid, Ltd., Basingstoke, United Kingdom) by two
overnight sub-culturing (2% v/v) at 42°C for Lactobacillus and Streptococcus, and 30°C for
Lactococcus (Table 1). Mix I, II, III and IV were maintained in lyophilized form at 4°C until

the use.
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Table 1. Lactic acid bacteria strains (LAB) and commercial mix cultures used in this study: UNIPR:

University of Parma; ATCC: American Type Culture Collection

Incubation
Species Strain  Abbreviation Source

temperature
Lactobacillus delbrueckii subsp.

2214 Lbd. bulgaricus UNIPR 42°C
bulgaricus
Lactobacillus casei 4339 Lb. casei UNIPR 37°C
Lactococcus lactis subsp. cremoris 1978 Lcl. cremoris UNIPR 30°C
Lactococcus lactis subsp. lactis 2269 Lcl. lactis UNIPR 30°C
Leuconostoc 4456 Leuconostoc sp. UNIPR 30°C
Weissella 4458 Weissella minor UNIPR 30°C
Streptococcus thermophilus 518 St. thermophilus UNIPR 42°C
Lactobacillus rhamnosus GG GG Lb. rhamnosus ATCC 53103 37°C
Streptococcus thermophilus Sacco Srl,

I MixI 37°C
multistrains Cadorago, Italy
Streptococcus thermophilus and

Sacco Srl,
Lactobacillus delbrueckii ssp. I MixII 37°C
Cadorago, Italy
bulgaricus
Streptococcus thermophilus and
Sacco Srl,
Lactobacillus delbrueckii ssp. I MixIII 37°C
Cadorago, Italy
bulgaricus
Streptococcus thermophilus,
Sacco Srl,
Lactobacillus delbrueckii spp. lactis v MixIV 37°C
Cadorago, Italy

and Lactobacillus helveticus.
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Experimental design

The potential boosting effect of A. platensis on all the chosen strains and the commercial mix
acidifying starter cultures was evaluated following the experimental design reported in
Figure 1. Three different growth substrates were considered: Tryptic Soy Broth (TSB)
(Oxoid, Ltd., Basingstoke, United Kingdom), reconstituted skim milk powder (SSM)
(Oxoid), and a commercial soy-based beverage (SBB). TSB, reconstituted to 30 g/L (w/v),
was sterilized at 121°C for 20 min. SSM reconstituted to 10% (w/v), was sterilized at 100°C
for 10 min. SBB, composed of water, hulled soya beans (8%), sugar, calcium carbonate,
acidity regulator (Potassium phosphates), flavoring, salt, stabilizer (Gellan gum), vitamins
(B2, B12, D2), iodine (Potassium Iodide), was aseptically opened and immediately used. The
dehydrated organic A. platensis, kindly provided by S.A.Ba.R (Novellara, RE, Italy), was
rehydrated in water (5% w/v) and then sterilized at 121°C for 20 min. Sterilized A. platensis
(SP) (5%) was added at 0.25% and 0.50% (w/v) to each substrate (Figure 1). Yeast extract
(Oxoid) (YE) a common LAB growth stimulant, was evaluated as a positive control (C+). It
was rehydrated in water (5% w/v), sterilized at 121°C for 20 minutes and added at 0.25%

and 0.50% (w/v) to each substrate (Figure 1).

162



] = =]
Sterilized SP ' : ' Yeast extract (C+)
A

_ TsE,
- //\\ I sm \ -
/ \ = / \
/f' \\ N | N
Tenfold Tenfold
diluted diluted
strains SPO% SPO.25 SPO.5% YEO.5% YEO.25 YEO% strains

[ & 1 BN 2 1 B 3 ] SEE NN aae
s8s 888 sss EEE E=EE EEE
B - -
Sterilized SP ‘ M ' Sterilized SP
2% - _ //!\ - \\ : i 2%

e @08 200 089 ANN BND B EE e
888 888 888 EEE BEE LEE

Figure 1. Schematic representation of the experimental design of this study.

Set up of fermentation conditions of LAB strains

The acidifying and growth performances of LAB strains and Lactobacillus rhamnosus GG
(Table 1) were evaluated in TSB and SSM. For TSB, the last sub-culturing step of each
bacterial culture was tenfold diluted in Ringer solution (Oxoid) and inoculated (2% v/v) in
18mL of the growth media supplemented, respectively and separately, with 0.25% and

0.50% of SP or YE (Figure 1). A negative control, without any addition of YE and SP, was
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also considered. For the evaluation of acidifying and growth performances in SSM, other 24
h sub-culturing (2 % v/v) of each strain in SSM were performed before use. The inoculated
media were transferred into sterilized BacTrac 4300® vials (SY-LAB, Neupurkersdorf,
Austria), 6 mL in each vial, and incubated at the optimal growth temperature of each strain
(Table 1). All the fermentations were carried out in triplicate and monitored for 48 h by
measuring the impedometric signal every 10 min, by BacTrac 4300® Microbiological

Analyzer (SY-LAB, Neupurkersdorf, Austria).

Commercial mix culture fermentation

The four commercial mix bacterial cultures (Mix I, II, III and IV) (Table 1) were directly
inoculated in SSM and in SBB according to the manufacturer’s instructions. As described
above, the inoculated SSM and SBB were transferred into sterilized BacTrac 4300®, 6 mL in
triplicate, and incubated at 37°C. All the fermentations were monitored for 48 hours as

previously described.

Impedance Measurements

Impedance measurements were performed by mean of BacTrac 4300® Microbiological
Analyzer system requiring the use of dedicated glass measuring cells (vials) with 4
electrodes. The system is based on the impedance splitting method and is able to register
two specific impedance values for every single measurement: i) the conventional
conductance value (M) that corresponds to the media impedance, and ii) capacitance value
(E) which is the electrochemical double layer of the electrodes-electrolyte impedance
(Bancalari et al., 2019). Both these values, simultaneously recorded by the instrument, are
shown as relative changes compared to a starting value and expressed as M% and E%
(Bancalari et al., 2016, 2019). The continuous plotting of the changes in E and M-values are

visualized as E% and M% over time resulting in capacitance or conductance curves. Once
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aseptically filled with the samples, the sterilized vials were located in the appropriate
position inside the BacTrac 4300® incubators at the optimal growth temperature of each
strain (Table 1). The two specific impedance values M% and E%, were measured and
recorded every 10 min for 48 h (Bancalari et al., 2016, 2019). The results of the impedometric
measurements were analyzed as previously reported by Bancalari (Bancalari et al., 2016)
and the Lag value was considered in this study as an indicator of the potential booster effect

given by SP during fermentation.

pH measurement

pH was measured after 24 h of fermentation by means of pH meter (Beckman Instrument

mod ®350, Furlenton, CA, USA) and a glass electrode (Hamilton, Bonaduz, Switzerland).

Rheological characterization of fermented SSM and SBB

The flow behavior of SSM and SBB was evaluated, before and after fermentation, by means
of an MCR 102 rheometer (Anton Paar, Graz, Austria) equipped with a 50 mm cone-plate
geometry (1° angle). An aliquot of sample was placed on the lower plate and the upper cone
of the rheometer was lowered to a fixed height of 104 um. Before analyses, samples were
subjected to a pre shear to diminish structural differences among samples caused by
different treatments (200 s for 60 s). Flow behavior was tested by applying a linear ramp
of shear rates from 10 to 200s’. The temperature was set at 4°C, and it was controlled by
means of a Peltier device. The flow behavior of the samples was described by the Power law

equation of the Ostwald de Waele model, as follows:

k()"

Where 1 represents the shear stress (Pa), v is the shear rate (s™), and k and n are a consistency
factor (Pa s") and the flow behavior index, respectively. Analyses were performed in

triplicate before fermentation (t0) and after the fermentation process (t24).
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Color measurements of fermented SSM and SBB

Color measurements were performed, before and after fermentation of SSM and SBB
inoculated with four commercial mix starters, using a CR-2600d spectrophotometer
(Minolta Co., Osaka, Japan) equipped with a standard illuminant D65. The instrument was
calibrated prior to each analysis using a white color tile standard. An aliquot of sample (10
mL) was transferred in a 55-mm petri dish, and colorimetric measurements were performed
by placing the spectrophotometer lens in direct contact with the bottom of the petri dish.
The lightness of color (L* that ranges between 100 of white to 0 of black), redness (a*, that
ranges between +120 of red to -120 of green), yellowness (b*, that ranges between +120 of
yellow to -120 of blue) were measured in SCI mode by considering the CIE L*a*b* color
space. Analyses were performed in quintuplicate in random points of the bottom surface of
the petri dish. According to rheological characterization, the color was measured before

fermentation (t0) and after the fermentation process (t24).
Statistical analysis

To investigate the effect of concentrations (0, 0.25, 0.50%) of A. platensis and the effect of
substrate (SSM and SBB), a two-way ANOVA model was performed using PRC GLM of
SAS (SAS Inst. Inc, NC, USA). In the case of pH, color coordinates and rheological
parameters, the fermentation time was considered for the statistical analysis (Oh,
corresponding to the inoculated and non-fermented sample; 24h, corresponding to the

fermented sample) and in this case, a three-way ANOVA model was considered.
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Results and discussion
Measurement of the boosting effect of sterilized A. platensis on LAB strains by impedance analysis

In this study, the potential boosting effect of A. platensis (SP) was evaluated by mean of
impedometric method, by comparing the behavior of the acidifying starter LAB strains and
Lactobacillus rhamnosus GG in presence or in absence of different concentration of SP in TSB
and SSM. Furthermore, the potential effect of SP has been compared to that of a common
LAB growth stimulant (YE) as a positive control. As the capacitance (E%) is a more sensible
measurement, it was used for impedance measure in TSB, on the other hand, in SSM the
data were recorded as M% (Bancalari et al., 2019). Capacitance or conductance data were
analyzed by using an excel add-in and the Gompertz equation, following the method
previously reported by Bancalari (Bancalari et al., 2016). This allowed to obtain the kinetic
parameter Lag that was used in this study to describe the potential boosting effect of A.
platensis. Lag is measured in hours, and the greater the Lag value, the bigger the time that
the strains need to adapt to the growth conditions. To better highlight this effect, the Alag
was calculated as difference between the Lag mean value of the negative control (C-) and
the Lag mean value measured with SP and YE addition for each strain. The bigger the value,

the higher the stimulation effect of SP and/or YE on bacterial growth (Figure 2).

The high variability of Alag values observed for the analyzed strains means that they were
differently stimulated depending on the SP and YE concentration and on the medium used
(Figure 2). In figure 2A, the results of the analysis in TSB are reported. It was possible to
observe that both the stimulators (SP and YE) had a different and variable boosting effect
depending on the species. The most relevant boosting effect (bigger Alag value) was found
for St. thermophilus who was the fastest when SP was added to TSB at both concentrations
(Figure 2A). Conversely, the effect of YE was significantly lower (P<0.001) and negligible.
The YE boosting effect was significantly lower (p <0.001) if compared to SP also for the other
starter LAB strains except for Lb. casei who was equally stimulated by SP and YE (Figure

2A). These results are in agreement with a previous study (Parada, 1998) where a
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stimulation of starter LAB growth promoted by A. platensis in synthetic media was
observed. For Lb. rhamnosus GG the stimulator effect was dependent on the SP concentration
used; the greater effect was found at 0.50% rather than 0.25% (Figure 2A). These results are
in accordance with Beheshtipour and colleagues (H. Beheshtipour et al., 2013), who
observed that A. platensis had a stimulatory effect on Lb. rhamnosus GG, by acting as a
prebiotic factor, enhancing the growth of such microorganisms and also promoting acid
production during fermentation (Parada, 1998). Different results were found when the same
LAB strains were cultivated in SSM. Out of all strains tested, Weissella and Leuconostoc were
not able to grow (Figure 2B). The reason of their incapability to metabolize lactose could be
found in the fact that they were isolated from sourdough, where lactose is absent (Fusco et

al., 2015; Kandler, 1983) (Figure 2B).

The most evident boosting effect of SP in SSM was found for S. thermophilus and Lb. casei
(Figure 2B). While S. thermophilus was equally stimulated by YE and SP, independently by
the concentration, Lb. casei was more stimulated by YE. Interestingly, Lb. casei 4339 (Table 1)
that has been proposed as a secondary culture because of its longer Lag phase (Bancalari et
al., 2016), in this case, with the addition of SP, has grown as fast as St. thermophilus. On the
other hand, Ld. bulgaricus was equally boosted by both YE or SP (Figure 2B). Probiotic Lb.
rhamnosus GG strain was equally stimulated by YE (both concentration) and the lowest
concentration of SP (Figure 2B). The probiotic microorganisms are often added to yogurt or
yogurt-like products where sometimes are in a lower number than the minimum required
for a probiotic product, because they grow slowly in milk and often show loss of viability
during storage (Zhao et al., 2006). To overcome this problem and enhance the growth and
survival of these bacteria, some stimulators such as microalgae have already been proposed
(Asvényi—Molnér et al., 2009; Gyenis et al., 2005; Varga et al., 2002; Zhao et al., 2006). Our
results are generally in agreement with some researchers (de Caire & Parada, 2000; Varga et
al., 1999) who observed that LAB growth was promoted by SP, confirming that it could be
a useful tool in the production of novel functional fermented dairy foods (Varga et al., 1999).

Anyway, despite some papers have already investigated the ability of A. platensis as a
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growth stimulator, the approach proposed in the present study was completely different.
Indeed, the impedometric method enabled the quantification (in minutes) of the time saved
by using A. platensis as a growth booster for both starter strains and mix cultures, those
representing a novelty of great technological interests. On the other hand, our research
differs from the others available in the literature, because A. platensis has been sterilized
before use. This was done because the powder has its own microbial contamination (Wang
et al., 2013) and its addition at the beginning of a fermentation process could lead to the
germination of spores or duplication of food borne pathogenic bacteria during fermentation
or storage. To avoid this problem and to ensure safety of the fermented foods, it was decided

to sterilize SP.
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Figure 2. Boosting effect of A. platensis showed as mean Alag values in Tryptic Soy Broth (TSB) (A) and in
reconstituted skim milk powder (SSM) (B). Light green bars represent 0.25% of SP and dark green 0.5%; light
and dark brown bars represent respectively 0.25% and 0.5% of YE. »* Different lowercase letters by column

within the same mix culture indicate the presence of significant differences according to ANOVA (P<0.001).
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Impedance analysis of commercial mix cultures

The potential boosting effect was evaluated on four commercial mix cultures used to
produce fermented SSM and SBB. As far as the authors are aware, no literature data are
available about the addition of SP to boost microorganisms in the production of fermented
soy-based beverages. For this reason, our result can be useful, even considering the growing
interest in the vegetal substitutes of fermented milk (Cao et al., 2019). In table 2 the Lag
values are reported as the mean of 3 replicates and the boosting effect is also reported as the
difference between the Lag values obtained by fermentation using SP and the control (0%
SP). This parameter was expressed in minutes and, if positive, a boosting effect took place.
On the other hand, a negative value indicates a growth slowdown (Table 2). To further
investigate the potential effect of SP on the fermentation process, also the pH of fermented
beverages was measured at the end of each fermentation (Table 2). For the mix culture I
(Mix I) no significant differences (P>0.05) in the parameter Lag were found when the mix
was used to ferment SSM rather SBB without SP addition, which means that the lyophilized
bacterial cells need at least the same time to duplicate and start to grow, despite the different
environment (Table 2). Moreover, with the addition of both concentrations of SP, no
significant differences were found in SSM. Conversely, the addition of increasing
concentration of SP in SBB prolonged the Lag time (growth slowdown) of approximately 35
minutes with 0.25% SP and 46 minutes with 0.50% SP (Table 2). pH measured for the SSM
fermented with mix I was significantly (P<0.001) lower when 0.25% of SP was used. This
means that probably SP, despite not being able to boost the culture at the beginning of
growth, still enhances the fermentation capability of strains (lower pH) belonging to S.
thermophilus species (Table 2). Interestingly, a slight improvement of fermentation capability
of Mix I (lower pH) was also observed when SP was added to SBB at both concentrations
and to SSM with 0.50% of SP added (P<0.001). These results are in agreement with
previously reported by Molnar and colleagues (2005) (Molnar et al., 2005) who observed
that the addition of A. platensis caused a reduction of pH in yogurt samples, probably due

to its biomass stimulatory effect on the Ld. bulgaricus growth. Comparing the Lag values of
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the controls of Mix II in SSM and SBB, the parameter Lag was found to be significantly
higher (P<0.001) in SBB rather than in SSM; thus in this case, the growth of bacterial cells
was slowed down, probably due to a difficult adaptation to the environment (Table 2).
Furthermore, significant differences in Lag values (P<0.001) due to SP concentrations were
found when the Mix II was inoculated in SSM. In fact, a boosting effect was observed
especially when 0.25% of SP was used. Even if SP addition seems to not really influence the
fermentation capability of Mix II, a small improvement (24 min) was observed in SSM
especially when 0.25% of SP was used. Moreover, a significantly lower pH value was found
when 0.50% of SP was added. These results are in agreement with Varga and colleagues
(Varga et al., 1999) who observed that pH values in milk containing A. platensis and
inoculated with the mixed culture of S. thermophilus and Ld. bulgaricus decreased to an

higher extent compared to control samples.

