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Introduction

Probiotic is defined as live microorganisms posses aus-

picious health benefit when administered in sufficient

amounts to the host [1]. Promising probiotic strains con-

stitute a significant part of lactic acid bacteria (LAB)

group and these probiotics are persistent in milk and

milk-derived products [2] and are also omnipresent in

the animal, human gastrointestinal tracts, traditional

fermented foods as well as overall environment [3]. LAB,

predominant in raw goat milk, when picked, contributes

to the highest functional value [4]. Moreover, the promo-

tion of human health via functional food like probiotic

milk, yogurt, cheese is in high demand [5]. To get the

medicinal benefit from processed foods, the numerical

value of probiotic bacteria should be within a limit of

106−107 CFU/g or 108−109 CFU/100 g or 100 ml of daily

food consumption [6]. Enterococci belong to the commen-

sal microbiota of human and animals and commonly

occur in dairy products, fish and seafood [7]. Seemingly,

Enterococci play a vital role in various fermented foods,

including dairy and vegetable products through proteol-

ysis, lipolysis, exopolysaccharide production and citrate

breakdown [8]. Some Enterococci produce a wide range

of bacteriocins called enterocins, considered to use as

natural additives for preserving food by extending their
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shelf life and inhibiting the proliferation of bacteria in

food products [9]. Pediococcus acidilactici also has sev-

eral exciting properties including resistance to heat, pH,

cold, proteolytic treatments, and the capacity for the pro-

duction of pediocin as an antimicrobial peptide with

anti-listerial activity, which makes it enthralling as a

food bio-preservative [10].

Probiotics possess inhibitory activities on the growth

of pathogenic bacteria. The altered pH values by produc-

ing organic acids, producing bacteriocin, producing

hydrogen peroxide, and competitive adhesion to the epi-

thelium could result in the inhibitory effect which exerts

probiotic activity [11]. The effective probiotic microor-

ganisms should be safe, viable, antimicrobial character-

istics, acid, bile salt, and gastric juices tolerant, able to

survive through the gastrointestinal tract, adherence to

intestinal epithelial cells [12]. Moreover, the capability

of a bacterial strain to adhere to the digestive tract is a

prerequisite for colonization [13]. In the recent past, var-

ious investigations on lactic acid bacteria have reported

a wide range of health stimulating properties inducing

the host gut microbial balance [14, 39]. 

Therefore, the present study aims at isolation, charac-

terization and, identification of probiotics from natural

goat milk and milk products with an assessment of these

strains as a potential probiotic candidate. 

Materials and Methods

Isolation of lactic acid bacteria (LAB)
Five raw Black Bengal goat milk samples were col-

lected from lactating goats, and five yogurt samples

were purchased from different dairy shops in Jashore

District, Bangladesh. After aseptic collection, the sam-

ples were transported in a transportation box and stored

at four-degree centigrade (4℃) to protect deterioration

and contamination.

For isolation, sample (10 ml or 10 g) were homoge-

nized in 90 ml MRS (de Man, Rogosa and Sharpe agar;

Himedia, India) broth for enrichment at 37℃ for 24 h in

shaking incubator (Model:SI-100R, Korea). After enrich-

ment streaking was carried out on MRS (Himedia) agar

media following a 48 h incubation period at 37℃. After

incubation, representative colonies were randomly puri-

fied by successive re-streaking. Gram-positive and cata-

lase-negative isolates were preliminarily considered as

possible LAB. Finally, pure cultures of LAB isolates

were stored at -80℃. The strains were further character-

ized for probiotics properties and safety issues. 

Identification of lactic acid bacteria
Based on antagonistic activity, five isolates were used

for 16S rRNA gene sequencing similarity and phyloge-

netic analysis. In brief, from fresh bacterial culture

(< 109 cells/ml), the chromosomal DNA of the isolates

were extracted using ATPTM Genomic DNA Mini Kit

(ATP Biotech Inc., USA). The 16S rRNA gene was fur-

ther amplified using the universal primers: 27F (5′-

AGAGTTTGATCCTGGCTCAG-3′), 1492R (5′-GGT-

TACCTTGTTACGACTT-3′) by polymerase chain reac-

tion [15]. The PCR reaction was conducted at 96℃ for

5 min and then continued with the denaturation at 94℃

for 1 min 30 s, annealing at 55℃ for 1 min and extension

at 72℃ for 1min 30 s for a total of 35 cycles followed by a

final extension of 10 min at 72℃. The 16S rRNA gene

PCR products of the isolates were purified with the Wiz-

ard PCR SV Gel and PCR Clean-Up System kit

(Promega, USA) and sequenced (ABI Prism 3130

Genetic Analyzer, USA) using forward 27F and reverse

1492R primers. Partial sequences were combined via the

SeqMan Genome Assembler (DNAstar, USA) and were

compared to the GenBank database of the National Cen-

ter for Biotechnology Information (NCBI) (http://

www.ncbi.nlm.nih.gov/GenBank) by Basic Local Align-

ment Search Tool (BLAST) to identify close phylogenetic

relatives. Multiple sequence alignment of the retrieved

reference sequences from NCBI was performed using

ClustalW [16] software and was exported to the Molecu-

lar Evolutionary Genetics Analysis (MEGA.4) [17] pro-

gram for phylogenetic tree construction using the

Neighbor-joining algorithm and selecting 1000 bootstrap

replication. Isolates sequences used for the cladogram

construction were deposited in GenBank with accession

numbers (MH656745.1-MH656749.1).

