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A B S T R A C T   

Functional ingredients became essential for sustainable development to improve health status, prevent disease, 
and reduce the use of medication. This study aimed to determine the potential prebiotic role of Ascophyllum 
nodosum and Lithothamnium calcareum using Lactiplantibacillus plantarum and Limosilactobacillus reuteri as 
microorganism models. Key bioactive compounds of algae were identified using LC-QTOF-MS/MS. The influence 
of algae inclusion on the growth of Lactobacilli strains was evaluated. Functional activities of the co-culture were 
evaluated after 24, 48, 72, and 96 incubation hours. Antioxidant capacity (by ABTS assay) increased for both 
Lactobacilli cultures, with a PI% increase of 30 % for L. plantarum (p < 0.01) and a PI% increase of 25 % for 
L. reuteri (p < 0.01). Algal extracts significantly inhibited (p < 0.05) E. coli growth after 48 hrs for L. plantarum 
and after 72 hrs for L. reuteri. The results suggested that A. nodosum and L. calcareum can be considered valid 
prebiotics for both strains.   

1. Introduction 

Sustainable development has been broadly discussed nowadays due 
to the degradation of natural resources and environmental changes 
mainly caused by the agro-industrial sector. Moreover, the rapid world 
population growth in the upcoming years (9.8 billion in 2050) (FAO, 
2019) increases food demand, with 70 % for animal products (Alexan
dratos and Bruinsma, 2012). Thus, the concept of sustainability requires 
to be applied to animal feed, which is the primary input of food pro
duction of animal origin. Therefore, solutions that intensify food pro
duction, with a simultaneous reduction in production costs and greater 
sustainability according to Agenda 2030 goals, are needed (UN General 
Assembly, 2015). The reduction of antibiotics plays a pivotal role in this 
scenario, and the concept of functional additives and ingredients has 
gained increasing importance in both humans and animals (Adefegha, 
2018; Markowiak & Śliżewska, 2018; Terpou et al., 2019). The growing 
importance of functional ingredients in various industries, particularly 
in areas such as animal nutrition and human nutrition can provide both 
nutritional and beneficial effects of this kind of ingredients, due to their 
anti-inflammatory, antioxidant, antimicrobial, and antiviral properties. 

Therefore, these substances may reduce the overuse of antibiotics (Eu
ropean Commission, 2019). According to the European Food Safety 
Authority (EFSA, 2012), probiotics are important alternatives among 
the various substances. Growth of probiotics can be implemented 
following the intake of ingredients with prebiotic potential. However, it 
makes them poorly digestible or fermentable in the host intestinal 
microflora. The prebiotic approach, therefore, aims to increase benefi
cial intestinal bacteria such as Lactobacillus and Bifidobacterium (Parra
cho et al., 2007). Recent literature results demonstrated the beneficial 
effects induced by the intake of macroalgae and microalgae due to their 
wide range of bioactive compounds, such as proteins, polysaccharides, 
pigments, vitamins, and polyunsaturated fatty acids (PUFAs) (Gouveia 
et al., 2008; Raposo et al., 2013; Vidanarachchi et al., 2012). Among 
these, polysaccharides (PS) and their derivatives (such as soluble fibers) 
are the compounds that have revealed the most significant prebiotic 
potential. Some of these PS (for example, polysaccharides, fucoidan, 
alginates, and carrageenans) are not entirely digested by intestinal 
metabolic enzymes and, therefore, can act as prebiotics (Zaporozhets 
et al., 2014). Within certain algal biomasses, specific PS with prebiotic 
potential has been identified to play an essential role in the regulation of 
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intestinal health (Patel et al., 2021). Brown macroalgae (class Phaeo
phyceae) are rich in non-digestible polysaccharides such as alginates, 
laminarins, and fucoidan, account for more than 50 % of the total dry 
weight of brown algae, and can reach up to 70 % in some species (de 
Jesus Raposo et al., 2015; Holdt & Kraan, 2011). Red algae (class Flo
rideophycea) are also rich in polysaccharides, and their content varies 
between 10 % and 50 % depending on the species and the part of the 
plant (Makkar and Ankers, 2014). 

Although the polysaccharide class has been identified as the major 
contributor to the prebiotic capacity of certain algal species, little is 
known about how the co-presence of algae and lactobacilli may influ
ence the different bioactive components and, consequently, functional 
properties such as antioxidant and antimicrobial activity. This aspect 
plays a key role in the field of nutrition, where the current aim is to 
introduce on the animal and human market products that can protec
tively enhance the health, thereby minimizing the need of excessive use 
of medicines and antibiotics. This approach aims to mitigate the concern 
of antibiotic resistance phenomen. 

Additionally, there is also a clear need for a more holistic approach 
that highlights the theoretical basis by considering more the potential 
synergistic effects achievable when different functional ingredients are 
combined. 