When Mix III was used to ferment SSM and SBB, no significant differences (P>0.05) in Lag
values were observed. A significant (P<0.001) reduction of Lag was found only when SP
was added to SSM in a concentration of 0.25%. In this case, the boosting effect was
approximately 14 min. On the other hand, a negative effect of both concentrations of SP on
Mix IIT in SBB was observed, with a growth slowdown of about 78 and 101 min respectively
for the lowest and highest concentrations of SP (Table 2). Mix III seems to be suitable for
fermentation of soy-based beverage without the use of SP, that can be however useful to
improve the fermentation time in SSM. For the fourth mix considered (Mix IV), Lag values
of the controls (0% SP) in SSM and SBB were not found to be statistically different (P>0.05).
SP addition has led to a decrease of Lag value in SBB that was significant (I’<0.001) for both
concentrations. A boosting effect of 27 min was calculated in SBB when 0.25% SP was used.
Therefore, mix IV seems to be a suitable starter for the fermentation of soy-based beverages.
Conversely, in SSM a slowdown of 63 and 76 min was observed when 0.25% and 0.50% were
respectively added (Table 2); in this case, the slowdown was also probably associated to
lower growth and acidifying ability, as it is possible to observe from the higher pH values,

if compared to the control, reported in table 2. To sum up, a diverse and variable trend was
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observed when the four mix cultures were used to ferment SSM and SBB. The differences
depend on the mix culture, on the substrate and on the diverse concentration of SP added,
highlighting that each mix culture could have a specific application depending on the
intended use. In particular, the impedometric method used to detect Lab growth allowed,
firstly, to evaluate in which fermented beverage the diverse mix cultures grew faster and,
secondly, to verify if the addition of SP had a boosting effect. In particular, this method
allowed to observe that the mix with the best fermentation performances in SSM were Mix
I and Mix III. On the other hand, Mix IV seems to be the best choice to ferment soy-based

beverages when SP was added.
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Table 2. Boosting effect of the three concentrations of A. platensis on mix culture

Mix cultures SP % Lag+SD (h) Booster effect (min)  pH=SD after 24h
I'in SSM 0 1.745+0.02 - 4.2++0.0
0.25 1.68°+0.03 3.67 3.9¢+0.0
0.50 1.73b+0.02 0.62 4.14+0.0
Iin SBB 0 1.590+0.04 - 4.52+0.0
0.25 2.172+0.24 -35.10 4.3v+0.0
0.50 2.36°+0.08 -46.29 4.30+0.0
IT'in SSM 0 2.86v +0.01 - 4.32+0.0
0.25 2.464+0.04 23.73 4.321+0.0
0.50 2.59¢+0.06 16.25 4.10+0.0
IT'in SBB 0 5.472+0.01 - 3.84+0.0
0.25 5.462+0.02 0.85 4.0¢£0.0
0.50 5.37240.05 6.32 3.84+0.0
III in SSM 0 1.96+0.16 - 4.52+0.0
0.25 1.724+0.02 14.15 4.3+0.0
0.50 1.98<+0.06 -1.28 4.30+0.0
III in SBB 0 1.97+0.09 - 4.04+0.0
0.25 3.652+0.08 -101.31 4.2¢£0.0
0.50 3.27°+0.09 -78.37 4.2¢£0.0
IV in SSM 0 1.80+0.04 - 4.02+0.0
0.25 2.85%+0.03 -63.02 4.02+0.0
0.50 3.072+0.03 -76.55 4.02+0.0
IV in SBB 0 1.83<+0.02 - 3.6*+0.0
0.25 1.384+0.04 27.06 3.6+0.0
0.50 1.454+0.07 22.97 3.6+0.0

=d Different lowercase letters by column within the same mix culture indicate the presence of significant

differences.
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Lag values are reported as mean of 3 replicates for each Mix cultures and concentration (0%,
0.25%, 0.50%). The boosting effect (min) is also reported for each mix culture as the
difference between the Lag value obtained from the fermentations using SP and the control

(0% SP). The pH value is reported as a mean value of three replicates.
Rheological properties of fermented samples

Change in rheological properties of fermented beverages can be due to different chemical
and physical modifications such as pH and proteins’ conformational changes and
exopolysaccharides production (Li et al., 2014; Penna et al., 2006). The aim of our evaluation
was to assess if the addition of A. platensis could indirectly improve the viscosity of
fermented beverages by possibly stimulating the production of thickening molecules or the
acidifying capacity of LAB cultures. The flow behavior of SSM and SBB added with the two
concentrations of SP, was evaluated, before (t0) and after fermentation (t24) (Table 3). Power
law derived rheological parameters k and n are reported in Table 3. Considering k, all the
main effects, corresponding to the evaluated growth media, SP concentrations and
fermentation times, were significant (P<0.05). Also, n showed significant main effects
(P<0.05) in almost all the cases with the exception of SP concentration in the case of mix
culture I and II. In particular, the effect of the type of beverage before fermentation on
rheological properties was mainly related to the presence of thickening agents in the SBB
formulation (gellan gum), that generated a more viscous liquid than SSM (k = 0.033 + 0.008
and 0.009 + 0.004 Pa s" for SBB and SSM before fermentation, respectively), also
characterized by a more pseudoplastic behavior (n=0.71 + 0.04 and 0.81 + 0.08 for SBB and
SSM before fermentation, respectively). As expected, the fermentation process significantly
improved the viscoelastic properties of all samples (P<0.05). Moreover, the change in
rheological properties promoted by the fermentation was significantly influenced (P<0.05)

by the concentration of SP and by the mix culture used.

Consistency index k decreased or did not change for all mix cultures in SSM and SBB, with

the addition of 0.25% and 0.50% SP; the decrease of k can be related to a decrease of viscosity
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of the treatments compared to the control samples. Accordingly, flow behavior index n
increased or did not change, and this can be related to a decrease of pseudoplastic behavior
of the treatments in comparison with the control samples. The only exception was
represented by mix III at a SP concentration of 0.25%, which showed a significant increase
of viscosity and pseudoplastic behavior (an increase of k index and decrease of n index).
Accordingly, in the case of SBB, mix III showed a strong increase of k index and a decrease
of n index at both 0.25% and 0.50% SP. Moreover, while in the case of mix I, I and IV the
enhancement of viscosity in the samples was not observed, in the case of mix III low
concentrations of SP (0.25%) possibly showed the potential ability to improve and stimulate

the production of thickening molecules (e.g. EPS) both in SSM and in SBB.
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Table 3. Results of colorimetric coordinates L*, a*, b* and power-law, rheological parameters n and k derived from equation 1, of each mix culture inoculated in

skimmed milk (§SM) and soymilk (SBB).

L b* k (Pa sn)
mix mediu
SP (%) t0 t24 to t24 t0 t24 to t24 t0 t24
culture m

1 SSM 0 83.72aB +0.11 87.73aA £ 0.07 -4.07dB +<0.01 -2.24fA +0.04 1.25dB + 0.04 4.23eA £0.17 0.008bB + 0.002 4.732aA +0.039 0.839abA + 0.038 0.150dB + 0.005
0.25 65.17dB +1.13 74.41cA +0.04 2.83aA £0.75 1.64cB + 0.09 21.08aA +0.09 17.10cB £ 0.15 0.010bB + 0.006 2.562bcA +0.221 0.839abA +0.120 0.262abB + 0.015

0.50 61.48fB +0.18 68.47eA +0.05 2.69aA £0.09 2.68aA £0.02 19.70bA £ 0.30 19.81aA +0.14 0.008bB + 0.001 1.777cA £0.110 0.862aA +0.033 0.270aB + 0.014
SBB 0 81.45bB + 0.01 84.47bA +0.02 -2.73¢B £<0.01 -2.12eA £0.03 15.23cA +<0.01 14.43dB + 0.07 0.034aB +<0.001 4.513aA +0.034 0.705cA + 0.003 0.182cdB + 0.021
0.25 70.16¢B + 0.06 73.66dA +0.09 0.86bB + 0.03 1.29dA +0.01 18.11bB + 0.06 18.77bA +0.10 0.033aB + 0.001 4.321aA +£0.579 0.722bcA +0.004 0.194cdB + 0.033

0.50 63.91eB £ 0.17 68.46eA +0.04 2.21aA £0.13 2.05bA +0.02 19.21bA £ 0.24 19.67aA +0.03 0.039aB + 0.008 3.092bA +0.716 0.704cA +0.022 0.22bcB +0.012

I SSM 0 83.23aB + 0.07 85.18aA +0.08 -4.01dB +<0.01 -2.23eA £0.08 0.84eB + <0.01 2.87fA +0.13 0.007bB + 0.002 3.618aA +0.629 0.873aA +0.027 0.207bB + 0.062

0.25 67.29dB + 0.44 74.06dA +0.03 2.23bA +0.32 1.39cA £0.01 17.78cA +1.08 16.79dA +0.03 0.016bB + 0.007 1.667bA + 0.462 0.763abA +0.092 0.31aB + 0.018

0.50 60.65fB + 0.26 66.76fA +0.43 3.72aA £0.16 2.82aB +0.07 21.51aA +0.55 20.42aA +0.30 0.009bB + 0.005 1.062bA +0.033 0.847aA +0.070 0.362aB + 0.001

SBB 0 79.30bB + 0.01 84.55bA +0.06 -3.64dB + 0.01 -2.17eA £0.03 11.70dB + 0.03 14.75eA +0.11 0.030aB + 0.004 3.100aA + 0.855 0.717bA + 0.016 0.198bB + 0.049

18.01bcB +

0.25 70.76¢B + 0.04 74.78cA £ 0.08 0.90¢B + 0.06 1.14dA +£0.02 001 18.25cA +0.02 0.033aB + 0.001 3.333aA +0.380 0.720bA + 0.008 0.158bB + 0.034
0.50 64.83eB +0.28 69.36eA +0.19 2.32bA £0.21 1.97bA +0.04 19.19bA + 0.42 19.73bA +0.21 0.038aB + 0.001 3.529aA +0.084 0.712bA + 0.008 0.124bB + <0.001

it SSM 0 83.56aB +<0.01 85.61aA +0.21 -3.83eA +0.01 -3.83eA +£<0.01 1.02eB + 0.04 1.78dA +0.02 0.009bB + 0.001 1.325dA +0.225 0.757aA + 0.008 0.520aB + 0.033
0.25 69.73cB +0.32 71.92cA £ 0.01 1.85¢cA +0.05 1.53cA +0.23 17.82cA £ 0.05 17.78bA + 0.66 0.011bB + 0.005 2.684cA +0.288 0.687aA +0.030 0.366¢B + 0.001
0.50 61.27fB +0.71 64.48eA +£0.04 2.77bA +0.04 3.30aA +0.44 19.93aA +<0.01 19.69aA +0.48 0.008bB + 0.002 1.529d A +0.247 0.691aA +0.029 0.439bB + <0.001
SBB 0 81.99bB + 0.04 82.78bA +0.02 -3.07dB + 0.01 -2.66dA +0.01 13.30dB + 0.08 14.54cA +£0.12 0.026aB + 0.010 2.786cA +0.049 0.735aA +0.147 0.306dB + <0.001

0.25 67.39dB =+ 0.05 69.52dA +0.01 2.84bA +0.02 1.28¢B +0.02 19.74aA +0.06 16.76bB + 0.36 0.035aB + 0.005 7.419aA +1.963 0.696aA +0.030 0.132eB +0.018

0.50 61.95eB + <0.01 63.39fA +0.07 3.32aA £ 0.04 2.45bB + 0.01 19.31bA £ 0.23 17.74bB + 0.02 0.025aB + 0.005 5.038bA +0.293 0.744aA +0.035 0.277dB + 0.011
v SSM 0 81.59aB +0.01 84.65aA +0.02 -3.48fB + 0.02 -2.20dA +0.01 -1.15fB + 0.03 2.75eA +0.01 0.012dB =+ 0.004 2.455bcA +0.27 0.781bA +0.049 0.294abB + 0.016
0.25 67.56cB + 0.04 71.48dA +0.03 0.75dB + 0.01 1.88bA +0.04 15.05dB +<0.01 17.81cA +0.01 0.008dB + 0.001 1.532cA +0.101 0.869aA +0.039 0.311aB + 0.004

0.50 60.17¢B + 0.04 64.75fA +0.17 1.80bB + 0.02 2.97aA +0.04 16.92¢B +0.11 20.88aA +0.08 0.007dB + <0.001 1.294cA +£0.110 0.894aA +0.017 0.317aB + 0.008

SBB 0 80.32bB + 0.08 84.07bA +0.02 -3.41eB +<0.01 -2.36eA +0.04 13.09¢B + 0.10 14.03dA +0.09 0.025aB + 0<0.001 4.625aA +1.223 0.746bcA +0.001 0.150dB + 0.021

0.25 67.44cB +0.10 72.02cA +0.06 0.80cB + 0.02 1.12cA +0.05 17.93bA £0.13  17.90cA +<0.01 0.035bB +<0.001 3.223bA +0.156 0.702cA +0.014 0.220cB + 0.039
0.50 61.97dB +0.06 66.29¢eA +0.05 1.93aA +0.03 1.81bB +0.01 18.70aB + 0.02 19.18bA +0.05 0.044cB + 0.007 2.63bcA +0.461 0.677cA +0.030 0.250bcB + 0.013




Observations were made before (t0) and after 24 hours (t24) the beginning of the fermentation.

»fDifferent lowercase letters indicate differences in samples fermented by a mix culture (I, II, III, IV), having different growth media (SSM, SBB) and percentages

of added SP% (0, 0.25% 0.50%) and compared at the same time (t0 or t24).

