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Probiotic potential characterization 
and clustering using unsupervised 
algorithms of lactic acid bacteria 
from saltwater fish samples
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This research aimed to isolate lactic acid bacteria from the bowel of saltwater fish to assess their 
potential probiotic properties. Nineteen isolates of LAB including Lactiplantibacillus plantarum, 
Lactiplantibacillus pentosus, Lactobacillus acidophilus, Levilactobacillus brevis, Pediococcus 
pentosaceus, and Pediococcus acidilactici were recognized using molecular tools. All the isolates 
survived in the simulated conditions of the GI tract. Auto-aggregation ranged from 01.3 ± 0.5 to 
82.6 ± 1.4% and hydrophobicity with toluene ranged from 3.7 ± 1.6 to 69.4 ± 1.3%, while the range 
of hydrophobicity with xylene was from 02.2 ± 1.6 to 56.4 ± 2.1%. All the isolates of lactobacilli, 
pediococci, enterococci, and lactococci indicated variable sensitivity and resistance towards clinical 
antibiotics. Non-neutralized cell free supernatant of isolates F12 and F15 showed antimicrobial 
activity against all the 8 evaluated enteric pathogens. Cluster analysis of identified potential probiotic 
bacteria based on heat-map and PCA methods also highlighted the priority of isolates F3, F7, F12, and 
F15 as bio-control agents in fishery industry. The findings of this study may essentially contribute to 
the understanding of the probiotic potential of LAB in saltwater fish, in order to access their probiotic 
characterization for use as biocontrol in fishery.

Aquaculture is a significant food sector for a growing global human people and has quickly extended due to inten-
sified culture methods1. Nonetheless, the expansion, diversity and enhancement of aquaculture have increased 
the frequency of disease epidemics in recent decades2, with bacteria being the largest pathogen in aquaculture 
and causing mass mortality in aquaculture3. Handwork of intestinal biota utilizing dietary supplements is an 
inventive confronts to correct the improvement capability and intestine security of lentic life forms4. It has been 
suggested that pathogenic organisms in the animal’s gastrointestinal tract may disrupt the immune systems, and 
cause unfavorable colonialism and digestibility issues. Therefore, screening and selection of proper probiotic 
against these pathogenic organisms is focused to utilize these bacteria in the aquaculture industry5.

The application of probiotics as one of the useful feed additives have a significant impact on disease resist-
ance, growth, immune response, and other beneficial effects on the culture host. It has been shown that the use 
probiotics increases resistance to diseases of fish and shrimp, strengthens immunity and improves water quality6. 
Moreover, as an environmentally friendly strategy, probiotics have been proposed as a means for combating 
disease outbreaks and preventative treatments. Intensive farming practices, with the aim of increasing produc-
tion and maximizing profits, have contributed to an increase in the problem of diseases caused by infections by 
viruses, bacteria, fungi, parasites and other pathogens7.

The broad antibacterial spectrum of probiotics and their strong antibacterial activity against pathogens are 
their important functional properties8. In addition to working on the principle of exclusion of competitors and 
using immune-stimulators to combat illness, probiotic bacteria produce digestive enzymes that improve diges-
tion, thereby improving host stress tolerance and health6. Probiotics generally exhibit antibacterial, antiviral, and 
antifungal properties9. The application of probiotics in aquaculture extends to a wide variety of hosts, including 
fish and shellfish, which provide health benefits10.
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The generic probiotic microorganism should able to increase and colonize in the host gut. The association 
of gut microbiota modulation with physiological and health status is increasing consideration in fish industry11. 
Probiotics used in terrestrial animals may not be able to colonize the intestines of aquaculture organisms12. On 
the other hand, the fish gut flora is digestible, maintains mucosal resistance, a vigorous host immune response, 
and provides some protection against gastric infections, thus playing an important role in mediating and agitat-
ing the host’s gastrointestinal dilatation13,14.

Among different lactic acid bacteria (LAB), the probiotic effects on fish were confirmed for Lactobacillus pen‑
tosus15, Lactobacillus paraplantarum16, Enterococcus faecium17, Enterococcus faecalis18, Pediococcus pentosaceus19, 
and Lactococcus lactis20. However, identification and characterization of new strains with desired features are 
inevitable21. In this work, bacteria colonized in the bowel of fish were isolated and characterized as potential pro-
biotic bacteria. Then, the potential of characterized bacteria as a biocontrol agent in fish industry were surveyed.

Materials and methods
LAB strains and culture condition.  A total of 15 fresh edible saltwater fish samples including Silver 
Pomfret (Pampus argenteus), Tigertooth Croaker (Otolithes ruber), King Fish (Scomberomorus commerson), Seer 
fish (Scomberomorus guttatus) and Thornycheek Grouper (Epinephelus diacanthus), weighing 500 ± 50 g were 
purchased from retail fish shops in Qeshm Island (located in Persian Gulf, South of Iran). The samples were 
transferred on ice to the laboratory of Gol Sahand Khosrou Science-based Company. To isolate LAB from the 
intestinal contents of the fish samples, 5 g of intestinal contents was inoculated into 50 mL of de Man Rogosa 
and Sharpe (MRS, Merck, Darmstadt, Germany) broth containing 25 g/L NaCl (DRM CHEM, Arak, Iran) and 
incubated at 37 °C for 3–7 days. Then, all cultures were streaked separately on MRS agar plate and incubated 
anaerobically at 37 °C for 3–7 days in anaerobic jars containing anaerobic gas generation kits. Colonies with 
different morphology were isolated from the incubated MRS agar plates. After morphological and biochemical 
assays (Gram-staining, catalase activity, cell morphology, and spore formation), Gram-positive and catalase-
negative rods- and cocci-shaped bacteria were identified as LAB isolates.

Acid and bile resistance.  The MRS broth with pepsin enzyme (3 mg/mL) was utilized as a medium to 
assess acid resistance. The pH of broth was adjusted to 2.5 with 1.0 N HCl and broth (pH 7.0) was used as a 
control. Moreover, the broth was inoculated for 3 h and the optical density (OD) was measured at 600 nm. The 
acid resistance was determined by the following equation: Survival Rate (%): [OD (After treatment)/OD (Before 
treatment)] × 100%. Strains with viability more than 80% were selected for further analysis.

The ability of isolates to grow in presence of bile salt was measured. This was carried out with 0.3% w/v oxgall 
and Control was maintained employing MRS broth. The samples were inoculated at 37 °C for 4 h and OD620 
of samples was measured to check the viability of cells. The oxgall resistance was determined by the following 
equation: Survival Rate (%): [OD (After treatment)/OD (Before treatment)] × 100%.