Therefore, this study aims to evaluate the prebiotic potential of two 
algal species, Ascophyllum nodosum and Lithothamnium calcareum in vitro 
(Frazzini et al., 2022), against two probiotic strains generally present in 
the intestinal flora, Lactobacillus plantarum and Lactobacillus reuteri. 
Moreover, the study aims to determine the total polyphenol content, 
total flavonoid content, and TOF-LC/MS-MS characterization of bioac
tive compounds from those algae species. 

2. Materials and methods 

2.1. Materials 

Ascophyllum nodosum (AN; product code: 01.2000051) and Lith
othamnium calcareum (LC, product code: 01.2000143) were purchased 
from Italfeed Srl (Milan, Italy) in confirmation with European safety 
requirements. All algal species and their combination (50:50; w/w) were 
100 % pure powder. Before further experiments, the extraction method 
based on ethanol were proceeded. 

2.2. Extraction of algal biomass procedure 

Extracts were prepared according to Zhong B. et al. (Zhong et al., 
2020). Briefly, 2 g of each seaweed was rubbed and mixed with 10 mL of 
ethanol (80:20 v/v). Then, incubation was carried out at 4 ◦C for 16 h in 
agitation. After that, all the samples were centrifuged at 10,000 rpm for 
10 min. The supernatant was filtered through a 0.20 µm syringe RC 
filter, collected, and stored at − 20 ◦C for further analysis. 

2.3. TOF-LC/MS-MS characterization of bioactive compounds 

HPLC and mass spectrometric analyses (LC–MS2) were analyzed 
according to Zhong B. et al. (Zhong et al., 2020) with minor modifica
tions. Briefly, samples were analyzed through an HPLC (Sciex, Massa
chusetts, USA) equipped autosampler (Sciex, Massachusetts, USA) 
coupled to a quadrupole time-of-flight mass spectrometer (Q-TOF-MS) 
(X500R QTOF, Sciex, Massachusetts, USA). The separation was achieved 
by a Synergy Hydro-RP 80 Å, LC Column (250 mm 4.6 mm, 4 m) 
(Phenomenex, Lane Cove, NSW, Australia). 10 μL of the sample was 
injected by an autosampler and eluted through the column with a binary 
mobile phase consisting of A (water containing 0.1 % formic acid) and B 
(acetonitrile containing 0.1 % formic acid). The flow rate of 0.4 mL/min 
was used. A 35 min linear gradient was programmed as follows: 0–5 
min, 0.5 % A, 5 % B; 5–25 min, 75 % A, 25 % B; 25–31 min, 5 % A, 95 % 
B; 31–35 min, 95 % A, 5 % B. Compounds were identified by comparing 

retention time (RT) and UV spectra information, and confirmed by 
HPLC-Q-TOF-MS/MS. Data were analyzed through SCIEX OS version 3.1 
for peak comparison and molecular compound identification in two 
different libraries: i) metabolites ii) natural compounds (Sciex, Massa
chusetts, USA). 

2.4. Bacterial strains and culturing conditions 

L. plantarum and L. reuteri strains were individually inoculated from 
our laboratory stock at − 80 ◦C (Dell’Anno et al., 2021) into the De Man, 
Rogosa and Sharpe (MRS) medium (Liofilchem, Italy) and incubated at 
35 ◦C for 24 h under a microaerophilic atmosphere. 

2.5. Growth of Lactiplantibacillus plantarum and Limosilactobacillus 
reuteri cultured in the presence of Ascophyllum nodosum and 
Lithothamnium calcareum 

The effect of algae, alone and in combination (AN; LC; AN-LC), on the 
growth of Lactiplantibacillus plantarum and Limosilactobacillus reuteri was 
assessed by incubating the 24-h Lactobacillus strains with a density of 
107 CFU/mL, in MRS broth (Merck, Germany), in the presence of algae 
at concentrations of 0.5 % (w/v), 1.0 % (w/v) and 1.5 % (w/v) (Scieszka 
et al., 2020). The growth of L. plantarum and L. reuteri was determined 
via measurement of the optical density of each culture at 600 nm 
(OD600) at specific intervals (0, 4, 6, 8, 10, and 12 mins) during incu
bation at 35 ◦C in a spectrophotometer (P-800 Scan Ready, Life Real, All 
obtained data were converted into log10 of the number of CFU/mL, by a 
calibration curve (considering 1 OD equal to 109 CFU/mL) (Trabelsi 
et al., 2013). The assay was performed in two biological replicates and 
technical triplicate replicates. 

2.6. Co-culture of Lactiplantibacillus plantarum and Limosilactobacillus 
reuteri and algae extract 

Lactiplantibacillus plantarum and Limosilactobacillus reuteri strain 
belonging to our strain library (Dell’Anno et al., 2021) was grown at 
37 ◦C overnight in MRS broth (Merck, Germany). After the cultivation, 
the bacterial cells were collected by centrifugation and resuspended 
with sterile 0.85 % (w/v) NaCl solution. AN and LC were extracted as 
described above. Then, the L. plantarum and L. reuteri cells suspended in 
the sterile 0.8 % (w/v) NaCl solution were inoculated at a final 1.0 % v/v 
in the algae extract and incubated for different time points (24, 48, 72, 
and 96 hrs) at 37 ◦C. Past the established incubation time, the co-culture 
was centrifuged, filtered with a 0.20 µm syringe filter, and stored at 
− 20 ◦C for further analysis (Shakya et al., 2021). 