AB Different uppercase letters indicate differences in the same sample (row) compared before (t0) and after (t24) fermentation.
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Color characteristics of fermented milks

Despite the original color of A. platensis is green-blue (Park et al., 2018), the thermal
treatment leads to a degradation of pigments changing the color change to a dark-green or
brownish color (Antelo et al.,, 2008). Therefore, the impact of the thermally treated A.
platensis on the overall color characteristics of the fermented SSM and SBB has been
evaluated. The results of colorimetric analyses are reported in Table 3. As it is possible to
observe from the reported L* a*, b* values, the addition of SP had a drastic impact over
colorimetric characteristics (P<0.001, in all mix cultures). The color of SSM and SBB changed
from a whitish color of the controls (higher L* value) to a more yellowish and reddish color
(higher b* and a* values) as shown in Figure 3, with the addition of 0.25% and 0.50% SP, as
in the case of mix culture I. Comparing the initial color of the two substrates, SBB was
characterized by different L¥, a*, b* values (P<0.001) in all the mix cultures (data not shown)
and, in particular, by a more yellowish color than SSM (Figure 3). The fermentation
significantly changed the color characteristics of the samples (Table 3), and the modification
was also noticeable by direct observation (Figure 3). In general, the fermentation caused an
increase of L* values, if compared with the non-fermented sample (P<0.05 in all the
comparisons), and this result was in accordance with Rankin & Brewer (1998) (Rankin &
Brewer, 1998). In particular, it was possible to notice that the increase of lightness was more
marked in most of the cases for samples added with 0.25% and 0.50% SP (on average, +4.1
+1.6%, +4.0 £ 2.1%, +2.3 £ 1.6% for sample with 0.50%, 0.25% and 0% of SP, respectively).
This can be due to the breakdown of pigment molecules such as carotenoids, xanthophylls,
phycobiliproteins and chlorophylls (Danesi & Rangel-Yagui, 2002), as a consequence of
reduced stability at low pH and microbial growth (Chaiklahan et al., 2012; de Marco Castro
et al., 2019) or to the production of molecules that can modify the colorimetric characteristics
of fermented milk (Rankin & Brewer, 1998). Considering a* and b* values, the change of
both parameters did not show a consistent trend concerning fermentation for none of the
considered factors. The differences among samples were possibly conditioned by the
different responses of the four commercial mix cultures in relation to growth substrates

characteristics and the concentrations of SP added. For example, Mix III in SBB showed a



significant and evident decrease of both a* and b* values when 0.25% and 0.50% of SP were
used. Conversely, when Mix III was used to ferment SSM, no significant changes between
fermented and non-fermented samples were observed with the only exception of b* value
in 0% SP sample (Table 3). This different behavior could be related to the different growing

capacity and metabolic activities of LAB strains in different media fortified with SP.
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Figure 3. A representative picture of skimmed milk (S55M) and soy-based beverage (SBB) beverages
inoculated with commercial mix culture I, before (t0) and after 24 hours (t24) of fermentation. Samples were

fermented with the addition of 0, 0.25, and 0.5% (v/v) lysate of Arthrospira platensis.
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Conclusions

The results obtained in this research allow us to conclude that Spirulina, besides being a
well-known source of beneficial compounds that can be converted into sustainable
functional compounds, can also be added as a natural ingredient to produce fermented
milk and soy beverages with the aim to boost the fermentation performances of LAB and
or improve their viability in the final product. Considering that this type of use requires its
sterilization, the results obtained in our study take on great technological relevance also
because of the innovative impedometric method used. It allowed to specifically estimate
the impact of the addition of different concentrations of sterilized SP on the fermentation’s
behaviors of diverse acidifying LAB, probiotic strain and commercially used mix cultures.
To a different extent, the strains and commercial mix starter cultures were stimulated by
the addition of SP. The encountered variability in the boosting effect of A. platensis was
dependent on the mix culture, the substrate used, and on the diverse concentration added.
This variability was also reflected on the rheological and color characteristics of fermented
milk, whose change was dependent on the different growth abilities and microbial
specificity of LAB cultures highlighting that each of them could have specific employment.
Regarding the concentration of SP used, the lowest one (0.25%) showed the best boosting
effect on the strains and mix culture. On the other hand, the highest concentration used
(0.5%) showed an inconstant effect on LAB, displaying in some cases a stimulatory effect,

or no effect or even a slowdown of LAB growth.

Knowing this variability, the SP effect should be studied depending on the strain, culture
and their application, to find the right balance between the technological advantage in

terms of decreasing the production times and the functional effect of spirulina addition.
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Abstract

Arthrospira platensis is a cyanobacterium widely used in food formulation and mainly
consumed as a food supplement because of its high amount of proteins, vitamins and
minerals. Different probiotic food supplements are present in the market and a lactic acid
fermented food product like dried spirulina, could be useful not only to introduce lactic acid
bacteria (LAB) with beneficial effects to consumer’s diet, but also to improve or change the
aromatic profile of the substrate. Therefore, the aim of this study was the evaluation of lactic
acid fermentation of A. platensis biomass focusing on the consequent changes in the aromatic
profile. For this purpose, two different stabilization treatments (UV light treatment and
sterilization) were applied prior to fermentation with two LAB strains, Lacticaseibacillus casei
2240 and Lacticaseibacillus rhamnosus GG. The biomass proved to be a suitable matrix for
solid state fermentation showing a LAB growth of more than 2 Log CFU/g in 48h. The
fermentation process was also useful for off flavors reduction. In particular, the
fermentation process significantly influenced the concentration of those compounds
responsible for aldehydic/ ethereal, buttery/waxy (acetoin and diacetyl), alkane and
fermented aromatic notes (isoamyl alcohol). The heat treatment of the matrix, in addition to
guarantee safety for consumers, led to an improved aroma after fermentation. In conclusion,
according to the heat treatment applied, a fermented spirulina powder with different
aromatic profile was obtained. Fermentation with lactic acid bacteria can be an interesting
tool to obtain cyanobacterial biomass with more pleasant sensory properties for potential

use in food formulation.
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Introduction

Arthrospira platensis, commercially known as Spirulina, is a cyanobacterium commonly
consumed as a food supplement because of its high nutritional value (Andrade et al., 2018;
Batista et al., 2017). It is characterized by a high percentage of proteins (60%), conferring all
the essential aminoacids, followed in abundance by carbohydrates and polyunsaturated
fatty acids (w-3 and w-6). Moreover, discrete quantities and varieties of minerals, vitamins
and pigments (C- phycocyanin, chlorophyll and carotenoids) (Niccolai et al., 2019) are
present. To date, microalgae and spirulina, defined as the Novel food of the future (Zarba
et al., 2020), are used for various purposes in nutraceutical, cosmetic (Ariede et al., 2017),
feed (Holman & Malau-Aduli, 2013) and pharma (Hamed et al., 2015) sectors and they
continue to increasingly attract the interest of consumers and companies because of several
bioactivities that this cyanobacterium is proving in many studies (Bancalari et al., 2020;
Martelli, Cirlini, et al., 2020). Applications aimed to confer macro and micronutrients, and
improve colour are increasing: and many food products, among which bread, cookies and
pasta (Ak et al., 2016; Massoud et al., 2017; Zouari et al., 2011), cheeses (Golmakani et al.,
2019), yogurt (Mohammadi-Gouraji et al., 2019; Yamaguchi et al., 2019) and beverages
(Camacho et al., 2019), supplemented with A. platensis have been developed. To date most
of the algal biomass produced is consumed in the form of powder or tablets as proteic and
micronutrients rich supplements. Positive results have also been obtained using this
cyanobacterium as a prebiotic for lactic acid bacteria (LAB). Indeed it was able not only to
preserve LAB viability in food matrixes (Barkallah et al., 2017; Guldas & Irkin, 2010) but also
to stimulate their growth in broth(Bhowmik et al., 2009; Martelli, Alinovi, et al., 2020;
Parada, 1998). The effect of A. platensis biomass on LAB could be exploited especially for the
production of probiotic food supplements or ingredients. Fortification of foods with
probiotic strains shows beneficial effects such as anti-inflammatory, antioxidant,
immunomodulatory, protection against colitis and damage to epithelial cells (Bron et al.,

2017). Moreover, probiotics, once ingested, are believed to play an important role in the
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intestinal tract against foodborne pathogens (Gardiner et al, 2002) and can reduce
symptoms due to antibiotic therapies, to relieve food allergies and reduce atypical
dermatitis (Wong et al., 2013). A lactic acid fermentation process applied to spirulina dried
powder could be useful not only to supply consumers of LAB with beneficial effects to
consumer diet, but also to improve or change the aromatic profile as seen in the case of
vegetable matrices (Ricci, Cirlini, Maoloni, et al., 2019). Indeed, a biological process to
reduce unpleasant smells may represent an important tool for applications of algal biomass
in complex foods avoiding off flavors. During fermentation, the metabolic activity of LAB
leads not only to rapid acidification of the substrate and fast consumption of easily
fermentable sugars, with a competitive advantage in the use of LAB in nutrient-rich
environments, but also to the production of volatile compounds belonging to different
chemical classes such as: alcohols, aldehydes, ketones, acids, esters and sulfur compounds.
These compounds mainly derive from the catabolism of citrate and from the degradation of
proteins and lipids. The formation of aromatic compounds is a complex process in which
precursors are initially generated and subsequently converted into aromatic compounds
(Smid & Kleerebezem, 2014).

On the other hand, complex issues arise in the production of spirulina-based products, that
can be considered safe for consumer health. Because of cultivation conditions and
manipulation during downstream processing, A. platensis can be contaminated by alterative
and pathogenic bacteria (Wang et al.,, 2013) that may duplicate during fermentation
compromising quality and safety.

The aromatic fraction of A. platensis is characterized by several volatiles present in different
concentrations and with different odor thresholds, formed in the matrix during growth and
maturation(Aguero et al.,, 2003) . The most abundant volatiles identified as aromatic
components of A. platensis are hydrocarbons, especially heptadecane, followed by furanic
compounds, pyrazines, sulfur compounds, aldehydes, ketones and alcohols (Aguero et al.,
2003; Bao et al., 2018; Cuellar-Bermudez et al., 2017). All these substances, naturally present
in the matrix and ascribed to amino acids and fatty acids microorganism metabolism,

contribute to the typical fishy odor that characterizes algae and algae derived products
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(Fink, 2007; Hognad®ttir, 2000) . This unpleasant flavor could be reduced by applying a
fermentation step on the product, as described in recent works in which yeasts and bacteria
were used to ferment different algae matrices (Bao et al., 2018; Seo et al., 2012).

On the basis of these considerations, the present study was aimed to evaluate solid state
fermentation of A. platensis biomass considering two LAB species, Lacticaseibacillus
rhamnosus and Lacticaseibacillus casei, belonging to Lacticaseibacillus casei group, for the
production of a lactic acid fermented food product. To reach this goal, to stabilize biomass,
two different treatments based on UV light irradiation and thermal sterilization were
applied prior to fermentation. The effects on LAB growth were evaluated and the aromatic
fraction of A. platensis was characterized in order to assess improvements in the volatile

profile given by LAB fermentation.

194



Materials and Methods

Arthrospira platensis stabilization treatments

The dehydrated A. platensis, kindly provided by Bertolini Farm (Fidenza, PR, Italy), was
used as a substrate for fermentation. It is a commercial product cultivated in raceway pond
and marketed as “Organic Spirulina” according to EU Organic Aquaculture Regulation (EC
No. 834/07). In order to reduce the microbial contamination present on the biomass, two
different treatments were applied separately. The first consisted in UV light irradiation for
15 minutes to reduce the microbial total charge applied under a Faster BH-EN 2004 Class II
Microbiological Safety Cabinet (5/N 1113) (Richmond scientific, Great Britain) with a lamp
emitting light at an intensity of 253.7 nm, in the spectrum of UV-C (UV), while the second
was based on a thermal treatment of 121°C for 20 minutes applied in autoclave (3870MLYV,
Tuttnauer, NY, US) to sterilize the algal biomass (ST). The time for the sterilization cycle
was of approximately 50 minutes. To reach the temperature of 121 °C, 15 minutes were
necessary, 20 minutes to perform the sterilization process and further 15 minutes to cool the
autoclave after treatment. To evaluate the efficacy of the stabilization treatments, microbial
plate counts were performed just after treatments and after 48 hours of incubation at 37 ° C
in order to determine the residual microbial load. To this purpose, samples were ten fold
serially diluted in Ringer solution (Oxoid, Basingstoke, USA) and plated on Plate Count
Agar (PCA) (Oxoid, Basingstoke, USA) incubated at 37 °C for 48h. Analyses were performed

in duplicate and average values + standard deviations were reported as Log CFU/g.

Lactic acid bacteria strains

Two LAB strains were used to ferment A. platensis biomass: Lacticaseibacillus casei 2240,
isolated from Parmigiano Reggiano cheese, belonging to the collection of the Department of

Food and Drug (University of Parma), and Lacticaseibacillus rhamnosus GG, a probiotic
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commercial strain. They were maintained at -80 °C in de Man, Rogosa and Sharpe (MRS)

cultivation medium (Oxoid, Basingstoke, UK), added with 12.5% glycerol (v/v) before use.

Arthrospira platensis biomass fermentation

LAB strains were revitalized twice in MRS broth (Oxoid) (inoculation of 3% v/v) incubated
for 16 h at 37 °C under aerobic conditions. They were then inoculated in fresh MRS broth
(3% v/v) and incubated for 15 h at 37 °C, to obtain a bacterial concentration of 9 Log CFU
/ml. After centrifugation (Eppendorf centrifuge 5810 R, Eppendorf, Hamburg, Germany)
(12,857x g for 10 minutes at 4 °C), cells were collected, washed twice in Ringer solution
(Oxoid, Milan, Italy) and suspended in sterile bidistilled water.

A. platensis biomass was rehydrated with 70% w/w of sterile water and then inoculated
individually with each bacterial suspension in order to obtain an estimated LAB
concentration of 7 Log CFU/ ml in each sample. LAB concentration was evaluated just after
the inoculation (T0), and after 24 hours (T1) and 48 hours of fermentation (T2). Serial
dilutions of the samples in Ringer (Oxoid) were plated on MRS agar (Oxoid) and incubated
for 48 h at 37 °C in aerobic conditions. pH of all the samples, before and after the
fermentation step, was also measured (Mettler Toledo, Greifensee, Switzerland).
Fermentations were carried out in duplicate and for each sampling time analyses were
performed in duplicate. Colonies were counted manually and to calculate the CFU/ g

concentration the following equation was applied:

Xc
(1*na+0.1*nb+ 0.01 *nc)d

Where ) C is the summation of all the counted colonies, na is the number of plates of the
first countable serial dilution, nb is the number of plates of the second countable serial
dilution, nc is the number of plates of the third countable serial dilution and d is the serial

dilution factor of the first countable serial dilution.
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Average values + standard deviation were reported as Log CFU/g. Treated but not
inoculated samples were also incubated at 37°C and analyzed at the same sampling times
as control samples. The 48 h fermented and stabilized but not fermented samples were then
lyophilized by a Freeze dryer Lio-5P (5Pascal, Milano, Italy) for 48h and then LAB

concentration was determined by plate counting on MRS.

HS-SPME/GC-MS analysis

The characterization of the volatile fraction was conducted on all the fermented and
stabilized but not fermented A. platensis samples. To this purpose, the protocol reported by
Ricci et al. 2019 (Ricci, Cirlini, Maoloni, et al., 2019) was applied with some modifications.
Briefly, 2 g of biomass and 5 uL of an aqueous Toluene standard solution (100 pug/mL in 10
mL) were used for the analyses. The headspace of the samples was extracted by a
Divinylbenzene—Carboxen—Polydimethylsiloxane (DVB/Carboxen/PDMS) SPME fiber
(Supelco, Bellefonte, PA, USA) for 30 min at 40 °C, after an equilibration time of 15 min at
the same temperature. The separation of the volatile compounds was achieved using a
SUPELCOWAX 10 capillary column (Supelco, Bellefonte, PA, USA; 30 m x0.25 mmx 0.25
um) placed on a Thermo Scientific Trace 1300 gas chromatograph coupled with a Thermo
Scientific ISQ single quadrupole mass spectrometer equipped with an electronic impact (EI)
source. All the parameters applied for the analyte separation and detection as injector,
transfer line and column compartment temperatures, injection mode and gas carrier flow
were the same reported by Ricci et al. 2019 (Ricci, Cirlini, Maoloni, et al., 2019). The detected
volatile compounds were then identified on the basis of their Linear Retention Indexes,
calculated using as reference a C8-C20 alkane solution analysed under the same
chromatographic conditions applied for sample analysis, as by the comparison of the
registered mass spectra with those reported in the instrument libraries (NIST 14). The sem:i-
quantification of all the identified volatiles was achieved on the basis of the use of a

reference compound (Toluene). Data were reported as pg/g of wet weight.
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Statistical analysis

In order to determine the actual growth of tested LAB strains in A. platensis samples, results
obtained from microbial counts were statistically treated applying one-way ANOVA test,
comparing different growing times and lyophilized samples.