The viability of selected strains in simulated gastrointestinal conditions was measured based on method 
described by Nami et al. (2019)17. For this purpose, cells cultured overnight were collected by centrifugation 
at 1500 × g at 4 °C for 15 min. The cell pellet was washed twice with neutralized PBS solution and resuspended 
in simulated gastric juice (SGF) and simulated intestinal juice (SIF) with 108 colony forming units CFU ml−1. 
Sterilized PBS (pH 3) supplemented with pepsin (3 mg ml−1) and sterile PBS (pH 8) supplemented with SGF and 
pancreatin (1 g L−1, Sigma Aldrich, St. Louis, Missouri).) Was prepared., USA) and bovine bile (0.3 g L−1) were 
used to prepare SIF. The resistance profile was examined by counting colonies on the MRS agar plate after 0, 1, 
2, 3 h for SGF and after 0, 1, 2, 3, 4 h for SIF experiments.

Antimicrobial activity.  The antimicrobial features of isolates were performed by agar well diffusion assay. 
In this method, plates containing Mueller–Hinton agar medium impregnated with different indicator bacteria 
was used (Table 1). A sterile pasteurized pipette was used to create wells in medium. Finally, 100 µL of superna-
tants of isolates were placed inside each wells and plates were then incubated at 37 °C for 24 h. After incubation 
time, the measured inhibition halo zone diameters were statistically analyzed22.

Antibiotic susceptibility.  The disc diffusion method was performed for evaluation of the susceptibility 
of isolates to some high-consumption and clinically important antibiotics listed in Table 2. For this purpose, 
isolates were streaked over the solidified MRS medium and antibiotic disks were placed on the medium and 
incubated overnight at 37 °C. Finally, the diameters of inhibition zone around disks were measured by digital 
caliper23.

Cell surface hydrophobicity.  The adhesion ability of isolates to xylene and toluene was determined as 
previously described by24. The test was performed in triplicate and expressed as:

where A0 represents the initial absorbance at 600 nm before adding xylene and toluene; A1 represents absorbance 
after 4 h inoculated with xylene and toluene.

Autoaggregation assay.  The ability of isolates to auto-aggregate was performed according to the method 
described by25. Auto-aggregation percentage was determined using the following equation:

Hydrophobicity (%) = (1− A1/A0) × 100.

Auto− aggregation (%) = 1− (At/A0) × 100
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where A0 represents absorbance at t = 0 and at represents absorbance at time t.

Coaggregation assay.  Co-aggregation of isolates against Staphylococcus aureus and bacillus cereus was per-
formed based on method used by26. Co-aggregation percentage was calculated based on equation: % = A0 − At/
At × 100.

Table 1.   Zone inhibition (mm) of antimicrobial properties of isolates.

Isolates

Indicator bacteria

Vibrio harveyi Vibrio cholera Streptococcus iniae Vibrio alginolyticus Vibrio fluvialis
Vibrio 
parahaemolyticus

Streptococcus 
agalactia

Clostridium 
cochlearium

F1 0 17 14 17 19 0 21 22

F2 8 0 21 20 0 17 19 13

F3 14 18 10 0 16 13 22 20

F4 0 15 17 9 21 16 16 19

F5 16 0 11 12 9 18 13 14

F6 11 13 20 8 0 21 17 14

F7 22 21 19 0 12 0 10 18

F8 13 11 11 11 17 12 18 0

F9 0 0 16 15 19 9 22 14

F10 9 10 14 0 0 8 15 21

F11 0 0 22 0 0 0 24 0

F12 19 22 28 23 19 21 31 26

F13 8 9 12 0 12 15 16 0

F14 0 0 20 0 0 0 19 0

F15 21 19 26 22 17 14 29 25

F16 0 7 16 19 8 19 19 18

F17 14 11 19 10 0 16 21 12

F18 0 0 24 0 0 0 17 0

F19 12 8 21 17 18 0 12 0

Table 2.   Antibiotic susceptibility profile of isolates. I: intermediate susceptibility (zone diameter 12.5–
17.4 mm); R: resistant (zone diameter < 12.4 mm); S: susceptible (zone diameter > 17.5).

Isolates

Antibiotics

Ampicillin 
(10 µg)

Vancomycin 
(30 µg)

Erythromycin 
(15 µg)

Azithromycin 
(15 µg)

Gentamycin 
(10 µg)

Penicillin 
(10 µg)

Chloramphenicol 
(30 µg)

Tetracycline 
(30 µg)

Streptomycin 
(10 µg)

Ciprofloxacin 
(5 µg)

F1 I R S R I R S S S I

F2 R I R I I I S S R R

F3 S S S S S S S S S S

F4 S R I I R R R I R I

F5 S I S R R R S S I R

F6 S R S I R R S I R I

F7 S S S S S S S S S S

F8 S R S R S I S S I R

F9 S I S R R R S S R I

F10 S S S S R S S S R R

F11 R R I R R R S S I R

F12 S S S S S S S S S S

F13 S R S S R R S S R R

F14 S I S R R R S S I R

F15 S S S S S S S S S S

F16 I R S R I R S S R R

F17 S I R R R R S I S R

F18 R R R R R R R R R R

F19 S R S S R S S S I R



4

Vol:.(1234567890)

Scientific Reports |        (2022) 12:11952  | https://doi.org/10.1038/s41598-022-16322-z

www.nature.com/scientificreports/

Adhesion ability to human intestinal cells.  Selected isolates were explored for their attachment capac-
ity to the human colon carcinoma cell line Caco-2. RPMI medium supplemented with 10% heat-inactivated 
fetal bovine serum and 1% penicillin–streptomycin blend were utilized and cells were refined on 24-well tissue 
culture plates and incubated at 37 °C in 5% CO2 under a relatively humidified atmosphere until a confluent mon-
olayer was formed. Sometime recently the attachment measure, the media within the wells containing a Caco-2 
cell monolayer were evacuated and supplanted with new antibiotic-free RPMI. From that point, 1 × 107 CFU/mL 
of isolates was included to each well with a add up to volume of 1 mL and after that incubated for 3 h at 37 °C 
under an atmosphere of 5% (v/v) CO2. The wells were washed twice with a sterile pre-warmed PBS solution to 
evacuate non-attached bacterial cells. One mL of 1% (v/v) Triton X-100 was included to each well to withdraw 
the cells from the wells and the blend was mixed for 10 min. To measure the viable cell count, the cell suspension 
was plated onto MRS agar and hatched at 37 °C27.

Cholesterol assimilation.  The cholesterol-removing capacity of the isolate was determined using the 
method previously described by Nami et al.28. Isolates were inoculated for 20 h into MRS broth supplemented 
with water-soluble cholesterol (polyoxyethanyl cholesteryl sebacate; Sigma) and 0.3% bovine bile at a concentra-
tion of 150 μg/mL at 37 °C. After the incubation period, the cells were centrifuged at 4250 × g for 15 min to obtain 
cell pellets, and the cholesterol remaining in the upper layer was measured by the o-phthaldehyde method.