2.7. Evaluation of Total polyphenol content (TPC) 

The phenolic content of extracts resulting from co-culture was 
evaluated by the Folin-Ciocalteu method, according to Shakya (Shakya 
et al., 2021). Briefly, 10 μL of extract plus 100 μL of Folin-Ciocalteu 
reagent (diluted 1:10 with distilled water) were added to a 96-well 
plate. After 3 min, 90 µL sodium carbonate (1 M) was added, and the 
plate stood for 1 h. Total phenolic content was determined spectro
photometrically at 765 nm (JASCO V-630 UV–vis, Germany). Each 
sample and standard were run in triplicate. The Total Phenolic Content 
(TPC) was expressed as Tannic Acid Equivalent (mg TAE/100 g). 

2.8. Evaluation of Total flavonoid content (TFC) 

The flavonoid content of extracts resulting from co-culture was 
measured according to Herald, T.J. (Herald et al., 2012). Briefly, 250 µL 
of extract, 1 mL of distilled water, and 75 µL of NaNO2 (50 g/L) were 
combined and mixed. Subsequently, 150 µL of AlCl3 (100 g/L) was 
added to the solution. After 6 min of incubation, 500 µL of NaOH (1 mol/ 
L) and 500 µL of distilled water were added. The solution was 
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centrifuged at 3220 g for 5 min at RT. Absorbance was measured at 510 
nm. Each sample and standard were run in triplicate. Total flavonoid 
concentration was expressed as mg catechin equivalent (CE) g− 1 sample. 

2.9. Evaluation of antioxidant activity through ABTS radical scavenging 
activity 

ABTS assay was employed to determine the radical scavenging ac
tivity of the extracts, similar with our previous studies (Frazzini et al., 
2023). Briefly, 10 µL of extract was added to 1 mL of ABTS+ working 
solution. After 6 min in the dark, absorbance was measured spectro
photometrically at 734 nm. All assays were performed in technical 
triplicate and with two biological replicates to verify the replicability. 
The radical scavenging activity was expressed as the percentage of the 
inhibition of radical scavenging activity (PI%) according to the 
following equation: 

PI(%) =

(
AbsBlank − AbsSample

AbsBlank

)

*100  

2.10. Evaluation of antimicrobial activity 

The antimicrobial activity was evaluated according to previous 
research in our group (Frazzini et al., 2023). In particular, we performed 
the growth inhibition assay against Escherichia coli F18+. Briefly, 100 µl 
of extracts derived from co-cultures was added to a 96-well plate with 
30 µL of E. coli inoculum. The negative controls were used to correct the 
background color. All samples were then incubated at 37 ◦C in a shaking 
incubator for 6 h. The absorbance was recorded every 60 min with a 
microplate reader spectrophotometer (ScanReady P-800, Life Real, 
Hangzhou, China) at an optical density (OD) of 620 nm. The measured 
OD was converted into log10 of the number of cells/mL, considering 1 
OD equals 109 cells/mL (Myers et al., 2013). All assays were performed 
in a technical quadruplicate and with three biological replicates. Af
terward, Minimal Inhibitory concentration (MIC) was evaluated. Briefly, 
100 µL of samples were plated in a 96-well microplate, and 10 µL of an 
overnight culture of E. coli F18+ (approximately 106 CFU/mL) was 
added in each well, except for the blank and negative control (CTRL-) 
wells, and incubated at 37 ◦C for 20 h. The change in absorbance 
determined bacterial growth after reading the microplates at 620 nm in 
a microplate reader spectrophotometer (Scan-Ready P-800, Life Real, 
Hangzhou, China). The following formula estimated the inhibition rate: 

Inhibitionrate(%) = 100*
(

ODCTRL− − ODsample
ODCTRL− − ODblank

)

2.11. Statistical analysis 

All the data were analyzed using GraphPad Prism software (Version 
9.0.0). Statistical analysis was performed after evaluating the normal 
distribution of data through Shapiro-Wilk and D’Agostino-Pearson tests. 
Concerning data obtained from functional activity assessment assays, a 
two-way analysis of variance (ANOVA) was performed, evaluating the 
effect of treatment, time, and their interaction. Post hoc pairwise com
parisons were performed using the Bonferroni-Sidak test. Data were 

reported as mean ± standard error, and differences were considered 
statistically significant for p < 0.05. 