One-way ANOVA was carried out also considering data obtained from semi-quantification
of all the detected volatiles to underline analogies and differences among the considered
samples, in terms of production/diminution and/or release of volatiles. Moreover, two-way
ANOVA was applied in order to evaluate the influence of two different factors,
fermentation and stabilization treatment, on the volatile profile. All the analyses were
performed using IBM SPSS Statistics 23.0 software (SPSS Inc., Chicago, IL) applying Tukey’s

test as post hoc test (p< 0.05).
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Results and discussion

Arthrospira platensis fermentation

One of the aims of the study was the evaluation of solid state fermentation of A. platensis
with L. casei group bacteria that could lead not only to the implementation of new lactic acid
fermented food products but also to modifications of algae biomass aromatic fraction.
Fermenting a matrix having a high bacterial charge could negatively affect the finished
product considering that also spoilage and/or pathogenic bacteria may grow during the
process. In this specific case, the biomass utilized for the experiment was cultivated in a
raceway pond. This type of cultivation is associated with undesired microflora, like Bacillus
spp., Alteromonas spp., Flavobacterium spp. and Pseudomonas spp. (Wang et al., 2013), and
previous studies have reported a variable concentration of bacteria, ranging from 2 to 7 Log
CFU/g, in this type of matrix (Niccolai et al., 2019). For that reason, prior to fermentation,
carried for 48 hours in sterilized glass cans, samples were subjected to a UV radiation
treatment, that doesn’t seem to affect the A. platensis composition (Pala & Toklucu, 2011), or
a sterilization treatment in an autoclave in order to reduce the presence of microbiological
contaminants. The UV treatment was ineffective for the reduction of microbial
contamination that was maintained at the same level of untreated samples (5.10 + 0.2 Log
CFU/g). To expect UV disinfection rates on food surfaces is necessary to consider
interactions between microorganisms and surface materials, trying to avoid shielding
effects from incident UV and predict the dependency on the surface structure or topography
(Koutchma, 2008). For that reason, UV treatment did not reduce the initial microbial
contamination because of an uneven distribution of rays in the dehydrated samples.
Furthermore, the presence of a high amount of pigments, phenolic compounds and other
components with a protective effect against UV rays, may contribute to microbial survival
(de Jesus Raposo et al., 2016). After the UV treatment, a fermentation process of 48 hours
was conducted considering two Lacticaseibacillus casei group bacteria. L. casei 2240 and L.

rhamnosus GG concentration was determined just after the inoculation, and the growth was
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determined after 24 and 48 hours of incubation at 37°C. The endogenous contamination

didn’t affect the counts given a much higher LAB inoculation of 7 Log CFU/g.
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Figure 1. LAB growth (Log CFU/g) and pH values in A. platensis biomass after 24 and 48 h of fermentation

at 37°C for L. rhamnosus GG (GG) and L. casei 2240 (2240) bacteria: a) UV treated samples. b) heat treated
samples. Data are represented as average + SD (bars), 2 replicates for each sample were measured. Letters

indicate significant differences (p<0.05).

As shown in Figure 1A, the two strains showed a similar attitude to grow in the UV
treated matrix. After 24 hours of fermentation, both species showed good replication

capacity reaching a concentration higher than 9 Log CFU/g. In particular, L. rhamnosus
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GG increased by 2.23 Log CFU/g (from 7.13 + 0.09 Log CFU/g to 9.36 + 0.03 Log CFU/g)
(p<0.05), and to an higher extent than L. casei 2240 with a growth of 1.78 Log CFU/g
(from 7.52 + 0.06 Log CFU/g to 9.30 + 0.21 Log CFU/g). After 48 hours of fermentation,
a decrease in the concentration of both strains was noticed. L. casei 2240 decreased of
0.86 Log CFU/g (from 9.30 + 0.21 Log CFU/g to 8.44 + 0.28 Log CFU/g) while L. rhamnosus
GG of 0.70 Log CFU/g (from 9.36 + 0.03 Log CFU/g to 8.66 + 0.14 Log CFU/g) (Figure
1A) (p<0.05). However, the values remained higher than the inoculation. L. casei 2240
strain was already used to ferment other matrixes, like Himanthalia elongata, but growth
ability on this brown seaweed was lower than what observed in this study (Martelli,
Favari, et al., 2020). The best capacity of this strain to grow on A. platensis can be linked
to the high amount of proteins and small peptides (Andrade et al., 2018). L. rhamnosus
GG is a probiotic commonly supplemented to fermented milk (Jia et al., 2016) but
applications to other matrix have also been evaluated. For instance, a sausage
supplemented with L. rhamnosus GG has been produced (Rubio et al., 2013) though this
strain grew to a lesser extent than in A. platensis. During fermentation, the initial pH of
the hydrated A. platensis biomass decreased from 7.0 + 0.1 to 5.2 + 0.1 in the first 24 hours
for both samples and remained stable until the end of the fermentation process. This
decrease in pH during fermentation reflects LAB strains growth with consequent
production of organic acids, mainly lactic acid. Considering the possibility to use lactic
acid fermented A. platensis in a food supplement formulation or as an ingredient, the
survival of LAB was evaluated after a lyophilization process. L. rhamnosus GG was
reduced at 8.22 + 0.02 Log CFU/g (p<0.05), and L. casei 2240 was reduced by more than
1 Log CFU/g (from 8.44 + 0.28 Log CFU/g to 6.9 + 0.03 Log CFU/g) (p<0.05) (Figure
1A). The second fermentation process was carried out on A. platensis samples treated at
121°C for 20 minutes in order to eliminate the presence of any microbial contamination.
The absence of residual contamination after treatment was confirmed by plate count
below the detection limit (1 Log CFU/g). The sterilization treatment involves the use of
a particular apparatus, the autoclave, and high energy to reach the temperatures and

pressures required by the process. This treatment is therefore longer and more
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expensive than that based on UV rays, but the results show that it is certainly more
effective in reducing the microbial concentration of the product. Following the heat
treatment, the characteristic green-blue color of A. platensis changed to a dark green,
brownish color. This may be due to the degradation of pigments such as carotenoids,
xanthophylls, phycocyanins and chlorophyll caused by the high temperatures reached
(Antelo et al., 2008; Dutta et al., 2006; Weemaes et al., 1999). The growth trend of LAB
strains is presented in figure 1B. In particular, after 24 hours L. casei 2240 increased by
2.13 Log CFU/g (from 7.57 + 0.142 Log CFU/g to 9.70 + 0.320 Log CFU/g) (p<0.05) and L.
rhamnosus GG by 1.5 Log (from 7.10 + 0.06 Log CFU/g to 8.63 + 0.21 Log CFU/g) (p<0.05)
and then remained constant (with no significant differences) up to 48h. The ability of
these Lacticaseibacillus species to grow on different matrixes has been challenged over
the years, with different results (Pereira et al., 2011; Ricci, Cirlini, Maoloni, et al., 2019;
Rubio et al., 2013; Wu et al., 2010). In particular L. casei and L. rhamnosus strains grown
on sterilized vegetables by-products increased more than what was observed on A.
platensis (Ricci, Bernini, et al., 2019). However, the ability of this cyanobacterium to boost
the growth of LAB is known in literature (Martelli, Alinovi, et al., 2020) and because of
its richness in small peptides and proteins, A. platensis can be considered a good matrix
to allow the growth of LAB species like L. casei and L. rhamnosus. After fermentation of
the sterilized biomass, a lower acidification rate was observed compared to the UV
treated fermented samples. The pH value of the sterilized fermented biomasses after 24
hours was 5.8 + 0.1 and 6.1+ 0.1 respectively for L. casei 2240 and L. rhamnosus GG and
maintained stable also at 48 hours of fermentation (Figure 1B). Analogously to the UV
treated samples, a lyophilization process was applied to the sterilized products after
fermentation. It was observed a decrease in the microbial concentration of 0.5 Log
CFU/g for both strains; in particular, L. rhamnosus GG was reduced to 8.15 + 0.05 Log
CFU/g and L. casei 2240 to 8.86 + 0.05 Log CFU/g (p<0.05) (Figure 1B). L. rhamnosus GG
better survived the lyophilization process compared to L. casei 2240, whose viability
decrease of more than 1 Log CFU/g. The survivability of freeze-dried strains is of

particular importance for the production of foods containing live cells and for this
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reason many studies focus on enhancing the viability of LAB after this process (Giulio
et al., 2005; Reddy et al., 2009). Better survivability of L. casei 2240 to lyophilization in
sterilized biomass was noticed compared to UV treated samples, on the basis of
statistical model applied (Figure 1). Several authors (Beheshtipour et al., 2012; Guldas
& Irkin, 2010; Varga et al., 2002) tested the addition of A. platensis in dairy products such
as yogurt, cheese and fermented milk with positive results, which included an increase
in the number of LAB and an improvement in the nutritional quality of the fermented
product during storage. The fermentation process leads to increased production of
phenolic compounds and phycocyanobilins and consequently increased radical
scavenger properties of the cyanobacterium (de Marco Castro et al., 2019). Lactic acid
fermentation is an appropriate technology to enhance the functional properties of
spirulina and also to integrate consumers” diet with beneficial bacteria, giving further
advantages to the final product. However, to meet the definition of probiotic products,
microorganisms must be viable for the entire shelf life of the product and in such
quantities as to multiply and integrate the intestinal flora. The activity of A. platensis to
enhance LAB vitality, such as L. casei, Streptococcus thermophilus, Lacticaseibacillus
acidophilus, and Bifidobacteria has been documented (Bhowmik et al., 2009; Martelli,
Alinovi, et al., 2020; Niccolai et al., 2019; Parada, 1998). There is no consensus regarding
the minimum quantity of probiotic microorganisms to be ingested to guarantee their
functionality in the human intestine. Usually to observe a positive effect on health, from
6 to 7 Log CFU/g of live probiotic microorganisms, able to colonize the intestine, should
be consumed daily (Dave & Shah, 1997). All the fermented biomasses obtained in this
study presented a sufficient amount of bacteria, allowing the production of fermented
foods with a high functional value. A picture of the fermented biomasses produced after

lyophilisation, is presented in figure 2.

203



uv Sterilized

L. casei 2240

L. rhamnosus GG

Figure 2. Representative picture of fermented and lyophilized Arthrospira platensis biomasses, subjected

to UV and sterilization treatments.
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Volatile profile characterization of A. platensis and changes in volatile components after fermentation

Recently, several studies have been conducted on the characterization of the aromatic
fraction of A. platensis, and in particular, researches aimed to studying how to reduce the
characteristic fishy odor of this product in order to use it as additive or ingredient in food
(Bao et al., 2018; Cuellar-Bermudez et al., 2017; Seo et al., 2012). The reduction of unpleasant
aromatic notes can be achieved by solvent extraction (Cuellar-Bermudez et al., 2017), as by
fermentation using fungi or bacteria (Bao et al., 2018; Seo et al., 2012). In the present study,
lactic acid bacteria fermentation was applied to stabilized A. platensis materials and changes
in the volatile fraction were determined.

A total of 61 different volatile compounds were identified in the volatile fraction of
treated but not fermented and fermented A. platensis samples (Table 1). In particular, 7
aldehydes, 9 ketones, 4 esters, 9 terpenes/norisoprenoids, 7 alcohols, 4 furans, 11
hydrocarbons, 7 pyrazines and 3 sulfur compounds were detected. These results are
consistent with data reported by Bao et al. (2018), who detected the same classes of volatile
compounds in spirulina samples fermented with different strains of L. plantarum, L.
acidophilus and Bacillus subtilis (Bao et al., 2018).
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Table 1. Volatile compounds found on Arthrospira platensis treated but not fermented and fermented
samples. For each volatile compound aromatic note, calculated and tabulated linear retention indices (LRIs),
references ad effect given by treatments, stabilization and fermentation (statistical difference = positive = p;

no statistical difference = negative = n; not determinable = nd), are reported.

Chemical class. Compound Refere  Identific Effect of Effect of
nan;e P Odor type LRI nce ation Reference stabilization  fermentation
LRI method
Aldehydes
Isobutyraldehyde aldehydic 805 814 MS+LRI  (Bianchi et al., 2007) n n
2-Methylbutanal chocolate 904 903 MS + LRI (sherena johnson@n nd nd
st.gov, 2012)
Isovaleraldehyde aldehydic 907 888 MS + LRI (Ricci et al., 2018) p p
Hexanal green 1075 1086 wms+Lrl O C;régl) etal, n n
Methional vegetable 1452 1468 MS + LRI (Goodner, 2008) P o)
. Cirlini et al.
Benzaldehyde fruity 1523 1537 wMs+tri 0 M C;rollr;) ctal, n n
2,5-Dimethyl benzaldehyde 1733 1705 Ms+LRl ~(Sherenajohnson@ni
’ B 4 st.gov, 2012) p p
Ketones
Acetone solvent 810 901 MS+LRI  (Bianchi et al., 2007) p p
2-Butanone ethereal 894 901 MS+LRI  (Bianchi et al., 2007) P o)
diacetyl buttery 971 973 MS + LRI (Ricci et al., 2018) n P
6-Methyl-2-heptanone camphoreous 1229 1236 MS+LRI  (Tanaka et al., 2003) P o)
3-Octanone herbal 1245 1261 MS + LRI (Mena et al., 2016) n o)
h joh i
2-Octanone earthy 1277 1287 Ms+LRr (Sherenajohnson@ni p n
st.gov, 2012)
Acetoin buttery 1282 1300 MS + LRI (Ricci et al., 2018) n P
2,2,6-Trimethylcyclohexanone thujonic 1306 1308 MS+LRI (Yamaégf;‘)’ etal, p n
. (Ricci, Cirlini,
Sulcatone citrus 1329 1335 MS + LRI Guido, et al., 2019) p n
Esters
Dall’Asta et al.
Ethyl acetate ethereal 872 869 MS + LRI (Da 2051 f)e abs n P
Ethyl caprylate waxy 1430 1438 MS + LRI (Dall ﬁ)sltf)et al., nd nd
Dall’Asta et al.
Ethyl decanoate waxy 1628 1645 MS + LRI (Da 2051 f)e abs p n
Phenethyl acetate floral 1804 1803 MS+LRI  (Ong & Acree, 1999) nd nd
Terpenes, norisoprenoids
and similar
(Yanagimoto et al.,
p-Xylene 1133 1149 MS + LRI 2004) P n
Myrcene spicy 1155 1143 MS + LRI (Ricci et al., 2018) n n
. . (sherena.johnson@ni
a-Cyclocitral citrus 1427 1420 MS + LRI st.gov, 2012) p P
Y L,
[-Cyclocitral tropical 1609 1612 MS + LRI ( amaznai);()) eta p n
(Yamamoto et al.,
Safranal herbal 1635 1637 MS + LRI 2014) ) P
a-lonene fruity 1675 MS n n
a-Tonone floral 1841 1848 MS+LRI (Babuzsgf 1k) etal, p p
p-Ionone floral 1918 1935 MS + LRI (Babuzsgff) etal, n n
3-Tonone-5,6-epoxide frui 1950 1989  Ms+Lrp (Sherenajohnson@ni n
i O7eP v st.gov, 2012) p
Alcohols
Ethanol alcoholic 923 903 MS + LRI (Ricci et al., 2018) P )
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(Ricci, Cirlini,
Isobutyl alcohol ethereal 1080 100 MSHLRE o o, et al,, 2019) " !