Biofilm formation.  The ability of isolates to form biofilm was determined according to method described 
by29 with some modifications. For this purpose, the wells of a sterile 6-well tissue culture plate were filled with 
5 mL of MRS broth supplemented with 500 µL of overnight isolates (107–108 CFU/mL). Cultures were incubated 
anaerobically for 48 h at 37 °C. After this period, the wells were gently washed three times with 5 mL of sterile 
distilled water. Then, 3 mL of methanol was used for 15 min to fix the attached bacteria and then plates were 
emptied and dried at room temperature. Afterwards, 3 mL of a 2% (v/v) crystal violet solution was poured in the 
wells and held at room temperature for 5 min. Finally, to release stain from Adherent cells, 2 mL of 33% (v/v) 
glacial acetic acid was used and the optical density (OD) of each well was measured at 595 nm using a platereader 
(Microplatereader, Bio-Rad, Hercules; CA, USA).

Exopolysaccharide (EPS) production.  To assess EPS production ability of isolates, method described 
by30 with slight modification was used. Briefly, modified MRS agar medium (replacing glucose with 100 g/L of 
sucrose) was used and isolates were streaked on cultures and incubated at 37 °C for 24 h. Metal loop was used 
to drag up formed colonies. If the length of slime was above 1.5 mm, the isolate was considered positive slimy 
producers.

Molecular identification.  Genomic DNA extraction.  The total genomic DNA of the isolates was extract-
ed through the procedure designed in our laboratory. For this purpose, a single colony of each isolate was placed 
in 0.2 tube and 20 µL lysis buffer was poured inside the tube. The tubes were gently vortexed until the contents 
were completely homogeneous and were placed for one hour at room temperature. Then, they were incubated in 
thermal cycler PTC 200 (MJC research, Waltham, USA) for 10 min at 85 °C. After this period, 150 µL deionized 
water was added to tubes and they were centrifuged at 8000 × g for 5 min. Finally, the upper phase containing 
genomic DNA was removed and poured in new tubes. The genomic DNA was stored at refrigerator until using.

Amplification of 16S‑rRNA gene by polymerase chain reaction (PCR).  The amplification of genomic DNA sam-
ples of the isolates was performed in a thermal cycler PTC 200 by using a pair of primers (Hal-6F: 5’-AGA​GTT​
TGATCMTGG​CTC​AG-3’) and Hal-R6: 5’-TAC​CTT​GTT​AGG​ACT​TCA​CC-3’)31,32. The following temperature 
profile was used to amplify DNA: an initial denaturation at 95 °C for 5 min, followed by 32 cycles of denatura-
tion at 94 °C for 60 s, annealing at 59 °C for 60 s, extension at 72 °C for 60 s, and a final extension step at 72 °C 
for 5 min. Electrophoresis in a 0.8% (w/v) agarose gel was used to resolve the PCR products and visualized via 
ethidium bromide staining.

16S‑rRNA gene sequencing.  The PCR products of the 16S-rRNA gene (1544 bp) were amplified using the men-
tioned primer set. The PCR products were sequenced at Sinaclone Corporation, Tehran, Iran. The sequences 
were then analyzed using the BLAST program of the National Center for Biotechnology Information (http://​
www.​ncbi.​nlm.​nih.​gov/​BLAST).

Statistical analysis.  To determine the significant differences between the parameters of each isolates 
(P ≤ 0.05), analysis of variance (ANOVA) and Duncan’s test were used. Moreover, excel 2013 (Microsoft Corpo-
ration) and SPSS (IBM SPSS Statistics 20) were used for formal statistical analysis.

Unsupervised clustering algorithms.  The heat-map was generated using Euclidean distance measure 
and Ward clustering methods implemented in ggplot2 package of R software as prescribe in33. For unsupervised 
clustering of samples based on desired probiotic characteristics, principal component analysis (PCA) method 
was used. This algorithm provides a means to achieve unbiased dimensionality reduced structure of studies 
strains34.

Ethics statement.  No ethical issues were promulgated.

http://www.ncbi.nlm.nih.gov/BLAST
http://www.ncbi.nlm.nih.gov/BLAST
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Results
Morphological and biochemical assays.  A total of 31 rod- and cocci-shaped colonies (Fig.  1) were 
grown and isolated on culture media. Each colony was separately propagated for assessments. Based on Gram-
positive and catalase-negative assays, 19 isolates were identified as LAB isolates and selected for further analysis.

Acid and bile tolerance.  Figure 2 represents the survival rates of 19 rod- and cocci-shaped isolates after 3 h 
of incubation at pH 3.0. Based on the findings, all 19 isolates retained their viability and percent survival rates of 
evaluated isolates ranged from 26 to 100% after 3 h of incubation at 37 °C (data not shown). The isolates with the 
most efficient resistance to low pH conditions were isolates F3, F12, F7, and F15 with survival rates of 99, 96, 94, 
and 92%, respectively. Conversely, isolates F4, F9, and F11 indicated the lowest viability after 3 h, with survival 
rates of 26, 29, and 32%, respectively.

The survival rates of 19 isolates in 0.3% oxgall are indicated in Fig. 2. All 19 isolates appeared resistant to 
high bile salt condition, despite variations in the degree of viability. Percent survival rates of evaluated isolates 
ranged from 31 to 100% after 4 h of incubation at 37 °C. The highest tolerance was observed for isolate F7, fol-
lowed by isolates F3, F15, and F12 with survival rates of 100, 95, 93, and 92%, respectively. Isolates F11, F17, 
and F9 showed the lowest viability after 4 h of incubation in media containing 0.3% oxgall, with survival rates 
of 31, 33, and 36%, respectively.

Antimicrobial activity.  Table 1 indicates the antibacterial activity of the evaluated isolates against several 
Gram-positive and Gram-negative bacteria. Eight important aquatic pathogens including Vibrio harveyi (PTCC 
1755), Vibrio cholera (PTCC 1611), Streptococcus iniae (PTCC 1887), Vibrio alginolyticus (ATCC 17,749), Vibrio 
fluvialis (ATCC 33,809), Vibrio parahaemolyticus (ATCC 17,802), Streptococcus agalactia (ATCC 12,386), and 
Clostridium cochlearium (PTCC 1263) were used. The neutralized supernatant fluids of isolates F15 and F12 
were able to inhibit the growth of all the eight indicator bacteria. Meanwhile isolates F11, F14, and F18 were 
able to inhibit the growth of two Gram-positive indicators named St. iniae and St. agalactia, while the neutral-
ized supernatant fluids of these isolates were ineffective against any of the Gram-negative pathogen tested in the 
work.

Antibiotic susceptibility.  The selected isolates were assessed for their antibiotic susceptibility against cip-
rofloxacin (5 µg), ampicillin (10 µg), vancomycin (30 µg), erythromycin (15 µg), azithromycin (15 µg), gen-

Figure 1.   Gram-staining test (A) and the quality and size of 16S-rRNA gene (1544 bp) amplified by a pair of 
primers (Hal-6F and Hal-R6). 1 kb ladder was used (B).
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tamicin (10 µg), penicillin (10 µg), chloramphenicol (30 µg), tetracycline (30 µg), and streptomycin (10 µg). 
Based on the results illustrated in Table 2, isolate F12 was susceptible to all the tested antibiotics, while isolate 
F18 was resistant to all the tested antibiotics. The most widespread resistance among the isolates was observed 
against gentamycin, penicillin, and ciprofloxacin which were detected in 57.9% of the isolates, while the least 
resistance was observed against tetracycline which was detected only in isolate F18.