3. Results and discussion 

3.1. TOF-LC/MS-MS characterization of bioactive compounds 

Metabolomic profile analysis carried out by HPLC-QTOF-MS/MS 
revealed the presence of different molecules with bioactive properties 
in the extract of the combination of Ascophyllum nodosum and Lith
othamnium calcareum (Table 1). The results indicated that the combi
nation of the two algae species contains several important bioactive 
molecules. Among them, we have found hydroxybenzoic acid, which has 
antioxidant activity against free radicals (Heleno et al., 2015), antimi
crobial activity against pathogenic bacteria and fungi (Heleno et al., 
2013; Pugazhendhi et al., 2005). Another bioactive compound present 
in these algae was malic acid, which together with its isotopes (L-malic 
acid) and derivatives (2-isopropylmalic acid), are known for their 
bioactive properties. Malic acid exerts antioxidant power, capable of 
neutralizing free radicals. This molecule is able to donate an electron to 
free radicals, reducing them and making them stable, or alternatively 
can form bonds with free radicals, inhibiting their harmful effect (Lobo 
et al., 2010). Malic acid is also active against a wide range of bacteria, 
including Staphylococcus aureus, Escherichia coli, Salmonella typhi, and 
Pseudomonas aeruginosa, and against some fungi, including Candida 
albicans and Aspergillus fumigatus (Rybczyńska-Tkaczyk et al., 2023). 
Malic acid demonstrates antimicrobial properties by (i) damaging the 
cell walls of bacteria and fungi, thus making them vulnerable to path
ogens, and (ii) interfering with the metabolic processes of bacteria and 
fungi, preventing them from growing and reproducing (Marques et al., 
2020). Another bioactive compound is citric acid, which has antioxidant 
effects, primarily through its metal-chelating properties (Moon et al., 
2020). Citric acid can chelate or bind metal ions such as iron and copper 
and can help prevent these metal ions from catalyzing oxidation re
actions that produce harmful free radicals. In this way, citric acid can 
indirectly contribute to antioxidative effects by sequestering pro-oxidant 
metal ions (Van Den Berg et al., 2003). Even if citric acid does not have 
high antimicrobial capabilities, however its low pH benefits an acidic 
environment hostile to the growth of pathogenic microorganisms (Burel 
et al., 2021). 

3.2. Growth of Lactiplantibacillus plantarum and Limosilactobacillus 
reuteri cultured in the presence of Ascophyllum nodosum and 
Lithothamnium calcareum 

To consider algae as potential prebiotics against probiotics such as 
Lactiplantibacillus plantarum and Limosilactobacillus reuteri, the influence 
of algae addition on the growth curve of the lactobacilli was evaluated. 
Based on previous literatures studies, three different inclusion levels 
(0.5 %; 1.0 %; 1.5 %) were selected. These inclusions previously 
demonstrated no toxic effects on different strains of lactobacilli (P.-T. 
Chen et al., 2020; Khemiri et al., 2023; Ścieszka & Klewicka, 2020). 
Algae addition alone (AN and LC) and in combination (AN-LC), resulted 
in increased growth of L. plantarum. The inclusion of 0.5 % (Fig. 1c) was 
the most effective, with a significant increase (p < 0.001) from the 

Table 1 
Main molecules with bioactive properties present in the extract of algae (Ascophyllum nodosum and Lithothamnium calcareum) combination found by HPLC-QTOF-MS/ 
MS analysis.  

Compound identified Formula Area RT (min) [M¡H]- (m/z, Da) m/z (Da) of main fragments (relative intensity, %), MS/MS 