(Ricci, Cirlini,

Isoamyl alcohol fermented 1195 1210 MS + LRI Guido, et al., 2019) P P
1-Pentanol fermented 1239 1260 MS + LRI (M. C;;r;) etal, p n
1-Hexanol herbal 1341 1357 Ms+Lrl (DAl ?Osltf)et al., p n

1-Octen-3-ol earthy 1437 1455  Ms+irl M C;réllr;) etal, p n

Benzyl alcohol floral 1882 18996 wms+rrr (Dl ﬁ)itf)et al., n n

Furans
2-Methylfuran chocolate 853 876 MS+LRI  (Bianchi et al., 2007) P P
3-Methylfuran 881 §77  Ms+Lrl (Sherenajohnson@ni n n
st.gov, 2012)
2-Butylfuran spicy 1123 1140 MS+LRI  (Brunton et al., 2002) P P
2-Pentylfuran fruity 1220 1232 MS+LRI (Babuz’gff) etal, p n
Hydrocarbons
e 920 MS n n
Tetramethylcyclopentene
2,2,4,6,6-Pentamethylheptane 944 MS n n
(Martina Cirlini et
Ethyl benzene 1119 1127 MS + LRI al,, 2016) n n
Tridecane alkane 1300 1300 MS + LRI (Goodner, 2008) P o)
Tetradecane waxy/alkane 1396 1400 MS + LRI (Goodner, 2008) P p
2,6,10-Trimethyltridecane 1434 1442 Ms+LRr ~(Sherenajohnson@ni n n
st.gov, 2012)
Pentadecane waxy 1492 1500 MS + LRI (Goodner, 2008) P o)
Hexadecane alkane 1590 1600 MS + LRI (Goodner, 2008) P o)
N-acetyl-4(H)-Pyridine 1644 MS P o)
Heptadecane alkane 1687 1700 MS + LRI (Goodner, 2008) P o)
6,9-Heptadecadiene 1743 P o)
Pyrazines
2-Methylpyrazine nutty 1267 1267 MS+LRI  (Bianchi et al., 2007) n n
2,5-Dimethylpyrazine chocolate 1318 1321 MS+LRI  (Bianchi et al., 2007) P n
2-Methyl-5-ethylpyrazine coffee 1368 1406 MS+LRI  (Bianchi et al., 2007) n n
2-Ethyl-6-methylpyrazine potato 1383 1402 MS+LRI  (Bianchi et al., 2007) p p
Trimethyl pyrazine nutty 1398 1401 MS+LRI  (Bianchi et al., 2007) P )
. . (sherena.johnson@ni
2,3-Dimethyl-5-ethylpyrazine burnt 1452 1460 MS + LRI st.gov, 2012) P n
Tetramethyl pyrazine nutty 1468 1474 MS+LRI  (Bianchi et al., 2007) p n
Sulfur compounds
Dimethyl disulfide sulfurous 1063 1073 MS + LRI (Ricci et al., 2018) p n
2-Ethyl-4-methylthiazole nutty 1336 1322 MS+LRI  (Bianchi et al., 2007) n n
Dimethyl trisulfide alliaceous 1369 1375 MS + LRI (Ricci et al., 2018) n n

The class that quantitatively mainly represents the aromatic fraction of A. platensis, both
before and after the fermentation process, is that of hydrocarbons (Supplementary table S1),
as demonstrated also in previous studies(Bao et al., 2018). The concentration of these
compounds resulted indeed higher in respect to the amount of all the other components.
Hydrocarbons release was significantly different comparing fermentations (p= 0.007) and
opposing technological treatments (p<0.001).

Statistical differences were indeed observed in hydrocarbon quantity between UV and
heat treated samples (p<0.001), as among samples subjected to the same process, between
fermented and not fermented ones (p=0.007), but no interaction between factors (type of
treatment and fermentation) was noticed (Figure 3, Supplementary table S1).
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Cntr ST 5T 2240 5T GG Cntr UV UV 2240 Uv GG -
Aldehydes 0 05 5 10
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Terpenes/ Norisoprenoids
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Hydrocarbons
Pyrazines
Sulfuric compounds

Total N

Figure 3. Heat map performed on volatile chemical classes concentration detected in sterilized (ST) or UV
treated (UV) A. platensis biomasses fermented with L. casei 2240 (2240), L. rhamnosus GG (GG) and treated
but unfermented biomasses (Cntr). A scale ranging from a maximum of 10 pg/g (Dark green) and a

minimum of 0 pg/g (light green) was used.

Pentadecane, hexadecane and heptadecane are hydrocarbons derived from the
decarboxylation of palmitic and stearic acids, respectively (Cuellar-Bermtdez et al., 2017;
Schneider et al., 1970), and they resulted the most representative among all the
hydrocarbons identified in this work. In particular, heptadecane was the volatile found in
the highest amount in all the considered samples as observed in a recent study focused on
the fermentation of spirulina using Lacticaseibacillus plantarum and Bacillus subtilis (Bao et al.,
2018). The presence of this compound could contribute to the off-flavor of algae, associated
with crude fish notes, even if it presents a high odor threshold (Cuellar-Bermudez et al.,
2017). Heptadecane resulted significantly lower in the sterilized samples compared to the
UV-treated ones, even if the fermentation process seemed to increase its concentration in
both cases; indeed both considered factors, stabilization treatment (p<0.001) and
fermentation (p=0.006), resulted to influence its release/formation. In other studies
considering L. plantarum and B. subtilis, the fermentation brought to a reduction by 27% of
the relative content of heptadecane, but no information about the actual quantity found in
samples was reported (Bao et al., 2018). The LAB species considered in the present work, L.

casei and L. rhamnosus, have given significantly different results in the production of
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heptadecane in the differently treated substrates, indeed linkable to LAB fermentation
(Stoyanova et al., 2012). It can be speculated that the production and/or release of this
compound may depend on the LAB specie applied. The same phenomenon can be observed
also for pentadecane. A higher amount was detected in UV treated samples if compared to
sterilized ones. It can be noticed that the quantity of hydrocarbon grew consequently to the
fermentation when both the strains were used (Supplementary table S1). The significant
difference observed in the fermented biomasses (i.e. heptadecane: UV 2240=7.65 +1.95 ug/g;
ST 2240= 2.53 + 0.66 pg/g) has to be ascribed to the different stabilization process applied:
the higher concentration of these volatiles in the UV-treated biomass could be ascribed to
the metabolism of the endogenous microflora typical of the spirulina biomass. Since the UV
treatment, differently from heat treatment, did not completely eliminated contaminating
microflora, this behavior can be ascribed to the residual microflora deriving from cultivation
in open ponds.

Terpenes, the second most important class in terms of concentration, were positively
influenced by sterilization treatment, and an interaction between the two factors was
observed (p=0.013). Terpenes and norisoprenoids are fundamental compounds in food
aroma. [3-cyclocitral and B-ionone, with pleasant fruity and floral notes, are two volatiles
typical of cyanobacteria. The formation of these compounds is due to the oxidation of
carotenoids following carotene oxygenases. Norcarotenoids are an important group of
compounds formed by several species of cyanobacteria, generated by enzymatic
degradation of carotenes and carotenoids. For example, the oxygenase reaction of
carotenoids was first described in Microcystis. - cyclocitral is formed by the cleavage
reaction of (3 —carotene catalysed by enzyme (Yamamoto et al., 2014). B-ionone and
norcarotenoids of the B-ionone-type are an important group of compounds that were found
in axenic cyanobacterial cultures and a monoxenic culture of Phormidium sp. (Hockelmann
& Jiittner, 2005). Significant differences in the presence of - cyclocitral, the compound that
main characterized the class of terpenes and norisoprenoids, were found because of the
biomass stabilization treatment (p<0.001), while no significant differences were found in 3-

ionone production.
209



Regarding aldehydes and ketones production and/or release, both fermentations and
treatments have produced significant differences in samples (p <0.02); in addition, a strong
interaction was noticed between the two factors for these two volatile classes. Ketone
concentration resulted mainly affected by fermentation, even if differences were noted also
among the two stabilization treatments (p=0.012) (Figure 3, supplementary table S1). In
particular for aldehydes, a reduction after the fermentation of the sterilized biomass using
both the tested strains was noticed. Conversely, by fermentation of the UV treated biomass,
the amount of aldehydes increased. This behavior could be due to the presence of the
epiphytic bacteria typical of the spirulina biomass. Considering this data, it can be supposed
that fermentative LAB can reduce the amount of these compounds, but the typical
microflora of A. platensis can produce aldehydes conferring to the fermented biomass a
different aroma profile. Hexanal was found in several microalgae (Achyuthan et al., 2017;
do Nascimento et al., 2020; Isleten Hosoglu, 2018; Van Durme et al., 2013). Fermentation of
sterilized biomass by the both strains lead to a significant diminution of hexanal content
(p<0.01), while only L. rhamnosus GG strain fermentation seemed to produce this compound
in UV-treated samples. Since the presence of C6 aldehydes may be associated with fish odor
(Fink, 2007), that can be considered an undesired aromatic notes especially in certain food
preparations such as dairy products, fermentation could bring to a valuable improvement
of the aromatic profile of the sample. Methional was found in both the UV treated fermented
samples suggesting, as already emerged by other studies (Amarita et al., 2001, Amadrita et
al., 2002), that this aldehyde is produced by LAB. This compound was also previously
isolated from Rhodomonas, another microalgae (Van Durme et al., 2013). Both fermentation
and treatments applied prior to it produced significant differences in methional production
and also the combination of both factors (p<0.001). Benzaldehyde is a typical aroma formed
in several species of microalgae by enzymatic and chemical degradation of phenylalanine
(generating benzaldehyde) (Van Durme et al., 2013). This compound is often associated with
pleasant notes of almond. It was found in the sterilized A. platensis biomass and it was
produced by the fermentation process applied to the UV-stabilized samples, even without

differences among the two strains used. A similar trend was noticed for isovaleraldehyde
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(Supplementary table S1), an aldehyde produced by LAB because of the metabolization of
the amino acid leucine (Helinck et al., 2004).

Regarding ketones, a growing amount of these compounds was noticed following the
fermentation of both the tested biomasses. In general, the number of ketones in sterilized
biomass was higher than in the UV treated biomass, proving the role of thermal treatment
in the formation of these compounds (Supplementary table S1). Diacetyl and acetoin are two
typical aromatic compounds produced during fermentation with the characteristic buttery
aroma (de Melo Pereira et al., 2020). Fermentation produced significant differences in the
presence of these molecules. In particular, the fermentation with L. casei 2240 has produced
a higher amount of diacetyl compared to L. rhamnosus GG (p< 0.05), both in UV and
sterilized materials. Production of these ketones derives by metabolization of pyruvate and
citrate and is dependent on the strains used for fermentation (El-Gendy et al., 1983).
Sulcatone is a citrus-like aroma. This compound was found after sterilization of the biomass
with a significant difference if compared to UV treated samples, and its concentration was
maintained after the fermentation step with both the strains. Interestingly, the presence of
this aroma was never linked to A. platensis biomass or microalgae in general.

Fermentation was the only factor affecting alcohols and esters total content. Alcohols were
found in all the analyzed samples. The most representative was 1-octen-3-ol, with the typical
mushroom aroma, already isolated from microalgae aromatic fraction (Isleten Hosoglu,
2018). The statistical model underlined that this compound was significantly greater after
sterilization if compared to UV treated but not fermented samples (0.13 + 0.03 pg/g and 0.04
+0.00 pg/g respectively), but fermentation did not affect its amount. Significant differences
were found for ethanol. A significantly higher amount of ethanol was found in the UV
treated biomasses compared to the heat-treated samples (p=0.001). The higher amount of
this alcohol in the samples could be linked to the sterilization treatment that has affected the
composition of the starting biomass, therefore the presence of precursors for the production
of alcohols, or to the presence of epiphytic bacteria and yeasts that survived the UV
treatment. Significant differences were also found in the production of ethanol during

termentation (p=0.03). Both L. casei and L. rhamnosus are heterofermentative species and
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have produced slight ethanol amounts in the biomass during fermentation. Isoamyl alcohol,
a volatile compound typical of beverages and fermented foods, is formed from leucine
during fermentation (Isleten Hosoglu, 2018). This alcohol was found in sterilized samples
consequently to lactic acid fermentation. Though isoamyl alcohol has also been reported in
phototrophic cultures of Chlorella vulgaris (Van Durme et al., 2013) but in this study was not
found in treated but unfermented A. platensis biomass.

The UV treatment and the sterilization process have produced significant differences in the
total amount of furans, pyrazines and sulfur compounds.

Four furans were found as a component of the aromatic profile of fermented A. platensis
biomass. 2-Pentylfuran is an important product of lipid degradation and is responsible for
beany and licorice-like sensory qualities in various food products (Milovanovic et al., 2015);
it has been indeed associated with the typical beany, green and metallic odor of spirulina
and it was detected in considerable percentages, about 10%, in fermented spirulina samples
in a previous study (Bao et al., 2018). In our case, this furan was formed consequently to the
sterilization of the biomass (0.10 + 0.04 pg/g), but it decreased consequently to fermentation,
while in UV treated samples it was not detected in the not fermented substrate but it
increases after fermentation.

Pyrazines are molecules typical of roasted and thermally treated foods. Seven pyrazines
were found in the analyzed samples and most of them were connectable to the sterilization
process. For example, 2,5-dimethylpyrazine, a pyrazine with a typical chocolate aroma, was
found in the sterilized biomass and not in the UV treated samples. Interestingly, some of
these compounds were also produced consequently to lactic acid fermentation. Small
amounts, of 2- methylpyrazine were produced by L. rhamnosus GG (0.02 + 0.00 pg/g) in the
sterilized biomass. It is not the first time that the production of pyrazine by L. casei group
bacteria was underlined (Li et al.,, 2012). Among all the pyrazines detected in the tested
samples, 2,5-dimethylpyrazine and 2 — methylpyrazine are of particular interest because
these compounds have been associated with the off-flavor of A. platensis, (Bao et al., 2018).
A similar behavior was observed for sulfur compounds, prevalently found in the sterilized

samples. Dimethyl disulfide is a sulfuric compound formed consequently to thermal
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oxidation of other volatile sulfur compounds such as methanethiol (Isleten Hosoglu, 2018).
The number of sulfur compounds seemed to be related especially to the stabilization
treatment: the concentration of these compounds was higher in the sterilized samples in
respect to UV treated ones (p=0.019). Generally speaking, sulfur compounds may contribute
to the unpleasant odor of algae products, because of their low threshold value. Seo et al.
(2017) stated that sulfides concurred for about the 26 % to the total odor profile of sea tangle
extract and fungal fermentation lead to a total reduction of dimethyl disulfide after two days
from the inoculation (Seo et al., 2012). In our case, the fermentation step did not reduce the
amount if this compound, detected only in UV treated materials (Supplementary Table S1).
Esters, with floral and waxy notes, are the category that presented the lower quantities in
the analyzed samples. 4 compounds have been identified and this is in line with what has
been reported in other studies (Bao et al., 2018; Seo et al., 2012). The stabilization treatment
did not seem to affect their content, while fermentation leads to a decrease of the initial

quantity (p=0.021) (Supplementary Table S1).