Cell surface hydrophobicity.  The cell surface hydrophobicity percentages of the isolates ranged from 
3.7 ± 1.6% to 70.2 ± 2.0% and 2.2 ± 1.6% to 76.4 ± 2.1% with toluene and xylene, respectively (Table 3). The high-
est hydrophobicity percentages with toluene and xylene were observed for isolates F15 (70.2 ± 2.0%) and F12 
(76.4 ± 2.1%), respectively. Conversely, isolates F18 (3.7 ± 1.6%) and F11 (2.2 ± 1.6%) possessed the least hydro-
phobicity with toluene and xylene, respectively. These results display that hydrophobicity is a strain-dependent 
property and that LAB strains are naturally hydrophilic.

Autoaggregation assay.  Results of the autoaggregation of the 19 selected isolates are illustrated in Table 3. 
Values of autoaggregation ranged from 1.3 ± 0.5% to 82.6 ± 1.4% after 4 h of incubation. The highest autoaggrega-
tion values was observed for isolate F7, with value of 82.6 ± 1.4%, while the least value was obtained for isolate 
11, with 1.3 ± 0.5% autoaggregation after 4 h of incubation.

Coaggregation assay.  Table 3 shows the results of the coaggregation ability of the 19 evaluated isolates. The 
coaggregation percentages ranged from 2.5 ± 1.2% to 58.3 ± 1.8% with Staphylococcus aureus and from 1.4 ± 0.9% 
to 61.2 ± 2.2% with Bacillus cereus. The highest coaggregation value with S. aureus was observed for isolate F12 
(58.3 ± 1.8%), while the highest value for coaggregation with B. cereus was obtained for isolate F3 (61.2 ± 2.2%). 
The least coaggregation values with S. aureus and B. cereus were obtained for isolates F18 (2.5 ± 1.2) and F19 
(1.4 ± 0.9).

Adhesion assay.  Based on the findings illustrated in Table 3, only five isolates (F3, F7, F8, F12, and F15) 
were able to adhere to Caco-2 cells. The adhesion values ranged from 0 to 38.7 ± 1.5%. Isolate F12 showed the 
highest ability to adhere to epithelial cells, followed by isolates F8 (31.4 ± 2.1%), F7 (27.5 ± 1.9%), F3 (24.7 ± 1.7%), 
and F15 (23.2 ± 1.55).

Figure 2.   Tolerance of isolates to low pH and high bile salt concentrations.
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Cholesterol removal.  Table 3 illustrates the cholesterol assimilation patterns of the selected isolates. Cho-
lesterol assimilation values varied among the 19 evaluated isolates and ranged from 3.6 to 78.2%. Isolate F12 
showed the highest removal cholesterol ability, with value of 78.2%, followed by isolates F3 and F7, with values 
of 64.5% and 59.7%, respectively. Isolates F18 showed the lowest cholesterol assimilation (3.6%), followed by 
isolates F19 and F11, with values of 7.25% and 11.8%.

Biofilm formation.  The ability of isolates to form biofilm in MRS medium was illustrated in Fig.  3. 
Results showed that 17 out of 19 isolates were able to form biofilm. The highest biofilm formation values were 
observed for isolate F15, with OD600 = 1.81, followed by isolates F3 (OD600 = 1.65), F7 (OD600 = 1.55), and F12 
(OD600 = 1.42). Four out of 17 isolates were strong biofilm producers, 6 isolates were moderate biofilm producers 
and 7 isolates were weak biofilm producers.

Exopolysaccharide (EPS) production.  The results showed that only six isolates (F3, F5, F7, F9, F12, and 
F15) were able to produce EPS. The highest values of EPS production were observed for isolate F3, followed by 
F15, F7, and F12.

Molecular identification.  The 16S-rRNA gene sequencing was used to validate the phenotypic characteri-
zation of the selected LAB isolates. The PCR-amplified 1544 bp fragments of the 16S-rRNA gene (Fig. 1) of the 
isolates were sequenced and blasted with the sequences deposited in GeneBank. Amplification of the 16S-rRNA 
genes of 19 LAB isolates confirmed that all isolates belonged to the 2 genera of LAB including Lactobacillus, and 
Pediococcus. Lactobacillus isolates classified to 4 species including L. plantarum (F1, F6, F8, F10, F11, F12), L. 
acidophilus (F3, F5), L. brevis (F17, F19), and L. pentosus (F16, F18). Pediococcus isolates classified to 2 species 
including P. pentosaceus (F7, F13, F14), and P. acidilactici (F2, F4, F9, F15).

Clustering analysis using heat map and PCA methods.  Identified and characterized strains with 
desired probiotic features such as acid and bile tolerance, cell surface hydrophobicity, auto-aggregation and co-
aggregation were subjected to cluster analysis based on unsupervised methods. Unsupervised methods are types 
of learning algorithm used to knowledge discovery from datasets that are neither classified nor labeled35–37. As 
depicted in Fig. 4, Identified strains clustered in three distinct groups by Ward and PCA methods. It is obvious 

Table 3.   Hydrophobicity, adhesion ability and cholesterol assimilation capacity of selected strains. Values are 
mean ± standard error. a–n Values followed by the same letters are not significantly different (P > 0.05). Statistical 
analysis of each formulation was done separately.

Isolates LAB species

Hydrophobicity (%)

Auto-aggregation (%)

Co-aggregation (%)

Adhesion ability (%)
Cholesterol 
assimilation (%)Toluene Xylene Staphylococcus aureus Bacillus cereus

F1 Lactobacillus plan‑
tarum 30.2 ± 1.8 cd 29.1 ± 1.6f. 24.6 ± 1.5i 27.3 ± 1.7i 25.1 ± 1.6f. 0 19.2 ± 1.1 k

F2 Pediococcus lolli 34.9 ± 1.6c 34.2 ± 1.7e 28.4 ± 1.7 h 30.4 ± 2.1gh 29.4 ± 1.7e 0 23.9 ± 1.6j

F3 Lactobacillus acido‑
philus 69.4 ± 1.3a 65.6 ± 1.9d 75.6 ± 1.9b 52.4 ± 2.3c 61.2 ± 2.2a 24.7 ± 1.7 64.5 ± 1.8b

F4 Pediococcus lolli 30.4 ± 2.1 cd 28.8 ± 1.7 fg 31.4 ± 1.7f. 36.4 ± 1.9e 33.8 ± 1.4d 0 52.1 ± 1.8d

F5 Lactobacillus acido‑
philus 28.4 ± 1.6 cd 27.3 ± 1.5gh 33.4 ± 1.9e 29.7 ± 1.7 h 28.9 ± 2.1e 0 37.4 ± 1.9 g