2-isopropylmalic acid C7H12O5 449,224  10.15  175.0611 85.06 (50); 113.06 (30); 115.03 (60) 
4-Hydroxybenzoic acid C7H6O3 68,174  9.16  137.0244 65.03 (20); 93.03 (100); 137.02 (10) 
Citric acid C6H8O7 7,747,811  1.80  191.0195 87.00 (80); 111.00 (100) 
D-sorbitol C6H14O6 9,104,845  1.40  181.0716 59.01 (100); 71.01 (100); 89.02 (30); 101.02 (25) 
L-Malic acid C4H6O5 34,894  1.69  133.01 71.01 (100); 72.99 (30) 
Succinic acid C4H6O4 634,340  2.06  117.0193 73.02 (100)  
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fourth hour of incubation, where it reached a value of 9 log10 cells/mL. 
Increasing the inclusion level to 1.0 % and 1.5 % (Fig. 1b and Fig. 1a, 
respectively), the growth level remained higher than the control, rep
resented by L. plantarum culture and reached the value of 9 log10 cells/ 
mL only after 6 and 8 hrs of incubation, respectively. Furthermore, 
regarding the effect of the addition of the algal species on the growth of 
Limosilactobacillus reuteri, the results showed that high inclusion levels 
(Fig. 2a) did not present a linear increase of the Lactobacillus. The growth 
curve of the control (culture of L. reuteri) reached higher growth levels 
during the first few hours of incubation. As the inclusion level decreases 
(Fig. 2b and Fig. 2c), the growth curve becomes more linear, with an 
initial exponential phase, and then reaches a stationary phase after 24 h 
of incubation. Furthermore, the 0.5 % inclusion level did not only allow 
a linear growth of L. reuteri, but AN-LC, demonstrated that the growth 
curve was significantly higher (p < 0.001) than that of the control, thus 
highlighting that the co-presence of the two algal species allowed for 
better growth of L. reuteri (Fig. 2c). The obtained results align with the 
literature, where some studies have revealed an increase in the growth 
of the lactobacilli in co-culture with different algal species (P.-T. Chen 
et al., 2020; Khemiri et al., 2023). The increase in the growth of lacto
bacilli once placed in co-culture with AN and LC is due to their nature. 
Both L. plantarum and L. reuteri are probiotics that are naturally present 
in the gastrointestinal tract and bring various benefits to the host’s 
health if present in appropriate quantity (Iorizzo et al., 2021; Z. Yu et al., 
2023). Furthermore, these probiotics are two Gram-positive lactic bac
teria that can produce fermented foods (Giraffa et al., 2010; Z. Wang 
et al., 2022). Moreover, algae are photosynthetic organisms that deliver 
oxygen and absorb carbon dioxide in their life cycle (Chapman, 2013; 
Raven & Giordano, 2014). Therefore, the growth of L. plantarum or 
L. reuteri can be accelerated when cultivated with algae, because algae 
produce oxygen, an essential nutrient for lactobacilli. In addition, algae 

can also absorb carbon dioxide, a waste product of lactobacilli, which is 
harmful to the growth environment and can also accelerate the growth 
of lactobacilli themselves (Cantú-Bernal et al., 2020; Gupta & Abu- 
Ghannam, 2011). 

3.3. Evaluation of Total polyphenol content (TPC) 

The evaluation of the polyphenol content after the co-culture of 
lactobacilli with AN and LC revealed that concerning Lactobacillus 
plantarum, the co-culture with the algal species did not significantly 
affect the polyphenol content compared to the algae extract (Fig. 3a). 
However, by comparing the different co-cultures at the same time point, 
the presence of AN and the combination of the two algal species led to a 
significant increase (p < 0.001) compared to the culture of the single 
lactobacillus (558.06 ± 22.76 mg TAE/g of sample). Considering the co- 
culture carried out between the two algal species and L. reuteri (Fig. 3b), 
the presence of the lactobacillus decreased (p < 0.05) in the polyphenol 
content found after the analysis of the co-cultures containing AN and the 
combination of the algal species compared to the values obtained from 
the analysis of the extract. In contrast, the polyphenol content in the co- 
cultures containing LC increased if compared to the corresponding 
extract (5.16 ± 0.49 mg TAE/g of sample and 1.94 ± 0.37 mg TAE/g of 
sample, respectively). Despite this decrease, the results obtained have 
shown that, as occurs with the co-culture with L. plantarum, even in this 
case, the polyphenol content in the co-cultures containing AN and the 
combination of the algal species was higher than that observed in the 
culture of L. reuteri single. Although no studies in the literature are 
present on the co-cultures of the algal species L. plantarum and L. reuteri, 
the obtained results reflected those highlighted by previous studies that 
have considered other algal species and other strains of lactobacilli. In 
fact, in a study conducted by Jamnik P. et al. (Jamnik et al., 2022), the 

Fig. 1. Growth curve of Lactiplantibacillus plantarum cultured with algae species (Ascophyllum nodosum, Lithothamnium calcareum and their combination) of 1.5% of 
algae inclusion level (a); 1.0% of algae inclusion level (b); 0.5% of algae inclusion level (c). 

Fig. 2. Growth curve of Limosilactobacillus reuteri cultured with algae species (Ascophyllum nodosum, Lithothamnium calcareum and their combination) of 1.5% of 
algae inclusion level (a); 1.0% of algae inclusion level (b); 0.5% of algae inclusion level (c). 
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co-culture of Lactobacillus plantarum and Arthrospira platensis produced a 
significant increase in the polyphenol content compared to the mono
bacterial culture of L. plantarum. A further study conducted by Li Z. et al. 
(Li et al., 2023) highlighted that Bangia fusco-purpurea, a red alga, 
inoculated with Lactobacillus delbrueckii and Lactobacillus plantarum 
showed a significant increase in the polyphenol content. In contrast to 
what was found for the co-cultures containing AN and the algal com
bination, the co-culture involving the alga LC both in the presence of 
L. plantarum and L. reuteri, showed a polyphenol content lower than that 
of the culture of the single lactobacilli (558.06 ± 22.76 mg TAE/g of 
sample, and 442.75 ± 21.23) (Fig. 3), due to the low polyphenol content 
of LC (Almeida et al., 2012). The mechanisms of actions underlying the 
increase in the polyphenol content in co-cultures of lactobacilli and 

algae need to be fully understood. However, the microorganisms may 
interact with each other to promote the production of polyphenols. For 
example, Lactobacilli can produce enzymes that degrade the cellulose of 
algae, releasing the polyphenols contained in the cell walls (Adebo & 
Gabriela Medina-Meza, 2020; Hadj Saadoun et al., 2021; Ricci et al., 
2019; Y. Wang et al., 2019). 