Sensory properties of detected volatile components

In order to evaluate the modifications in sensory properties of fermented A. platensis in
respect to the unfermented materials, as to determine changes in aromatic notes due to the
different stabilization process applied, all the volatile compounds and their relative
concentrations were grouped based on the odor type that they are able to confer. Ten main
different aroma attributes were identified as follows: aldehydic/ethereal, sulfurous,
green/herbal, buttery/waxy, spicy, fruity, floral, nutty/roasted, alkane and fermented. On
the basis of this classification, analogies and differences in odor type production among
different samples were noticed applying two-way ANOVA test considering as factors
fermentation and stabilization treatment (Figure 4, Supplementary table S2). Lactic acid

fermentation of spirulina biomass brought to an enhancement of the aromatic profile.
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Figure 3. Heat map performed on volatile concentration, for volatile grouped on the basis of the odor
type, detected in sterilized (ST) or UV treated (UV) A. platensis biomasses fermented with L. casei
2240 (2240), L. rhamnosus GG (GG) and treated but unfermented biomasses (Cntr). A scale ranging

from a maximum of 10 pg/g (Dark green) and a minimum of 0 pg/g (light green) was used.

In particular, the fermentation process significantly influenced the concentration of those
compounds responsible for aldehydic/ethereal, buttery/waxy, alkane and of course
fermented aromatic notes (p<0.01). As expected, buttery/waxy and fermented notes
increase with the fermentation process (Figure 4). These aromatic properties could be
mainly associated with the presence of diacetyl, acetoin (buttery/waxy) and isoamyl
alcohol (fermented). The concentration of all these volatiles showed an augment after the
fermentation process, in both the stabilized materials, but while in sterilized spirulina L.
casei 2240 produced a higher amount of diacetyl and acetoin, in UV-treated material L.
rhamnosus GG affected the content of these compounds more prominently (Supplementary
Table S1). In addition, buttery/waxy and fermented aromatic notes resulted influenced
also by stabilization treatment: in particular, a statistically significant interaction was
indeed observed for fermented notes for the two considered factors (p<0.001)
(Supplementary Table S2). Also aldehydic/ethereal and alkane attributes, given mainly by
the presence of aldehydes and hydrocarbons, were strongly influenced by the
fermentation step, especially in UV treated samples (Figure 4). It has to be underlined that
hydrocarbons, and in particular heptadecane, could be associate with the off-flavor of
algae [41]. Alkane attribute concentrations were indeed influenced also by the stabilization
method applied (p<0.01), as clearly represented in Figure 4. So, to limit the formation of
these sensory attributes, sterilization has to be chosen as a stabilization treatment. On the
other hand, significant differences were found in sulfurous, green/herbal, fruity, and
nutty/roasted notes production (p<0.02), among the stabilization treatments
(Supplementary Table S2). The concentrations for all these aromatic classes resulted
indeed statistically higher in the sterilized samples (p<0.02). High temperature can cause
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the formation of pyrazine and sulfur compounds, associated with nutty/roasted and
sulfurous notes, as the degradation of carotenoids and fatty acids leading to an increase of
hexanal, methional, 1-hexanol and 1-octen-3-ol (green/herbal and hearthy notes), as of
benzaldehyde, 3-cyclocitral, 3-Ionone 5,6-epoxide and other compounds associated with
fruity aromatic notes. In addition, a statistically significant interaction of the two factors
was noted for green/herbal and fruity notes (p<0.001). Since fruity attributes are generally
considered as pleasant aromatic properties, also in this case it is possible to speculate that
sterilization may represent the better stabilization treatment because it leads to an
augment of this odor class (de Melo Pereira et al., 2020; El-Gendy et al., 1983; Hockelmann
& Jiittner, 2005; Yamamoto et al., 2014). In conclusion, even if sterilization may lead to
some modification of the aromatic characteristic of the starting material, A. platensis,
seemed to be the best choice to reduce the initial microbial count, naturally occurring in
the tested samples. Fermentation by L. casei bacteria group can generate or enhance some
volatile compounds responsible for pleasant aromatic notes, as fruity and creamy (buttery)
notes, associated with volatiles produced by LAB metabolism.
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Conclusions

In this study, A. platensis biomass, treated by UV or sterilization at 121 °C, was fermented
by LAB (L. casei 2240 and L. rhamnosus GG) in order to evaluate the fermentative and
aromatic potential. The LAB growth was not affected by the treatment applied confirming
A. platensis as a fermentable substrate that may be used for the development of new
fermented foods and supplements with high functional values. Furthermore, the
survivability of LAB to freeze-drying may allow the production of food products which, in
addition to integrating proteins and vitamins typical of A. platensis, also include LAB or
probiotic bacteria in the diet. Considering the importance of aroma and flavor for consumers
acceptability, the main volatile compounds involved in A. platensis biomass fermentation
were screened. An overall improvement of smell was obtained.

In particular, a greater presence of fermentation aroma was found during the fermentation
of the sterilized sample highlighting that in addition to guaranteeing safety for the
consumet, this process may enhance applications avoiding side effects due to off-flavor. In
conclusion, according to the heat treatment applied, a fermented lyophilized spirulina
powder with an interesting aromatic profile and high LAB concentration was obtained

opening up perspectives for new applications in food productions.
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Content Factors
Compounds Cntr ST ST 2240 ST GG Cntr UV UVv_2240 UV_GG F S F*S
Aldehydes
Isobutyraldehyde 0.01086 + 0.00077 a nd nd nd 0.00991 +0.00286 a nd 025 025 0.01
2-Methylbutanal 0.02264 +0.00332 a nd nd nd nd nd
Isovaleraldehyde 0.02728 +0.00156 a n.d n.d n.d 0.01423 +0.00123a 0.01244 +0.00212a  0.00  0.00 0.00
Hexanal 0.04523 +0.00028 a nd nd nd nd 0.05297 +0.00836a 0468 0.468  0.016
Methional nd nd nd nd 0.02289 +0.00137a 0.02489 +0.00693a  0.00  0.00 0.00
Benzaldehyde 0.17073 +0.03177 a nd nd nd 0.13162 +0.04463a 0.10459 +0.03979a 0.177 0177  0.00
2,5-Dimethyl Benzaldehyde 002227 +0.00508 a nd nd nd nd nd 0.00  0.00 0.00
Ketones
Acetone 0.01123 +0.00081b  0.02461 +0.00831a 0.02813 =+0.00570 a nd 0.01672 +0.00171a  0.02103 +0.00361a  0.000 0.004  0.470
2-Butanone 0.02021 +0.04432
0.01008 =+ 0.00039 b ab 0.02278 +0.00127a nd 0.02219 +0.00416a 0.01859 +0.00415a 0.000 0.013  0.036
Diacetyl 0.00826 +0.00037 ¢  0.04522 +0.00953b  0.01092 +0.00049 ¢  0.00890 +0.00259c  0.07766 +0.00882a 0.03668 +0.01107b 0.019 0250  0.270
6-Methyl-2-Heptanone 0.01997 +0.00221a 0.02115 +0.00177a  0.01611 +0.00087 a nd 0.01649 +0.00236a 0.01329 +0.00273a  0.002  0.000  0.001
3-Octanone nd 0.00977 +0.00437b  0.01493 +0.00125b  0.00992 +0.00104b,c  0.01973 +0.00201a 0.00951 +0.00236b 0.013 0.056  0.205
2-Octanone 0.01026 +0.00174a 0.00875 +0.00058b  0.00562 =+ 0.00014 c nd nd nd 0.048 0.000  0.048
Acetoin nd nd 0.08577 +0.00331 a nd 0.09083 +0.00784a 0.13555 +0.04519a 0.006 0.053  0.053
2,2,6-
Trimethylcyclohexanone ~ 0.06032 +0.01269a  0.05366 +0.00037a  0.04938 +0.00039a 0.00878 +0.00147b,c  0.02672 +0.00404b 0.01958 +0.00567b 0.450  0.000  0.009
Sulcatone 0.07005 +0.01557a 0.06322 +0.00502a 0.05586 +0.00220 a nd 0.02003 +0.00166b 0.02032 +0.00488b 0217  0.000  0.002
Esters
Ethyl Acetate 0.01140 +0.00099a 0.01519 +0.00094a 0.01766 +0.00128a  0.01378 +0.00274a  0.02233 +0.00424a 0.01843 +0.00328a 0.011 0.119  0.680
Ethyl Caprylate nd n.d n.d 0.00840 +0.00068 a n.d n.d
Ethyl Decanoate nd nd nd 0.01150 +0.00237a  0.01017 +0.00214 a nd 0.220 0.007  0.220
Phenethyl Acetate 0.01769 +0.00765 a nd nd nd nd n.d
Terpenes/Norisoprenoids
Para-Xylene 0.18493 +0.03116a 0.13716 +0.04784a 0.11965 +0.05426a n.d 0.06621 +0.03628 b n.d 0.594  0.000  0.061
Myrcene nd nd nd nd nd 0.02083 +0.00970a 0362 0362  0.362
a-Cyclocitral 0.03281 +0.00801 a nd 0.01957 +0.00194 b nd nd nd 0.016 0.000  0.016
p-Cyclocitral 0.12264 +0.03553a 0.11031 +0.01463a 0.09302 +0.00787a  0.01258 +0.00178b  0.03159 +0.00529b 0.02949 +0.00622b 0.861  0.000  0.042




Safranal
a-lonene
a-lonone
-Ionone
B-Ionone 5,6-Epoxide
Alcohols
Ethanol

Isobutyl Alcohol
Isoamyl Alcohol
1-Pentanol
1-Hexanol
1-Octen-3-0O1
Benzyl Alcohol
Furans
2-Methylfuran
3-Methylfuran
2-Butylfuran

2-Pentylfuran
Hydrocarbons
1,2,4,4-
Tetramethylcyclopentene
2,2,4,6,6-
Pentamethylheptane
Ethyl Benzene

Tridecane
Tetradecane
2,6,10-Trimethyltridecane
Pentadecane
Hexadecane
Heptadecane
6,9-Heptadecadiene

0.02946 +0.00566 a
n.d

0.01013 +0.00336 ac

0.05990 +0.01559 a

0.02621 +0.00492 a

0.01358 +0.00236 b
n.d
n.d
0.01052 +0.00087 a
0.03083 +0.00603 b
0.12615 +0.03004 a
0.01042 +0.00184 a

0.00770 +0.00032 c
n.d

0.00711 +0.00041 a
0.09652 +0.03597 a

n.d

0.02296 +0.00690 a

n.d

n.d

n.d

n.d
+0.07599 ¢
+0.04745 b
+0.37660 ¢

n.d

0.15499
0.15713
1.13962

0.01532 +0.00125b
n.d

0.01473 +0.00073 a

0.05848 +0.00595 a

0.02515 +0.00285 a

0.02375 +0.00463 b
n.d

0.02253 +0.00194 a

0.00907 +0.00012 a
n.d

0.12107 +0.00564 a

0.01950 +0.00286 a

0.01372

0.01148
0.00599

+0.00090 b

+0.00242 a
+0.00102
a,b

0.06390 +0.02915 a

0.00929 +0.00062 a

0.02007 +0.00515 a

n.d

n.d

n.d

n.d
+0.08369 c
+0.05538 b
+0.66277 ¢

n.d

0.24355
0.22729
2.53983

0.01348 +0.00088 b
0.01743 +0.00140 a
0.01429 +0.00184 a
0.06004 =+ 0.00680 a
0.02666 =+ 0.00081 a

0.06260 +0.00130
a,b
0.00951 +0.00174 a
0.02454 +0.00207 a
0.00988 +0.00123 a
0.05230 +0.00343 b
0.08971 +0.00728 a
0.01971 +0.00396 a

0.02194 +0.00116 a
n.d

0.00482 +0.00044 b
0.06414 +0.00848 a

n.d

0.01964 +0.00168 a

n.d

n.d

n.d

n.d
+0.05417 ¢
+0.02903 b
+0.33095 ¢

n.d

0.22075
0.19335
2.43265

n.d
n.d
n.d
0.03442 +0.00188 a
n.d

0.06514 +0.01110 a,b

n.d

n.d

n.d
+0.00407 b
+0.00480 b
+0.00291 a

0.04333
0.03629
0.01548

n.d
n.d

n.d
n.d

n.d

0.01729 +0.00582 a
n.d

0.01100 +0.00145 a

0.01741 +0.00036 b
n.d

0.66333 +0.00284 b

0.35436 +0.00582b

4.15299 +0.09135b

0.07147 +0.00742 a

n.d
n.d
n.d
0.06854 +0.01867 a
n.d

0.09513 +0.01047 a
n.d
n.d
n.d
0.08744 +0.00542 a
0.06884 +0.00639 a
n.d

n.d
n.d

n.d
0.02122 +0.00268 a

n.d

0.02289 +0.00682 a
0.09524 +0.06073 a
n.d
0.04182 +0.00798 a
n.d
1.49391 +0.27536 a
0.70480 +0.13366 a
7.65492 +1.95460 a
n.d

n.d
n.d
n.d
0.06269 +0.02362 a
n.d

0.08824 +0.02770
a,b

n.d

n.d

n.d
+0.01372 a
+0.01333 a
+0.02987 a

0.06764
0.06283
0.04949

n.d
n.d

n.d
0.01525 +0.00683 a

n.d

0.02597 +0.01047 a
n.d
n.d
+0.00746 a
+0.00399 a
+0.23169 a
+0.10782 a
+1.23021 a
n.d

0.03469
0.02482
1.24060
0.60046
7.00994

0.000
0.215
0.014
0.114
0.896

0.030
0.221
0.000
0.139
0.233
0.650
0.523

0.009
0.223

0.021
0.455

0.215

0.620
0.403
0.000
0.011
0.311
0.007
0.009
0.006
0.000

0.000
0.215
0.000
0.304
0.000

0.001
0.221
0.000
0.000
0.021
0.000
0.722

0.000
0.223

0.000
0.000

0.215

0.893
0.403
0.000
0.000
0.311
0.000
0.000
0.000
0.000
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0.000
0.215
0.014
0.101
0.896

0.893
0.221
0.000
0.139
0.126
0.023
0.998

0.009
0.223

0.021
0.020

0.215

0.222
0.403
0.000
0.011
0.311
0.021
0.047
0.190
0.000



N-Acetyl-4(H)-Pyridine
Pyrazines
2-Methylpyrazine
2,5-Dimethylpyrazine
2-Methyl-5-Ethylpyrazine
2-Ethyl-6-Methylpyrazine
Trimethyl Pyrazine
2,3-Dimethyl-5-
Ethylpyrazine
Tetramethyl Pyrazine