F6 Lactobacillus plan‑
tarum 25.7 ± 1.8 cd 23.5 ± 1.2i 29.7 ± 2.2gh 19.4 ± 1.3j 17.5 ± 1.6i 0 33.5 ± 2.1 h

F7 Pediococcus pentosa‑
ceus 66.1 ± 1.3a 72.3 ± 1.7b 82.6 ± 1.4a 55.3 ± 2.1b 49.7 ± 1.8c 27.5 ± 1.9 59.7 ± 2.2c

F8 Lactococcus lactis 26.3 ± 2.1 cd 23.6 ± 1.5i 20.4 ± 1.2j 16.2 ± 1.7 k 14.9 ± 1.5j 31.4 ± 2.1 31.2 ± 2.1i

F9 Pediococcus acidilactici 27.1 ± 1.4 cd 25.8 ± 2.1 h 36.2 ± 2.3d 31.5 ± 1.9 fg 33.8 ± 1.4d 0 22.5 ± 0.9j

F10 Lactococcus lactis 30.1 ± 1.9 cd 29.8 ± 2.0f. 31.2 ± 2.1 fg 27.7 ± 1.5i 26.8 ± 1.4e 0 37.2 ± 1.8 g

F11 Enterococcus hirae 04.9 ± 1.1 g 02.2 ± 1.6n 04.3 ± 1.4 m 08.6 ± 1.4i 03.2 ± 1.6 m 0 11.8 ± 0.9 l

F12 Lactobacillus plan‑
tarum 66.8 ± 1.8b 76.4 ± 2.1a 73.8 ± 2.3c 58.3 ± 1.8a 53.4 ± 2.2b 38.7 ± 1.5 78.2 ± 1.9a

F13 Pediococcus pentosa‑
ceus 10.2 ± 1.4 fg 08.4 ± 1.3 l 10.4 ± 1.6 k 02.9 ± 1.4 m 09.4 ± 1.5 k 0 42.8 ± 2.6f.

F14 Pediococcus pentosa‑
ceus 22.9 ± 1.7de 22.7 ± 1.5i 25.7 ± 1.8i 20.3 ± 1.6j 21.2 ± 1.9 g 0 47.2 ± 2.2e

F15 Pediococcus acidilactici 70.2 ± 2.0a 68.2 ± 1.9c 72.4 ± 2.3c 42.1 ± 1.2d 35.5 ± 1.4d 23.2 ± 1.5 30.7 ± 1.7i

F16 Lactobacillus fermen‑
tum 14.4 ± 1.8ef 13.7 ± 1.4j 18.9 ± 1.7j 15.5 ± 1.6 k 18.2 ± 1.9 h 0 33.4 ± 1.9 h

F17 Lactococcus lactis 29.1 ± 1.5 cd 28.2 ± 1.9 fg 35.7 ± 1.4d 32.2 ± 2.3 fg 27.5 ± 1.1ef 0 29.8 ± 2.5i

F18 Enterococcus hirae 03.7 ± 1.6 g 05.9 ± 1.1 m 08.1 ± 1.7 l 02.5 ± 1.2 m 05.5 ± 1.6 l 0 03.6 ± 1.2n

F19 Enterococcus lactis 11.4 ± 1.8 fg 10.6 ± 1.8 k 01.3 ± 0.5n 03.8 ± 1.8 m 01.4 ± 0.9n 0 7.25 ± 1.3 m
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cluster I in heat map included the isolates F3, F7, F12, and F15, whereas; remaining nine strains created the other 
two clades. The projection of identified strains diversity based on the PC1 and PC2 highlighted the diversity of 
identified bacteria. In total, about 97% of the variation in the characterized bacteria was explained by two prin-
cipal components (Table 3). More interestingly, congruence was displayed between the results of two applied 
methods in clustering the identified bacteria based on probiotic characteristics.

Discussion
There are several criteria for bacteria to recognize as probiotic. One of the most important features is tolerance 
to low pH and high bile salt concentrations6. They must overcome physical and chemical barriers in the gastro-
intestinal tract to be able to transit through the stomach. Probiotics to be able to survive and grow and could 
exert their action in the small intestine must be tolerant to high bile salt conditions38. In this work, the evaluated 
isolates indicated varying values of viability in pH 3 and 0.3% bile oxgall. The isolates F3, F12, F15, and F7 showed 
more than 90% viability at pH 3 and 0.3% bile oxgall. High survival rates of LAB especially L. plantarum24,39, 
and P. pentosaceus and P. acidilactici40–42 at gastric pH of 3.0 and 0.3% bile concentration have been reported.

The antimicrobial properties of probiotics are attributed to their metabolite productions including organic 
acids, hydrogen peroxide, and bacteriocin43. In this study, isolates were investigated against two Gran-positive 
(St. iniae and St. agalactia) and six Gram-negative (V. harveyi, V. cholera, V. alginolyticus, V. parahaemolyticus, 
and Cl. cochlearium) indicators. Evaluated isolates showed better antibacterial effects on Gram-positive than 
Gram-negative indicators, which this could be due to the outer membrane of Gram-negative bacteria. All the 
19 isolates inhibited the growth of St. iniae and St. agalactia. Isolates F12 and F15 showed the best results and 
were able to inhibit the growth of all the 8 evaluated indicators.

Another strange property of probiotics is their ability to form biofilms. It can promote colonization within 
the inner wall of the intestine and longer lasting quality of LAB, thus maintaining a strategic distance from 
colonization by pathogenic microorganisms44. The ability of form biofilm is of great economic importance to 
food-processing companies, as subsequent microorganisms attached to industrial devices can form highly resist-
ant biofilms, and their strong tendency to adhere to the surface facilitates the separation of biomass during the 
fermentation process45. Isolates F3, F7, F12, and F15 showed the strong biofilm formation ability; cause them to 
be suitable for use as biocontrol agents.

There are many studies, which investigated the cholesterol reduction ability of LAB isolates28,46,47. The reduc-
tion of serum cholesterol values is important to prevent the coronary heart disease due to the main risk factor for 
the progression of coronary heart disease is hypercholesterolemia48. Isolates F12, F3, and F7 showed remarkable 
cholesterol removal ability, with values of more than 59%.