3.4. Evaluation of Total flavonoid content (TFC) 

The flavonoid content analysis following co-culture with algae and 
lactobacilli revealed a general decrease in this molecular class (Fig. 4). 
In fact, the co-culture involving L. plantarum showed that after the first 
48 h of incubation, the flavonoid content of the cultures containing AN 

Fig. 3. Total Phenolic Content (TPC) of (a) TPC of Lactiplantibacillus plantarum co-culture with algal extracts; (b) TPC of Limosilactobacillus reuteri co-culture with 
algal extracts. Abbreviation: TAE = tannic acid equivalent. Data are shown as means ± standard deviations (SD) (n = 3). a, b, c, d, e, f, g Means with different su
perscript letters indicate statistically significant differences (p < 0.05). 

Fig. 4. Total Flavonoid Content (TFC) of TFC of Lactiplantibacillus plantarum co-culture with algal extracts (a); TFC of Limosilactobacillus reuteri co-culture with algal 
extracts (b). Abbreviation: CE = Catechin equivalent. Data are shown as means ± standard deviations (SD) (n = 3). a, b, c, d, e, f, g Means with different superscript 
letters indicate statistically significant differences (p < 0.05). 
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and the algal combination had significantly decreased compared to the 
content of the algal extracts in their pure form. The AN extract reported 
flavonoid values of 1091.98 ± 70.43 mg CE/g of sample, which 
decreased to 867.60 ± 45.97 mg CE/g of sample and 980.82 ± 88.96 mg 
CE/g of sample, respectively after 24 and 48 h. The same trend was 
observed for the algal combination, which in its pure form had a 
flavonoid content of 467.07 ± 35.62 mg CE/g of sample, which, after co- 
culture, became 344.39 ± 16.80 mg CE/g of sample and 395.82 ±
13.88 mg CE/g of sample respectively at 24 and 48 h. On the other hand, 
we found an opposite trend for the co-culture containing the LC extract, 
as the extract of this alga had a value of 2.60 ± 0.63 mg CE/g of sample, 
which increased significantly (p < 0.05) from 24 h onwards and reached 
value of 5.73 ± 2.68 mg CE/g of sample (Fig. 4a). The effect produced 
by the co-culture of L. plantarum with the algal extracts was also found in 
the co-culture involving L. reuteri, as the extracts of AN and the algal 
combination in their pure form had a significantly higher flavonoid 
content (p < 0.05) than that found in the co-culture extracts. On the 
contrary, the presence of LC leads to an increase in the flavonoid content 
in the co-culture compared to the extract in its pure form (3.76 ± 0.93 
and 2.60 ± 0.63 mg CE/g of the sample, respectively) (Fig. 4b). The 
flavonoid content in co-cultures of lactobacilli and algae has been the 
subject of increasing attention from researchers in recent years. How
ever, the data in the literature are still lacking or contradictory (J. Yu 
et al., 2022; Zhao et al., 2021). In fact, in some studies, co-culture leads 
to an increase in flavonoid content (Khan et al., 2020), and other studies 

have shown a decrease in flavonoid content (Le Rouzic et al., 2023). The 
mechanisms behind this increase are not fully understood. However, this 
may be linked to the antioxidant effects of lactobacilli and algae (J. Yu 
et al., 2022), where lactobacilli can protect flavonoids from degradation 
by free radicals, while algae can provide precursors for the synthesis of 
flavonoids (Goiris et al., 2014; Piekarska-Radzik & Klewicka, 2021). On 
the other hand, such mechanisms of action can also be associated with 
the metabolic effects of lactobacilli, which could use flavonoids as a 
source of energy, leading to their degradation (He et al., 2022). 

3.5. Evaluation of ABTS radical scavenging activity 

In recent years, studies on the co-culture of algae and lactobacilli 
have been conducted to evaluate the benefits of these combinations and 
their influence on human and animal health. Even if there are few 
studies on the antioxidant activity demonstrated by these co-cultures, 
these researches seem promising. A study conducted by Niccolai A 
(Niccolai et al., 2019) showed that the product derived from the lactic 
fermentation of Arthrospira platensis had a higher antioxidant activity 
than the non-fermented product. Reboleira J. (Reboleira et al., 2021), 
focusing his attention on co-cultures between lactobacilli sp. and brown 
algae, showed an increase in antioxidant activity and phenolic com
pounds. Further, Dai J. et al. (Dai et al., 2022) showed that in the 
presence of Euglena gracilis, a unicellular microalga, the antioxidant 
activity of Lactobacillus was significantly improved. Our results are in 