Sulfur comp.
Dimethyl Disulfide
2-Ethyl-4-Methylthiazole
Dimethyl Trisulfide

Total aromatic compounds

0.04755 +0.00854 a

n.d
0.03803 +0.00694 a
n.d
0.02741 +0.01126 a
0.02836 +0.00290 b

0.01556 +0.00391 a
0.01873 +0.00355 a

0.05171 +=0.02780 a
n.d

0.01310 +0.00482 a

3.063 +0.847 b

0.01928 +0.00342 b

n.d
0.03379 +0.00435 a
n.d
0.02143 +0.00012 a
0.05547 +0.00244 a

0.01944 +0.00326 a
0.01948 +0.00053 a

0.03838 +0.02634 a
n.d

0.01702 +0.01053 a

4.232+0919b

0.03432 +0.00153 a

0.01654 +0.00083 a

0.03696 +0.00272 a

0.03285 +0.00635 a
n.d

0.05250 +0.00204 a

0.01980 +0.00359 a
0.02146 +0.00411a

0.01534 +0.00246 a
n.d
n.d

4176 £ 0.476 b

n.d

n.d
n.d
n.d
n.d
n.d

n.d
0.00909 =+ 0.00280 b

n.d
n.d
n.d

5.574 £0.048 b

n.d

n.d
n.d
n.d
n.d

0.00541 +0.00085 d

n.d
n.d

n.d
n.d

0.03145 +0.01865a

11.018 £2.542 a

n.d

n.d
n.d
n.d
n.d
0.01996 +0.00521 c

n.d
0.01411 +0.00340 b

n.d
0.02147 +0.00262 a

n.d

9.896 +1.844 a

0.011

0.214
0.461
0.221
0.097
0.000

0.114
0.969

0.171
0.308

0.575

0.008

0.000

0.214
0.000
0.221
0.002
0.000

0.000
0.009

0.001
0.308

0.765

0.001

0.011

0.214
0.461
0.221
0.097
0.116

0.114
0.610

0.171
0.308

0.315

0.670

Supplementary Table 1. Concentration (pg/g) of compounds identified in UV treated and sterilized Arthrospira platensis fermented with L. casei 2240 and L.

rhamnosus GG and in controls (not fermented UV treated and sterilized Arthrospira platensis) after 48 hours. ND compounds not detected.
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Content Factors
Odor type Cntr ST ST 2240 ST GG Cntr UV UV 2240 UV GG F S F*S
Aldehydic/Ethereal ~ 0.104 + 0.000 a,b 0.105+0.010 a,b 0.157 £0.004 a 0.079+0.014 b 0.197+0.024 a 0.172+0.042 a 0.00 0.44 0.05
Sulfurous 0.065+0.033 a 0.055+0.037 a 0.015+0.002 a n.d 0.031 +0.019 a n.d 0.65 0.02 0.16
Green/Herbal 0.302 +0.056 a 0.209 +0.011 a 0.225+0.004 a 0.098+0.011b 0.226 +0.019 a 0.237 +0.046 a 0.21 0.00 0.00
Buttery/Waxy 0.008 + 0.000 ¢ 0.045+0.010 b 0.097 £0.003 a 0.029 +0.001 b 0.179+0.018 a 0.172 + 0.056 a 0.00 0.01 0.05
Spicy 0.007 £ 0.000 a 0.006 £ 0.001 a 0.005 +0.000 a n.d n.d 0.021+0.010 a 0.44 0.85 0.29
Fruity 0.519+ 0.132a 0.263+ 0.052Db 0.277+ 0.023b 0.013+ 0.002 ¢ 0.204 + 0.054Db 0.170+ 0.053 b 0.31 0.00 0.00
Floral 0.098 + 0.028 a 0.093+ 0.010 a 0.094 + 0.005 a 0.050 + 0.005 a 0.069 + 0.019 a 0.112+ 0.053 a 0.37 0.21 0.26
Nutty/Roasted 0.158 = 0.032 a 0.163 + 0.005 a 0.202+ 0.018 a 0.009 + 0.003 b 0.005+ 0.001 b 0.056+ 0.011b 0.18 0.00 0.93
Alkane 1.452 + 0.500 b 3.011+ 0.802b 2.847 + 0.414Db 5.199+ 0.098 b 9.895+ 2.368 a 8.886+ 1.575a 0.01 0.00 0.13
Fermented 0.011+ 0.001b 0.032 £ 0.002 a 0.034 £ 0.001 a n.d n.d n.d 0.00 0.00 0.00
NC (not classified) 0.278 + 0.052 a 0.197 = 0.058 a 0.174 + 0.003 a 0.089+ 0.013 a 0.184 + 0.096 a 0.051+ 0.014 a 0.48 0.01 0.19

Supplementary Table 2. Concentration (pg/g) of odor type identified in UV treated and sterilized Arthrospira platensis fermented with L. casei 2240 and L.

rhamnosus GG, and in controls (not fermented UV treated and sterilized Arthrospira platensis) after 48 hours. ND compounds not detected.
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Abstract

Obesity is one of the most important threats to health. The use of surgery is not sufficient
to contain this global issue and research is focusing their forces on the search for new
bioactive compounds with a lipid reducing activity. Between the many natural resources
of novel compounds, microalgae are well known for their high complexity in novel
secondary metabolites that could have an activity. At the same time, lactic acid
fermentation is a technique known for the high capacity to metabolize the matrix and
consequently modify or produce new compounds with potential bioactivity. This work
aims to study the production of fermented microalgae extracts with a lipid reducing
activity and test them with Zebrafish Nile red fat metabolism assay. Three microalgal
species (Chlorella vulgaris, Chlorococcum sp. and Arthrospira platensis) were fermented with
seven strains of lactic acid bacteria belonging to 4 species (Lactobacillus rhamnosus,
Lactobacillus casei, Lactobacillus delbrueckii bulgaricus and Lactobacillus paracasei). All the
selected strains were able to ferment the selected species of microalgae. The most suitable
substrate for LAB growth was Arthrospira platensis. Thanks to fermentation, extract
obtained from Chlorella vulgaris and Chlorococcum sp have shown a lipid reducing effect
that was not present before the process. The most important lipid reducing effect was
obtained with Arthrospira platensis fermented with Lactobacillus delbrueckii bulgaricus 1932.
This work opens up to new possible sources of lipid reducing compounds obtained

through lactic acid fermentation.
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Introduction

According to the World Health Organization (WHO), Cardiovascular diseases are the most
significant causes of death of this century. Sedimentary behavior and unhealthy eating can
lead to obesity that is strictly connected to these diseases. The number of obese people is
exponentially growing (Kelly et al., 2008). Obesity can be defined as a body mass index of
more than 30 and is correlated with several diseases such as cancer, type 2 diabetes and
cardiovascular problems (Abdelaal et al., 2017; Nguyen et al., 2008). Surgery is still the most
efficient way to reduce obesity but it is an invasive technique, and a pharmacological
treatment could be the answer to contain this problem (Kang & Park, 2012). To this purpose,
the search for new compounds having a bioactive activity against this disease is increasing
interest and microalgae may represent a possible source.

These photosynthetic organisms are rich in bioactive compounds that have proven anti-
cancer, anti-inflammatory, antimicrobial and also anti-obesity activity (Bancalari et al., 2020;
de Vera et al, 2018; Martelli, Cirlini, et al., 2020). Microalgae and cyanobacteria are
characterized by a valid composition in amino acids that makes them an important source
for food supplements (Andrade, 2018; Beheshtipour et al., 2013). Moreover, the growing
consumers' interest in these organisms makes them a possible new food source for the future
(Camacho et al., 2019; Draaisma et al., 2013). Because of their composition, characterized by
a high percentage of amino acids, they are suitable matrixes for lactic acid fermentation. The
interaction between lactic acid bacteria (LAB) and microalgae, in particular fermentation,
has been studied (Bao et al., 2018; de Marco Castro et al., 2019; Martelli, Alinovi, et al., 2020;
Niccolai et al., 2019).

Lactic acid fermentation is an old preservation technique that is used by humans for many
centuries. Many LAB are generally recognized as safe and are studied because of their
metabolism which can produce bioactive compounds such as organic acids (lactic acid),
diacetyl and many other metabolites (Fernandez & Zuiiiga, 2006). This kind of metabolisms

can influence the composition of the matrix that is fermented, by changing the bioactive
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activity of the compounds (Martelli, Favari, et al., 2020). This work aimed to study the
potential production of metabolites with strong bioactivities towards obesity by lactic acid
fermentation of microalgae. The screening focused on anti-obesity bioactivities were tested
using whole small animal models in vivo, in particular, effects on lipid homeostasis were

analyzed in zebrafish (Costa et al., 2019; Noinart et al., 2017).
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Materials and methods

Microalgal biomasses

Commercial algal biomasses were used for the experiments.

Dehydrated Chlorella vulgaris (Nutrisslim, China), dehydrated Chlorococcum sp. provided
by Allmicroalgae (Leira, Portugal) and dehydrated organic Arthrospira platensis, provided

by Bertolini Farm (Fidenza, PR, Italy), were used for fermentations.

Bacterial strains used for fermentation

Seven LAB strains, belonging to the collection of the Laboratory of Food Microbiology of
the Department of Food and Drug (University of Parma, Parma, Italy) were used to
ferment Microalgal biomass. The strains, have been previously isolated from different
food matrixes, identified by 16S rRNA sequencing (Tab. 1), and maintained at -80 °C in de
Man, Rogosa and Sharpe (MRS) (Oxoid, Basingstoke, UK), added with 12.5% glycerol
(v/v). Lactic acid bacteria were also grown in MRS to obtain biomasses for extractions.
After growth at 37°C for 48 hours, lactic acid bacteria biomasses were then centrifuged
(Eppendorf centrifuge 5810 R, Eppendorf, Hamburg, Germany) (10000 rpm for 10 minutes
at 4 °C), cells were collected, washed twice in sterilized water and then lyophilized by a

Freeze dryer Lio-5P (5Pascal, Milano, Italy) for 48h.

Table 1. Lactobacillus strains used for fermentation of microalgal biomasses

ID Species Temperature Isolation matrix
1473 Lacticaseibacillus rhamnosus ~ 37°C Parmigiano Reggiano
1019 Lacticaseibacillus rhamnosus ~ 37°C
2240 Lacticaseibacillus casei 37°C Parmigiano Reggiano
4339 Lacticaseibacillus casei 37°C Cow milk
2214 Lb. delbrueckii bulgaricus 37°C Grana Padano
1932 Lb. delbrueckii bulgaricus 37°C Grana Padano
4186 Lacticaseibacillus paracasei 37°C Pecorino Toscano
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Step up for fermentation

LAB strains were revitalized twice in MRS broth (Oxoid) (inoculum of 3% v/v) incubated
for 16 h at 37 °C under aerobic conditions.

Later, each revitalized strain was inoculated in fresh MRS broth (3% v/v) and incubated
for 15 h at 37°C, in order to obtain a bacterial concentration of 9 Log CFU /ml. After
centrifugation (10000 rpm for 10 minutes at 4 °C), the grown cells were collected, washed
twice in Ringer solution (Oxoid, Milan, Italy) and suspended in sterile bidistilled water.
Then, the microalgal biomass was rehydrated with 70% of water and then inoculated
individually with each bacterial suspension to obtain a final concentration of 7 Log CFU/
ml. The microbial concentration was evaluated just after the inoculum (T0), after 24 hours
(T1), 48 hours (T2) and 72 hours of fermentation (T3) by plate counts

Serial dilutions in Ringer (Oxoid) of the samples were plated on MRS agar, followed by
incubation for 48 h in aerobic conditions for each strain. Fermentations were carried out in
duplicate and for each sampling time analyses were performed in duplicate.

After the fermentation process, the biomasses were lyophilized for 48 hours with Telstar
lyoquest (Azbil Telstar, Portugal).

Average values + standard deviations were reported.

Extraction process

Before of the extraction process, 1g of the freeze-dried sample was broken up using a
porcelain mortar and pestle to enhance the extraction process. Then, the grounded
biomass is transferred to a glass flat bottom round flask.

For the first extraction, 30 mL of methanol were added to the flask containing the biomass.
The flask containing the biomass was then put in an ultrasonic bath FB15053 (Fisherbrand)
for 5 min, taking care not to warm up above 30° C. The supernatant was decanted in a
vacuum filtering system into a round bottom flask. The steps were repeated twice using 15

mL of methanol.
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After the extraction process, the extract in the round bottom flask was concentrated in a
rotary evaporator at 30° C until fully dried. The obtained dried extract was then
suspended in 5 mL of methanol. Another filtering step was performed by using a Pasteur
pipette filled with cotton (to capture any non-soluble particular matter) and the extract
was transferred to a pre-weighed 20 mL vial. The solvent was then evaporated in a rotary
evaporator. The vials containing dried extract were then put in a high vacuum to dry it
and establish the collected extract mass. All the extracts were suspended in DMSO to

obtain a concentration of 10 mg/mL.

Zebrafish Nile Red Fat Metabolism Assay

Lipid reducing activity was assessed by the zebrafish Nile red fat metabolism assay (Costa
et al., 2019; Noinart et al., 2017).

Authorization by an ethics commission was not needed because any procedures were not
considered as animal experimentation in line with EC Directive 86/609/EEC. Concisely,
zebrafish embryos were raised from 1-day post-fertilization (DPF) in egg water (60 pug/mL
marine sea salt) with 200 uM 1-phenyl-2-thiourea (PTU) to inhibit pigmentation. From 3 to
5 DPF, zebrafish larvae were exposed to extracts at a final concentration of 10 pg/mL with
a daily renewal of water and fractions in a 48-well plate with a density of 6-8 larvae/well
(n=6-8). A solvent control (0.1% DMSO) and positive control (REV, resveratrol, 50 pM)
were included in the assay. Neutral lipids were stained with 10 ng/mL Nile red overnight.
The larvae were anesthetized with tricaine (MS-222, 0.03%) for 5 min before taking
pictures on a fluorescence microscope (Olympus, BX-41, Hamburg, Germany).

Fluorescence intensity was quantified in individual zebrafish larvae by Image]J

Statistical analysis
In order to study intraspecific differences on the ability of each LAB species to ferment
microalgal biomass, a paired T-test was performed (p<0.05). A one way ANOVA was

performed on zebrafish Nile red fat metabolism assay results using Graphpad prism 8.

239



Results

Microalgae fermentation

Three microalgal species (Chlorella vulgaris, Chlorococcum sp. and Arthrospira platensis) were
fermented with seven LAB strains belonging to 4 different species: L. rhamnosus (1473,
1019), L. casei (2240, 4339), L. delbrueckii bulgaricus (2214, 1932) and L. paracasei (4186).

The microbial growth was evaluated after 24, 48 and 72 h of incubation at 37 °C, at the
optimal temperature of the tested species. Generally, all the strains showed a good growth
ability in all the tested biomasses. The most suitable biomass for fermentation was A.
platensis with an average value of 2.19 Log CFU/g reached in 72 hours” growth. The best
growth performance was registered by L. paracasei 4186 with an increase of 2.67 Log CFU/
g (Table 1). But also L. rhamnosus strains were able to grow well on the biomass (2.40 + 0.14
Log CFU/g) while L. casei strains showed a lower growth ability (1.80 + 0.02 Log CFU/g). L.
delbrueckii bulgaricus showed a good growth ability but variable between the two tested
strains. In fact, L. delbrueckii bulgaricus 1932 (A= 2.65 Log CFU/g) was able to grow by more
than one logarithm compared to L. delbrueckii bulgaricus 2214 (A=1.60 Log CFU/g) (Table
1). Considering Chlorella vulgaris, strains 1473 and 1019, belonging to L. rhamnosus, showed
a really inconstant ability to grow in the matrix (A=2.44 and 0.67 Log CFU/g, respectively).
On the other hand, L. paracasei 4186 highlighted the highest growth capacity (A=1.99 Log
CFU/ g) compared to the other strains (Table 1). Differently to what was observed during
A. platensis fermentation, L. belbrueckii bulgaricus strains (2214 and 1932) showed a lower
but more constant growth ability (1.71 + 0.19 Log CFU/g).