For selection of functional LAB isolates, two groups of antibiotics are recommended; first those are inhibi-
tors of cell wall synthesis such as vancomycin and ampicillin, and second those are inhibitors of protein syn-
thesis including erythromycin, chloramphenicol, clindamycin, gentamycin, kanamycin, tetracycline, and 
streptomycin49. In this study, the LAB isolates indicated susceptibility to chloramphenicol (89.47%), tetracycline 
(94.73%), erythromycin (84.21%), ampicillin (84.21%), azithromycin (52.63%), gentamycin (42.11%), streptomy-
cin (57.89%), penicillin (42.11%), vancomycin (52.63%), and ciprofloxacin (42.11%). The results of this study is 
consistent with the previous results which showed that LAB are susceptible to antibiotics inhibiting the proteins 
synthesis, such as chloramphenicol, tetracycline, and erythromycin, and are resistance towards glycopepticides 

Figure 3.   Biofilm formation ability of selected strains. Bars represent standard errors of the mean (n = 3). 
Based on the OD, bacteria were classified as non-biofilm producers (OD ≤ ODC), weak (ODC < OD ≤ 2 × ODC), 
moderate (2 × ODC < OD ≤ 4 × ODC) or strong biofilm producers (4 × ODC < OD; Borges et al., 2012). Where 
the cut-off (ODC) was defined as the mean OD value of the negative control.
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Figure 4.   Cluster analysis of isolates based on probiotic characteristics using heat-map (A) and PCA (B) 
methods.
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antibiotics such as vancomycin50, and aminoglycosides antibiotics including streptomycin, kanamycin, and 
gentamycin51. Several LAB species belonged to especially Lactobacillus, Pediococcus and Leuconostoc have been 
reported to exhibit high levels of natural resistance to vancomycin, which is useful to separate them from other 
Gram-positive bacteria41.

A desirable property of probiotic bacteria is colonization in intestinal wall28. Hydrophobicity, auto-aggregation 
and adhesion to epithelial cells could help probiotics to colonize in intestinal cells. The hydrophobicity of the 
bacterial cell surface is one of the most important factors for probiotics to be colonized in human and animal gas-
trointestinal tracts. In this study, the cell surface hydrophobicity percentages of the isolates ranged from 3.7 ± 1.6 
to 70.2 ± 2.0% with toluene and 2.2 ± 1.6% to 76.4 ± 2.1% with xylene. This result confirms the results of several 
previous researches reported by52–54. Four out of 19 isolates showed both considerable cell surface hydrophobicity 
and high auto-aggregation (> 67%), which indicated good colonization potential55. According to Vallejo et al. 
(2008), strains with values of autoaggregation higher than 65% are strongly autoaggregating. Isolates F3, F7, F12, 
and F15 showed remarkable autoaggregation ability; making these isolates interesting candidates for potential 
probiotic applications. The capacity to attach to epithelial cells and mucosal surfaces may be a critical feature of 
bacterial isolates to be utilized as probiotics. Results showed that only isolates F3, F7, F8, F12, and F15 were able 
to adhere to Caco-2 cells. The adhesion ability of these 4 isolates to Caco-2 cell had also significant coherence to 
auto-aggregation and hydrophobicity. The adhesion rates of these isolates to Caco-2 cells were between 23 and 
38%. It seems that adhesion ability is correlated with auto-aggregation46. These results also support the correla-
tion between adhesion and auto-aggregation.

In conclusion, several isolates evaluated in this study showed potential probiotic properties. The majority 
of evaluated isolates showed high antimicrobial activities against potentially pathogenic Gram-positive and 
Gram-negative indicator bacteria, which deserve them to be used as biocontrol agents in fishery. The highest 
values of autoaggregation and hydrophobicity as well as a high value of coaggregation and a high capacity for 
biofilm formation, isolates F3, F7, F12, and F15 could be candidates to be used as bio-control agents in fishery 
to protect against pathogenic microorganisms and improve health care and food safety by avoiding the use of 
additives. Cluster characterization of identified potential probiotic bacteria based on two above-mentioned 
methods also highlighted the priority of isolates F3, F7, F12, and F15 as bio-control agents in fishery industry. 
In line with our study, prior finding also highlighted the effectiveness of above-mentioned methods for charac-
terization and prioritization of newly identified isolates33,56. In addition, our empirical and cluster analysis based 
on unsupervised methods prioritized some isolates as biocontrol agent candidates in fishery industry, however; 
further analysis should be performed.

Data availability
The datasets generated during the current study are available in the NCBI repository, L. acidophilus GS1 
(Accession No. ON210277); L. acidophilus GS2 (Accession No. ON210276); P. acidilactici GS3 (Accession No. 
ON210279); P. acidilactici GS4 (Accession No. ON210280); P. acidilactici GS5 (Accession No. ON210274); P. 
acidilactici GS6 (Accession No. ON210278); P. pentosaceus GS7 (Accession No. ON210281); P. pentosaceus GS8 
(Accession No. ON210275); P. pentosaceus GS9 (Accession No. ON210282); L. brevis GS-10 (Accession No. 
ON248836); L. brevis GS-11 (Accession No. ON248846); L. plantarum GS-12 (Accession No. ON248840); L. plan‑
tarum GS-13 (Accession No. ON248843); L. plantarum GS-14 (Accession No. ON248839); L. plantarum GS-15 
(Accession No. ON248848); L. plantarum GS-16 (Accession No. ON248847); L. plantarum GS-17 (Accession 
No. ON248850); L. pentosus GS-18 (Accession No. ON248844); L. pentosus GS-19 (Accession No. ON248841).

Received: 23 November 2021; Accepted: 8 July 2022

References
	 1.	 Subasinghe, R. World aquaculture 2015: a brief overview. FAO Fisheries and Aquaculture Report (2017).
	 2.	 Mukherjee, A. & Ghosh, K. Antagonism against fish pathogens by cellular components and verification of probiotic properties in 

autochthonous bacteria isolated from the gut of an I ndian major carp, C atla catla (H amilton). Aquac. Res. 47, 2243–2255 (2016).
	 3.	 Giri, S. S. et al. Antagonistic activity of cellular components of potential probiotic bacteria, isolated from the gut of Labeo rohita, 

against Aeromonas hydrophila. Probiotics Antimicrob. Proteins 3, 214–222 (2011).
	 4.	 Han, B. et al. Effects of dietary Bacillus licheniformis on growth performance, immunological parameters, intestinal morphology 

and resistance of juvenile Nile tilapia (Oreochromis niloticus) to challenge infections. Fish Shellfish Immunol. 46, 225–231 (2015).
	 5.	 Lazado, C. C., Caipang, C. M. A. & Estante, E. G. Prospects of host-associated microorganisms in fish and penaeids as probiotics 

with immunomodulatory functions. Fish Shellfish Immunol. 45, 2–12 (2015).
	 6.	 Puvanasundram, P., Chong, C. M., Sabri, S., Yusoff, M. S. & Karim, M. Multi-strain probiotics: functions, effectiveness and for-

mulations for aquaculture applications. Aquacu. Rep. 21, 100905 (2021).
	 7.	 Lin, H.-L., Shiu, Y.-L., Chiu, C.-S., Huang, S.-L. & Liu, C.-H. Screening probiotic candidates for a mixture of probiotics to enhance 

the growth performance, immunity, and disease resistance of Asian seabass, Lates calcarifer (Bloch), against Aeromonas hydrophila. 
Fish Shellfish Immunol. 60, 474–482 (2017).

	 8.	 Sadeghi, M. et al. Screening of potential probiotic lactic acid bacteria with antimicrobial properties and selection of superior 
bacteria for application as biocontrol using machine learning models. LWT 162, 113471 (2022).