Fig. 5. Percentage of inhibition (PI%) of radical scavenging activity of Lactiplantibacillus plantarum and Limosilactobacillus reuteri co-culture with algal extracts in 
different time points of incubation: PI% of L. plantarum cultured with A. nodosum (a); PI% of L. plantarum cultured with L. calcareum (b); PI% of L. plantarum cultured 
with algae combination (c); PI% of L. reuteri cultured with A. nodosum (d); PI% of L. reuteri cultured with L. calcareum (e); PI% of L. reuteri cultured with algae 
combination (f). Data are shown as Means ± standard deviations (SD) (n = 3). a, b, c, d, e, f Means with different superscript letters indicate statistically significant 
differences (p < 0.05). 
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line with what has been reported so far in the literature. The data ob
tained have displayed that the co-culture carried out with the combi
nation of the selected algal species (AN and LC) and the two species of 
lactobacilli (L. plantarum and L. reuteri) have antioxidant activity values 
higher than both the algal extract and the single culture of L. plantarum 
and L. reuteri (Fig. 5c and Fig. 5f). Moreover, in the presence of 
L. plantarum, the co-culture with the algal combination showed its 
maximum levels of antioxidant activity after 24 and 48 h of incubation 
(50.05 ± 1.88 PI% and 50.16 ± 1.17 PI%) (Fig. 5c). This peak of activity 
was delayed to 96 h of incubation (41.60 ± 3.91 PI%) in the co-culture 
containing L. reuteri, probably due to slower growth of the lactic strain 
(Fig. 5f). The co-cultures containing AN and LC individually lead to a 
significant increase (p < 0.001) in the antioxidant activity value 
compared to the single culture of L. plantarum (22.21 ± 1.89 PI%) but 
does not lead to significant changes (p > 0.005) compared to the anti
oxidant activity exerted by the AN extract (Fig. 5a). On the contrary, the 
co-culture of AN with L. reuteri showed a significantly higher and con
stant antioxidant activity value at different incubation time points 
(85.19 ± 2.65 PI%) both compared to the single culture of L. reuteri 
(23.95 ± 0.97 PI%) and to the single algal extract (73.94 ± 10.57 PI%) 
(Fig. 5d). Finally, the presence of LC did not increase the antioxidant 
activity of the co-culture (Fig. 5b and 5e). These results confirmed that 
algae’s presence can increase Lactobacilli’s antioxidant activity. 
Although there are still many studies to be conducted to identify the 
correct mechanism of action, it is possible to state that Lactobacillus can 
naturally produce antioxidant enzymes, such as superoxide dismutase, 
an enzyme that converts superoxide, a harmful free radical, into water 
and oxygen, and catalase, an enzyme that converts hydrogen peroxide, 
another harmful free radical, always into water and oxygen (Al-Dhabi 
et al., 2020; George Kerry et al., 2018; Hoffmann et al., 2021; Mu et al., 
2018). At the same time, algae can provide antioxidant compounds, such 
as polyphenols, carotenoids and astaxanthin, helping to protect cells 
from oxidative damage in a variety of ways, such as by (i) neutralizing 
free radicals, (ii) protecting cell membranes from damage and (iii) 
helping to repair damaged cells (Abo-Shady et al., 2023; Frazzini et al., 
2022; Sansone & Brunet, 2020). Moreover, Lactobacilli and algae can 
interact with each other to improve antioxidant activity. For example, 
Lactobacilli can produce antioxidant enzymes that can help protect 
antioxidant compounds in algae from damage. In addition, Lactobacilli 
can also support to improve the absorption of antioxidant compounds in 
algae (Perković et al., 2022; You et al., 2022). In addition, the obtained 
results also demonstrated that the two algal species can have a syner
gistic effect when combined. This effect as also seen in our previous 
study (Frazzini et al., 2022) may result from the co-presence of different 
antioxidant molecules and molecular classes. Individually, these com
ponents may passes limited antioxidant power, but are able to synergize 
the bioactive profile of the matrix in question, thus demonstrating a 
complete bioactive profile (Assadi et al., 2019; Liu et al., 2008; 
Makanjuola et al., 2015). Nevertheless, with the limited number of 
studies the precise molecular mechanisms of action that allow the 
development of a synergistic effect still need to be elucidated by further 
studies that will investigate deeply the involved molecular pathway. 