Chlorella biomass proved to be a good substrate for LAB growth with an average value of
1.67 Log CFU/g. Fermentation of Chlorococcum sp. exerted the lower results with an average
value of 1.36 Log CFU/g in 72h fermentation. L. rhamnosus strains showed the highest
growth capacity (1.70 + 0.39 Log CFU/g) while L. delbrueckii bulgaricus strains the lowest (0.99
+0.17 Log CFU/g).
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Table 2. Growth ability of different lactic acid bacteria (LAB) species/strains in Chlorella vulgaris,

Chlorococcum sp. and Arthrospira platensis after 72 h of fermentation at the optimal growth temperature

(37°C).
Chlorella vulgaris Clorococcum sp. Arthrospira platensis
1D T0 T3 A (T3-T0) T0 T3 A (T3-T0) T0 T3 A (T3-T0)
1473 7.50+0.01 9.94 +0.05 2.44 723+0.02 9.22+0.20 1.99 710+0.02 9.40+0.11 2.30
1019 722+0.09 7.89+0.06 0.67 750+0.03  8.93+0.04 1.42 7.01+023  9.52+0.06 2.51
2240 712+0.16  8.87+0.04 1.76 737+0.10  8.97+0.03 1.60 7.75+0.21 9.57 +0.06 1.82
4339 712+0.12  8.56 +0.06 1.44 784+0.05 8.92+0.03 1.08 774+006  9.53+0.05 1.79
2214 733+0.04 8.90+0.08 1.57 775+0.05  8.87+0.04 1.12 8.07+032  9.67+0.08 1.60
1932 7.57+0.17  9.42+0.03 1.85 782+0.04 8.69+0.12 0.87 7.06+0.08  9.71+0.05 2.66
4186 712+0.16  9.10+0.14 1.99 752+0.14  8.93+0.05 1.41 7.06+0.08  9.72+0.05 2.67

Figure 1 display the growth curve representing the ability of each strain to grow in

different microalgae.
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Figure 1. Growth kinetics of lactic acid bacteria strains in microalgae samples. Comparisons between the

strains belonging to the same species were made and significant differences are signed with * (p<0.05)

Comparing the growth curves of L. rhamnosus on the tested microalgal biomass (Figure 1A

and 1B), a different behavior on C. vulgaris was noticed. L. rhamnosus 1473, showed a higher

ability to grow on the biomass. While L. rhamnosus 1473 keep growing until T3 (72h)
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reaching a concentration of 9.94 + 0.05 Log CFU/g, L. rhamnosus 1019 was able to grow until
T2 (8.43 +0.36 Log CFU/g) and at T3 its concentration was reduced to a concentration of 7.89
+ 0.06 Log CFU/g (p<0.05). Regarding the behavior of the two L. rhamnosus strains on
Chlorococcum sp. and on A. platensis, no significant differences of the tested strains during
fermentation were detected. L. casei 2240 and 4339 presented a similar behavior on each
matrix. The only significant difference was noticed at T2 during C. vulgaris fermentation. L.
casei 2240 managed to grow at a concentration of 9.50 + 0.14 Log CFU/g in 48 hours, while
L. casei 4339 concentration was 8.79 + 0.23 (p< 0.05).

Two significant differences were found studying L. delbrueckii bulgaricus strains behavior
during algal biomass fermentation. Considering Chlorella vulgaris, after 3 days of
fermentation, L. delbrueckii bulgaricus 1932 could reach a concentration of 9.42 + 0.03 while
2214 could grow in a significantly lower amount (8.90 + 0.08). In A. platensis, L. delbrueckii
bulgaricus 2214 at T2 grew more than strain 1932 (p<0.05). Then, at the end of the

fermentation time, the two strains reached an equal concentration.
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MFI [%]

Lipid reduction activity in zebrafish larvae
The fermented microalgae and the control extracts were screened for lipid reducing activity

using the zebrafish Nile red fat metabolism assay. The results are shown in figure 2.
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Figure 2. Data are presented as mean fluorescence intensity (MFI) relative to the solvent control (DMSO).
Zebrafish at 3 days post fertilization (DPF) were exposed for 48 h to 10 ug/mL of extracts and lipids around

the yolk sac and intestine were stained with Nile red.

The extracts obtained with LAB didn’t produce any significant differences from the DMSO.
No activity was noticed in unfermented Chlorella vulgaris extract (CHLA) but thanks to
fermentation significant lipid reducing activities were noticed. In particular, fermentation
with Lacticaseibacillus rhamnosus 1473 (CHLA 1473) has reduced significantly the lipid
formation (p<0.001). The same effect was noticed for the extract obtained from biomass
fermented with the two L. casei (CHLA 2240, p<0.01; CHLA 4339, p<0.001) and for L.
delbrueckii bulgaricus 1932 (CHLA 1932, p<0.001). In particular, CHLA 4339 extract had a
really strong and constant activity presenting a 32.49 + 9.56% of MF% compared to the

DMSO.
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Chlorococcum sp. unfermented biomass extract didn’t show any bioactivity but subsequently
to fermentation significant lipid reducing activities were observed. Especially, fermentation
with both L. rhamnosus (COCCUM 1473, p<0.001, COCCUM 1019, p<0.005), both L. casei
(COCCUM 2240, p<0.05; COCCUM 4339, p<0.05) and both L. delbrueckii bulgaricus
(COCCUM 2214, p<0.001; COCCUM 1932, p<0.005) have proved a lipid reduction effect in
the assay. Differently to what observed in the two FEukaryotic microalgae, the
cyanobacterium A. platensis extract has proved a significant lipid reducing effect (ARTH,
p<0.001) and, contrary to what previously observed, all the fermentation process except for
L. delbrueckii bulgaricus 1932 (ARTH 1932, p<0.001) have reduced the lipid reducing effect of
A. platensis. In particular, the extract ARTH 1932 is the extract that proved the higher lipid

reduction effect presenting a MF% of 18.14 +7.78%.

DMSO REV ARTH 1932

Figure 3. Representative images of zebrafish larvae (brightfield picture and red fluorescence channel). Solvent

control, 0.1% dimethyl sulfoxide (DMSO); positive control, 50 uM REV and exposure to extract ARTH 1932.
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Discussion

Microalgae and cyanobacteria are well known to be a source of bioactive compounds with
many bioactivities (de Vera et al., 2018; Plaza et al., 2010). The use of these organisms as a
food supplement and in food formulation is growing also because of their valuable
composition (Andrade, 2018; Beheshtipour et al., 2013; Draaisma et al., 2013). Furthermore,
the searching for new natural products that could function as anti-obesity agents had been
studied in the literature, and microalgae are already considered as one precious source
(Castro et al., 2016; Costa et al., 2019; Yun, 2010), however, research in this field is still
underexplored and for the first time, the potential of lactic acid fermentation of microalgae
as a tool to enhance the production of bioactive compounds with a lipid reducing activity is
studied. Recent studies about the lipid reducing activity of fermented cauliflower have been
produced with promising results (Matsuura et al., 2020). Researches in this field could bring
to massive production of fermented food or food supplements that could help reducing
lipid accumulation and consequently help the world population to fight obesity. For that
purpose, the zebrafish Nile red fat metabolism assay as a whole small animal model in vivo
for lipid reduction was used (Urbatzka et al., 2018). A total of 31 extracts were obtained from
seven lactic acid bacteria biomasses, three species of microalgae and 21 fermented
microalgae. Fermentation of microalgae is studied by many points of view, though solid-
state fermentation of microalgae has been poorly studied and presents a lot of potentials.
Arthrospira platensis fermentation was studied in order to try to stimulate the growth and
the vitality of LAB in food products (Barkallah et al., 2017; Gyenis et al., 2005; Martelli,
Alinovi, et al., 2020), to enhance the nutraceuticals properties of the algal biomass (de Marco
Castro et al., 2019) or to study the production of probiotics (Niccolai et al., 2019). Also
Chlorella sp. biomass has been studied as a fermentable matrix (Beheshtipour et al., 2013;
Gyenis et al., 2005; Scieszka & Klewicka, 2020) but fermentation of Chlorococcum sp. was
never considered before. All the microalgae have been proved to be a very good substrate

for lactic acid fermentation. Differences were found in the ability of lactic acid bacteria to
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grow on the biomass. The reasons for these differences are linked to the different
compositions of the microalgae selected for this study and also to the different abilities of
the selected LAB strains to grow. Arthrospira platensis biomass proved to be the most suitable
matrix for fermentation. This cyanobacterium is characterized by a high amount of proteins
and small peptides that are really favorable for the growth of lactic acid bacteria (Martelli,
Alinovi, et al.,, 2020). Also Chlorella vulgaris composition is a favorable substrate for the
growth of lactic acid bacteria, presenting a high content of proteins and carbohydrates
(Beheshtipour et al., 2013). Chlorococcum sp. is a Chlorophyta that has a valuable composition
in protein, carbohydrates, lipids and bioactive compounds and is studied as a possible new
source of food (Correia et al., 2020) even if is still not approved by EFSA as Novel food.

Evaluation of microalgae as a source of antiobesogenic compounds is studied with very
promising results (Costa et al., 2019; Freitas et al., 2019), but for the first time is evaluated
the fermentation of microalgae as a way to enhance this type of bioactivity. Fermentation
is used by men for various purposes for centuries such as the extension of food’s shelf-life,
the increase of food safety, and the improvement of nutritional characteristics (van Boekel
et al., 2010). Fermentation with Lacticaseibacillus rhamnosus and Lacticaseibacillus casei strains
were able to significantly influence the lipid reducing effect of Chlorella vulgaris and
Chlorococcum sp. Lactic acid fermentation is known to produce organic acids, hydrogen
peroxide, CO:, and peptides but is also well known as a way to enhance and modify the
phenolic compounds present in the matrix. The two tested LAB species have presented this
type of behavior during the fermentation of elderberry juice (Ricci et al., 2019). In literature,
a strong lipid reducing action is attributed to phenolic compounds (Urbatzka et al., 2018).
The enhancement of the activity of the Chlorella vulgaris and Chlorococcum sp. extracts after
the fermentation process can be linked to a change in the phenolic composition of the
microalgae. What happened to Arthrospira platensis extracts, in which a reduction of
bioactivity was noticed after fermentation in almost all the cases except for L. delbrueckii
bulgaricus, can be linked to metabolization of a molecule that presented a lipid reducing

action. The reduction of bioactivity consequently to fermentation is not new, for instance,
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after fermentation of Himanthalia elongata, a brown seaweed, the antimicrobial activity of
extracts was reduced (Martelli, Favari, et al., 2020). The strain that has significantly
influenced the lipid reducing effect after fermentation of all the three strains of microalgae
is Lactobacillus delbrueckii bulgaricus 1932. This strain, like 2214, is a strong producer of
exopolysaccharides (Bancalari et al., 2019) and, as found in studies, the lipid reducing the
effect of EPS produced by LAB is well known (Zhang et al., 2016).

All the selected Lactic acid bacteria strains, even if isolated from dairy matrixes, proved a
high growth ability and twelve out of twenty-one fermented extracts were able to
significantly influence the lipid reducing the activity of microalgae. These results open up

to new possibilities for the production of fermented extracts with interesting bioactivities.
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Conclusions

Search for new compounds with a lipid reducing effect in order to reduce the obesity rate
in the population is an important topic. In this study, was studied the use of fermentation
to enhance or produce lipid reducing compounds. Microalgae proved to be a very good
matrix to conduce a solid-state fermentation process. The fermentation process led to the
production of lipid reducing effect in zebrafish Nile red fat metabolism assay. This work
reveals a great potential of fermented products, in particular microalgae, to produce
compounds with relevant bioactivities towards lipid formation. This work could open up
to new fermented food supplements or foods that could help in reducing lipid
accumulation. In future works, will be studied in deep what lactic acid fermentation has

produced and the compounds responsible for bioactivity.
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The need for new sources of food and novel compounds is one of the most important
challenges that the world will face in the next future. In this thesis were evaluated three
different aspects about the use of algae in food production. Several species of seaweeds and
microalgae were evaluated as a novel source of antimicrobial compounds to be used as food
preservatives. The results obtained showed an antimicrobial activity both in vitro and in situ.
The antimicrobial activity of the algal extracts was variable and dependent on the species
and on the starting material. One of the extracts that have exerted the higher antimicrobial
activity was the Arthrospira platensis extract. The activity of this food-grade extract was
challenged in different conditions. It was challenged in an in situ test, through a
microbiological challenge test, against the pathogenic bacteria Listeria monocytogenes
proving a good efficiency as a natural food preservative even at low concentration. The
same extract was then tested for the minimal inhibitory concentration (MIC) and the
minimal bactericidal concentration (MBC) against two food alterative bacteria, Serratia
liquefaciens and Pseudomonas fluorescens, and against Listeria innocua, as a surrogate of Listeria
monocytogenes, through the use of impedometric technique and fluorescence microscopy. It
was confirmed the efficacy of this extract at low concentrations (0.20% for MIC and 0.30%
for MBC). It was also studied how fermentation and a technological treatment of the brown
seaweed Himanthalia elongata, influenced the antimicrobial activity in order to study a
possible way to enhance this action. It was possible to discover a good fermentation
potential by lactic acid bacteria and by Bacillus subtilis of the matrix but it was also found
out that both the tested treatments (Fermentation and High-pressure processing) have
reduced the antimicrobial activity. Probably fermenting bacteria and high pressure have
changed the composition of the matrix, reducing the efficiency of the extracts. Further tests
on the composition of all the extracts obtained will be performed in order to discover what
compounds have proved antimicrobial activity. This extract, as all the other seaweeds
extracts obtained, could be used as food preservatives bringing new possibilities for food
safety in particular to fight the antimicrobial resistance problem. For that reason, further

study will be performed on the use of algae as a source of food preservatives.
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In the second chapter was faced the topic of algae and food safety. The consumption of
seaweeds and microalgae is exponentially growing also in Europe and for that reason is
important to have a clear view of the safety level of these new food sources. Foods based on
seaweeds and microalgae are generally sold as ready to eat so it is of particular importance
to characterize their microbiota, in particular concerning the presence of food pathogenic
bacteria. It was found out that some of the samples tested were contaminated by coliforms
and by Bacillus cereus. Through a microbiological challenge test, it was found out that
Bacillus cereus growth was discouraged on seaweed-based refrigerated foods. The results
underlined a general safety about the consumption of seaweed-based foods, but the
presence of food pathogenic bacteria can’t be excluded. It was also addressed the topic of
marine toxins. The aim of this work was to study, through an in vitro test, a possible
interaction of bacteria (LAB and Paracoccus sp.) in different metabolic states with two toxins,
Okadaic acid and Tetrodotoxin, to reduce their presence. It was found out that the tested
bacteria behave differently but some of the bacteria tested have exerted a good reduction or
bonding of the toxins. Other studies will be conducted on this topic in order to study a

possible in vivo test and to find the reason for these interactions.

As the last topic, it was studied the interactions of lactic acid bacteria and microalgae in
different formulations. It was studied how the cyanobacteria Arthrospira platensis could
work as a booster for lactic acid bacteria for the production of fermented foods. The use of
a fermentation booster can significantly reduce the time for food production and
consequently enhance the quantity of food produced. The production of a fermented
Arthrospira platensis food supplement was also evaluated. At the same time, it was studied
the change of the volatile aromatic profile consequently to fermentation. Lactic acid bacteria
were able to ferment A. platensis biomass reaching high concentrations. Consequentially to
fermentation, it was found out that the aromatic profile of the biomass was more pleasant
and consequently that the production of a fermented Arthrospira platensis food supplement

was possible.
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In the last work, it was studied the lipid reducing activity of fermented microalgae. The
zebrafish Nile red fat metabolism assay was performed. Really promising results were
discovered. It was found out that fermentation is a good tool to produce lipid reducing
compounds. Other studies have to be conducted in order to find out which class of

compounds has proved this activity.

To conclude, this thesis has highlighted several roles that microalgae and seaweeds could
play in food industries: natural preservatives, food supplements rich in bioactive
compounds and fermented food products. Were also evaluated possible safety issues

connected to the presence of algae in food.

New food sources and new compounds have to be discovered in order to guarantee food
security and food safety for future generations. The involvement of algae in food research

is for sure one of the possible solutions to reach that aim.
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