	 9.	 Chauhan, A. & Singh, R. Probiotics in aquaculture: A promising emerging alternative approach. Symbiosis 77, 99–113 (2019).
	10.	 Amoah, K. et al. Dietary supplementation of probiotic Bacillus coagulans ATCC 7050, improves the growth performance, intestinal 

morphology, microflora, immune response, and disease confrontation of Pacific white shrimp Litopenaeus vannamei. Fish Shellfish 
Immunol. 87, 796–808 (2019).

	11.	 Ghanbari, M., Kneifel, W. & Domig, K. J. A new view of the fish gut microbiome: Advances from next-generation sequencing. 
Aquaculture 448, 464–475 (2015).

	12.	 Mohammadian, T., Alishahi, M., Tabandeh, M., Ghorbanpoor, M. & Gharibi, D. Effect of Lactobacillus plantarum and Lactobacillus 
delbrueckii subsp. bulgaricus on growth performance, gut microbial flora and digestive enzymes activities in Tor grypus (karaman, 
1971). Iran. J. Fish. Sci. 16, 296–317 (2017).



11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:11952  | https://doi.org/10.1038/s41598-022-16322-z

www.nature.com/scientificreports/

	13.	 Clements, K. D., Angert, E. R., Montgomery, W. L. & Choat, J. H. (Wiley Online Library, 2014).
	14.	 Kuebutornye, F. K. et al. Mechanisms and the role of probiotic Bacillus in mitigating fish pathogens in aquaculture. Fish Physiol. 

Biochem. 46, 819–841 (2020).
	15.	 Chiu, S.-T. et al. Probiotic, Lactobacillus pentosus BD6 boost the growth and health status of white shrimp, Litopenaeus vannamei 

via oral administration. Fish Shellfish Immunol. 117, 124–135 (2021).
	16.	 Meidong, R., Nakao, M., Sakai, K. & Tongpim, S. Lactobacillus paraplantarum L34b–2 derived from fermented food improves the 

growth, disease resistance and innate immunity in Pangasius bocourti. Aquaculture 531, 735878 (2021).
	17.	 Kahieshesfandiari, M. et al. Herbal hydrogel-based encapsulated Enterococcus faecium ABRIINW. N7 improves the resistance of 

red hybrid tilapia against Streptococcus iniae. J. Appl. Microbiol. 131, 2516–2527 (2021).
	18.	 Baños, A. et al. Effects of Enterococcus faecalis UGRA10 and the enterocin AS-48 against the fish pathogen Lactococcus garvieae. 

Studies in vitro and in vivo. Food Microbiol. 77, 69–77 (2019).
	19.	 Martinez, M. P. et al. Pediococcus acidolactici and Pediococcus pentosaceus isolated from a rainbow trout ecosystem have probiotic 

and ABF1 adsorbing/degrading abilities in vitro. Food Addit. Contam. Part A 34, 2118–2130 (2017).
	20.	 Heo, W.-S., Kim, Y.-R., Kim, E.-Y., Bai, S. C. & Kong, I.-S. Effects of dietary probiotic, Lactococcus lactis subsp. lactis I2, supple-

mentation on the growth and immune response of olive flounder (Paralichthys olivaceus). Aquaculture 376, 20–24 (2013).
	21.	 Tang, X. et al. Isolation, identification, and positive effects of potential probiotics on Carassius auratus. Aquaculture 548, 737668 

(2022).
	22.	 Nami, Y., Haghshenas, B., Haghshenas, M. & Yari Khosroushahi, A. Antimicrobial activity and the presence of virulence factors 

and bacteriocin structural genes in Enterococcus faecium CM33 isolated from ewe colostrum. Front. Microbiol. 6, 782 (2015).
	23.	 Nami, Y., Haghshenas, B., Haghshenas, M., Abdullah, N. & Yari Khosroushahi, A. The prophylactic effect of probiotic Enterococcus 

lactis IW5 against different human cancer cells. Front. Microbiol. 6, 1317 (2015).
	24.	 Rodríguez-Sánchez, S., Fernández-Pacheco, P., Seseña, S., Pintado, C. & Palop, M. L. Selection of probiotic Lactobacillus strains 

with antimicrobial activity to be used as biocontrol agents in food industry. LWT 143, 111142 (2021).
	25.	 Angmo, K., Kumari, A. & Bhalla, T. C. Probiotic characterization of lactic acid bacteria isolated from fermented foods and beverage 

of Ladakh. LWT-Food Sci. Technol. 66, 428–435 (2016).
	26.	 Zuo, F. et al. Characterization and in vitro properties of potential probiotic Bifidobacterium strains isolated from breast-fed infant 

feces. Ann. Microbiol. 66, 1027–1037 (2016).
	27.	 Kiani, A. et al. Tarkhineh as a new microencapsulation matrix improves the quality and sensory characteristics of probiotic Lac‑

tococcus lactis KUMS-T18 enriched potato chips. Sci. Rep. 11, 1–13 (2021).
	28.	 Nami, Y., Bakhshayesh, R. V., Manafi, M. & Hejazi, M. A. Hypocholesterolaemic activity of a novel autochthonous potential pro-

biotic Lactobacillus plantarum YS5 isolated from yogurt. LWT 111, 876–882 (2019).
	29.	 Gómez, N. C., Ramiro, J. M., Quecan, B. X. & de Melo Franco, B. D. Use of potential probiotic lactic acid bacteria (LAB) biofilms 

for the control of Listeria monocytogenes, Salmonella Typhimurium, and Escherichia coli O157: H7 biofilms formation. Front. 
Microbiol. 7, 863 (2016).

	30.	 Fguiri, I. et al. Isolation and characterisation of lactic acid bacteria strains from raw camel milk for potential use in the production 
of fermented Tunisian dairy products. Int. J. Dairy Technol. 69, 103–113 (2016).

	31.	 Nami, Y., Haghshenas, B. & Khosroushahi, A. Y. Molecular identification and probiotic potential characterization of lactic acid 
bacteria isolated from human vaginal microbiota. Adv. Pharm. Bull. 8, 683 (2018).

	32.	 Nami, Y., Lornezhad, G., Kiani, A., Abdullah, N. & Haghshenas, B. Alginate-Persian Gum-Prebiotics microencapsulation impacts 
on the survival rate of Lactococcus lactis ABRIINW-N19 in orange juice. LWT 124, 109190 (2020).

	33.	 Nami, Y., Panahi, B., Jalaly, H. M., Bakhshayesh, R. V. & Hejazi, M. A. Application of unsupervised clustering algorithm and heat-
map analysis for selection of lactic acid bacteria isolated from dairy samples based on desired probiotic properties. LWT 118, 
108839 (2020).

	34.	 Farhadian, M., Rafat, S. A., Panahi, B. & Mayack, C. Weighted gene co-expression network analysis identifies modules and func-
tionally enriched pathways in the lactation process. Sci. Rep. 11, 1–15 (2021).