3.6. Evaluation of antimicrobial activity 

To evaluate the antimicrobial capacity of the co-culture of the 
selected algal species with L. plantarum and L. reuteri, the growth inhi
bition of the F18 + strain of Escherichia coli was first evaluated, associ
ated with edema disease in pigs and enterotoxaemia. The obtained 
results showed that the presence of AN in the culture of L. plantarum led 
to significant growth inhibition (p < 0.005) from the fourth hour of 
incubation for the 96-hour-co-culture, while regardless the incubation 
time point of the co-cultures is observable a significant inhibition ca
pacity after sixth hour of incubation, (Supplementary Fig. 1a). On the 
other hand, in the co-culture involving L. reuteri, significant growth in
hibition was observed only for some time point of co-culture. In fact, the 

results showed that a significant reduction (p = 0.004) in the growth of 
E. coli was visible mainly in the sample from the co-culture of 72 h 
(Supplementary Fig. 1b). Similar results were observed in the co- 
cultures involving the introduction of LC (Supplementary Fig. 2). In 
this case, the results showed that when the co-culture was supplemented 
with L. plantarum, the growth inhibition was visible only for the 96-hour 
co-culture time point, and the values obtained were significantly lower 
than the value of the growth of E. coli only from the fifth hour of incu
bation (8.45 ± 0.08 Log10 Cell/mL vs 8.32 ± 0.02 Log10 Cell/mL 
respectively). In addition to these results, if LC was placed in co-culture 
with L. reuteri, an inhibition effect was observed also for the time point 
relative to 48 h of co-culture. In this case, the effect was visible since the 
fourth hour of incubation (8.08 ± 0.17 Log10 Cell/mL against 8.29 ±
0.05 Log10 Cell/mL of E. coli). The inhibition of E. coli growth did not 
change significantly when the algae were placed in combination within 
the co-cultures. In fact, the decrease in the growth of E. coli subjected to 
these growth conditions (Supplementary Fig. 3), but equally to the re
sults previously illustrated, this effect is visible only in the last hours of 
incubation. Following the results obtained from the growth inhibition 
assay, the antimicrobial activity was evaluated by the minimum inhib
itory concentration (MIC) assay. The obtained results showed that the 
presence of algae in the culture of the considered lactobacilli leads to an 
improvement in antimicrobial activity (Table 2). The minimum con
centrations required to induce an antimicrobial effect were lower in the 
co-cultures than those required for the cultures of the single lactobacilli 
(18 mg/mL for Lactiplantibacillus plantarum and 20 mg/mL for Limosi
lactobacillus reuteri) and the algal extracts (15 mg/mL for Ascophyllum 
nodosum and Lithothamnium calcareum; 13 mg/mL for the combination of 
algae) to show an antimicrobial effect. Although no studies are present 
in the literature which evaluate in detail the antimicrobial effects that 
the co-culture of Lactobacilli and algae, these results could be explained 
by the characteristics and nature of the substances. In fact, on the one 
hand, Lactobacilli, a group of gram-positive, facultative aerobic bacteria, 
are important for maintaining the intestinal health of living organisms 
and can also have antimicrobial activity against some pathogenic mi
croorganisms. Their antimicrobial activity is due to several factors, 
including (i) the production of lactic acid, which creates an acidic 
environment that inhibits the growth of pathogenic bacteria; (ii) the 
production of bacteriocins, proteins that can kill or inhibit the growth of 
other bacteria; (iii) competition for nutrients, which can make it more 
difficult for pathogenic bacteria to grow and (iv) the induction of im
munity, which can help the body fight infections (C.-C. Chen et al., 2019; 
Radwan & Maryam, 2022). On the other hand, algae, photosynthetic 
organisms and an important source of nutrients and other natural 
products, also have antimicrobial activity, inhibiting the growth of 
pathogenic microorganisms. The antimicrobial activity of algae is due to 
several factors, including (i) the production of secondary metabolites, 
such as fatty acids, alcohols and polyphenols, which have antibacterial, 
antifungal and antiviral properties and (ii) the production of bacterio
cins, which are proteins that can kill or inhibit the growth of other 
bacteria (Abu-Ghannam & Rajauria, 2013; Frazzini et al., 2022; Shan
non & Abu-Ghannam, 2016). Therefore, although the mechanisms un
derlying the antimicrobial activity of the co-culture of lactobacilli and 
algae are not fully elicited, it is likely that the antimicrobial metabolites 
produced by both microorganisms interact to enhance antimicrobial 
activity. 

4. Conclusion 

In conclusion, our study demonstrates that when Lactobacillus bac
teria are cultured alongside algae, they exhibit a synergistic effect, 
showcasing potential benefits for various industries, especially in 
nutrition and health. The research confirms that incorporating algae 
into Lactobacillus cultures is safe and may even enhance the bacteria 
beneficial properties. In fact, the combination of algae and Lactobacillus 
not only hinder bacterial growth but actually enhanced their antioxidant 
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and antimicrobial activities, indicating a mutually beneficial interac
tion. This suggests that certain algae species, such as Ascophyllum 
nodosum and Lithothamnium calcareum, may be utilized as prebiotics 
without impeding Lactobacillus growth. This opens up new possibilities 
for applying algae as prebiotics to enhance health. The findings have 
significant implications for industries involved in animal and human 
nutrition, offering innovative strategies for diet formulation. However, 
the study acknowledges the necessity for further research to understand 
the underlying mechanisms and explore additional applications of this 
synergistic effects. 
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