	35.	 Panahi, B., Mohammadi, S. A. & Doulati-Baneh, H. Characterization of Iranian grapevine cultivars using machine learning models. 
In Proceedings of the National Academy of Sciences, India Section B: Biological Sciences 1–7 (2019).

	36.	 Panahi, B., Mohammadi, S. A. & Doulati-Baneh, H. Characterization of Iranian grapevine cultivars using machine learning models. 
Proceedings of the National Academy of Sciences, India Section B: Biological Sciences 90, 615–621 (2020).

	37.	 Nami, Y., Imeni, N. & Panahi, B. Application of machine learning in bacteriophage research. BMC Microbiol. 21, 1–8 (2021).
	38.	 Mojgani, N., Torshizi, M. A. & Rahimi, S. Screening of locally isolated lactic acid bacteria for use as probiotics in poultry in Iran. 

J. Poult. Sci. 44, 357–365 (2007).
	39.	 Missaoui, J., Saidane, D., Mzoughi, R. & Minervini, F. Fermented seeds (“Zgougou”) from aleppo pine as a novel source of poten-

tially probiotic lactic acid bacteria. Microorganisms 7, 709 (2019).
	40.	 Shukla, R. & Goyal, A. Probiotic potential of Pediococcus pentosaceus CRAG3: A new isolate from fermented cucumber. Probiotics 

Antimicrob. Proteins 6, 11–21 (2014).
	41.	 Gupta, S., Mohanty, U. & Majumdar, R. K. Isolation and characterization of lactic acid bacteria from traditional fermented fish 

product Shidal of India with reference to their probiotic potential. LWT 146, 111641 (2021).
	42.	 Erkkilä, S. & Petäjä, E. Screening of commercial meat starter cultures at low pH and in the presence of bile salts for potential 

probiotic use. Meat Sci. 55, 297–300 (2000).
	43.	 İspirli, H., Demirbaş, F. & Dertli, E. Characterization of functional properties of Enterococcus faecium strains isolated from human 

gut. Can. J. Microbiol. 61, 861–870 (2015).
	44.	 Terraf, M. L., Juárez Tomás, M., Nader-Macías, M. & Silva, C. Screening of biofilm formation by beneficial vaginal lactobacilli and 

influence of culture media components. J. Appl. Microbiol. 113, 1517–1529 (2012).
	45.	 Speranza, B. et al. Biofilm formation by potentially probiotic Saccharomyces cerevisiae strains. Food Microbiol. 87, 103393 (2020).
	46.	 Kouhi, F., Mirzaei, H., Nami, Y., Khandaghi, J. & Javadi, A. Potential probiotic and safety characterisation of Enterococcus bacteria 

isolated from indigenous fermented Motal cheese. Int. Dairy J. 126, 105247 (2022).
	47.	 Damodharan, K., Lee, Y. S., Palaniyandi, S. A., Yang, S. H. & Suh, J.-W. Preliminary probiotic and technological characterization 

of Pediococcus pentosaceus strain KID7 and in vivo assessment of its cholesterol-lowering activity. Front. Microbiol. 6, 768 (2015).
	48.	 Shehata, M., El Sohaimy, S., El-Sahn, M. A. & Youssef, M. Screening of isolated potential probiotic lactic acid bacteria for cholesterol 

lowering property and bile salt hydrolase activity. Ann. Agric. Sci. 61, 65–75 (2016).
	49.	 Additives, E. P. O. & Feed, P. O. S. U. I. A. Guidance on the assessment of bacterial susceptibility to antimicrobials of human and 

veterinary importance. EFSA J. 10, 2740 (2012).
	50.	 Katla, A.-K., Kruse, H., Johnsen, G. & Herikstad, H. Antimicrobial susceptibility of starter culture bacteria used in Norwegian 

dairy products. Int. J. Food Microbiol. 67, 147–152 (2001).
	51.	 Zhou, J., Pillidge, C., Gopal, P. & Gill, H. Antibiotic susceptibility profiles of new probiotic Lactobacillus and Bifidobacterium 

strains. Int. J. Food Microbiol. 98, 211–217 (2005).
	52.	 Nami, Y. et al. Novel autochthonous lactobacilli with probiotic aptitudes as a main starter culture for probiotic fermented milk. 

LWT 98, 85–93 (2018).
	53.	 Dowarah, R., Verma, A. K., Agarwal, N., Singh, P. & Singh, B. R. Selection and characterization of probiotic lactic acid bacteria 

and its impact on growth, nutrient digestibility, health and antioxidant status in weaned piglets. PLoS ONE 13, e0192978 (2018).



12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:11952  | https://doi.org/10.1038/s41598-022-16322-z

www.nature.com/scientificreports/

	54.	 Kiani, A. et al. Application of Tarkhineh fermented product to produce potato chips with strong probiotic properties, high shelf-
life, and desirable sensory characteristics. Front. Microbiol. 12 (2021).

	55.	 Reuben, R., Roy, P., Sarkar, S., Alam, A. R. U. & Jahid, I. Characterization and evaluation of lactic acid bacteria from indigenous 
raw milk for potential probiotic properties. J. Dairy Sci. 103, 1223–1237 (2020).

	56.	 Mallappa, R. H. et al. Screening and selection of probiotic Lactobacillus strains of Indian gut origin based on assessment of desired 
probiotic attributes combined with principal component and heatmap analysis. LWT 105, 272–281 (2019).

Acknowledgements
The financial support of the Agricultural Biotechnology Research Institute of Iran (ABRII) is gratefully 
acknowledged.

Author contributions
Y.N.: project administration. A.M.: writing and doing tests. B.P.: data analysis. M.A.H.: revising, designing 
experiment.

Funding
This work was supported by the Agricultural Biotechnology Research Institute of Iran [Grant numbers 
3-05-0551-88020].

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Probiotic potential characterization and clustering using unsupervised algorithms of lactic acid bacteria from saltwater fish samples
	Materials and methods
	LAB strains and culture condition. 
	Acid and bile resistance. 
	Antimicrobial activity. 
	Antibiotic susceptibility. 
	Cell surface hydrophobicity. 
	Autoaggregation assay. 
	Coaggregation assay. 
	Adhesion ability to human intestinal cells. 
	Cholesterol assimilation. 
	Biofilm formation. 
	Exopolysaccharide (EPS) production. 
	Molecular identification. 
	Genomic DNA extraction. 
	Amplification of 16S-rRNA gene by polymerase chain reaction (PCR). 
	16S-rRNA gene sequencing. 

	Statistical analysis. 
	Unsupervised clustering algorithms. 
	Ethics statement. 

	Results
	Morphological and biochemical assays. 
	Acid and bile tolerance. 
	Antimicrobial activity. 
	Antibiotic susceptibility. 
	Cell surface hydrophobicity. 
	Autoaggregation assay. 
	Coaggregation assay. 
	Adhesion assay. 
	Cholesterol removal. 
	Biofilm formation. 
	Exopolysaccharide (EPS) production. 
	Molecular identification. 
	Clustering analysis using heat map and PCA methods. 

	Discussion
	References
	Acknowledgements