Determination of the properties of probiotic potentials 
Determination of antagonistic activity of isolated LAB.

Once pure cultures were obtained, antagonistic activity

was determined against different enteric pathogens.

Eight different strains including Salmonella Typh-

imurium ATCC 14028, Salmonella Enteritidis ATCC

13098, Escherichia coli ATCC 10536, E. coli O157:H7
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ATCC 43894, Enterococcus faecalis ATCC 29212, Liste-

ria monocytogenes ATCC 19113, Vibrio cholerae (O1),

Shigella flexneri weres elected for antagonistic assay.

Overnight well-grown cultures of the isolates were cen-

trifuged (DAIHAN Scientific Co. Ltd; Model: CF-10,

Korea) at 12000 revmin-1 for 14 min. The resultant Cell-

free Culture Supernatant (CFCS) was filtered by using

0.2 (mm) Chromafil® syringe filters (MACHEREY-

NAGEL, Germany).

Antagonistic activity was performed by agar well dif-

fusion method described by Tulumoglu et al. [18]. Then

actively growing overnight cultured test strains (~108

CFU/ml) (OD 0.125 in 550 nm) was swabbed followed by

placing 100 µl CFCS into 6 mm wells of agar and incu-

bated at 37℃ for 24 h and the zone of inhibition was

measured.

Effect of bile salts on LAB growth. Tolerance to bile was

assayed by growing the isolates in broth, following the

procedure reported by Ramos et al. [19]. The growth

rates of the strains were estimated in MRS broth

medium supplemented with 0.3% bile salt. Overnight

grown cultures were inoculated (1%) into the liquid

medium and incubated at 37℃ for up to 4 h. Absorbance

at 600 nm was measured every hour of incubation

through UV-VIS spectrophotometer (Model: T60UV, PG

Instruments Ltd., UK). 

Qualitative bile salt hydrolase (BSH) activity test. To per-

form qualitatively salt hydrolase activity of selected iso-

lates were performed according to Huang et al. [20]. For

this test, LAB isolates were streaked on MRS agar

which contains 0.5% (w/v) taurodeoxycholic acid sodium

salt (TDCA; Sigma, USA) and 0.037% calcium chloride,

and incubated anaerobically at 37℃ for 72 h in an anaer-

obic jar. Precipitated zones of hydrolyzed salts around

the colonies were counted as a positive result.

Milk coagulation test. Milk coagulation test was per-

formed according to Chettri and Tamang [21]. After

overnight 1.5 ml of LAB culture was centrifuged (12000

×g, 4℃, 7 min) and harvested cells were washed two

times with PBS (pH 7.2, 0.1 phosphate buffer, 0.8%

NaCl) and mixed with 15 ml of sterilized cow milk.

Afterward, the mixture was incubated overnight at 37℃

and the formation of clot was observed. 

NaCl concentration effect on LAB growth. The effect of

NaCl on LAB growth was conducted according to the

methodology defined by Abbasiliasi et al. [22] with little

modification. For determining NaCl tolerance, all the

isolates were grown in MRS broth with adding a differ-

ent concentration of NaCl (1−10% w/v) and bromocresol

purple. The broth was inoculated with 1% (v/v) over-

night culture of the isolates and incubated at 37℃ for

24 h. After incubation, their growth was evaluated,

determined by a color change from purple to yellow.

Effect of temperature on LAB growth. For performing

the effect of temperature on selected LAB isolates,

freshly grown overnight cultures were inoculated (1% v/v)

into MRS broth and incubated for 24 h at varying tem-

perature ranges (4℃, 25℃, 37℃, 45℃, or 55℃) [22]. 

Phenol concentration effect on LAB growth. Phenol tol-

erance experiments were performed by inoculating 1% of

fresh overnight cultures into MRS broth containing dif-

ferent concentration (0.1−0.4% (w/v) of phenol described

by Aswathy et al. [23]. After overnight incubation at

37℃, the concentration of bacterial cells was measured

using UV-VIS spectrophotometer at the absorbance (A) at

600 nm.

Adhesion assay to ileum mucosal epithelium. Chicken

colonization studies were performed as described previ-

ously. Flanagan et al. [24] with minor modification. The

intestine was dissected from the chicken and washed

with Phosphate Buffer Saline (Sigma-Aldrich) to remove

the ingesta from the mucosal surface. It washed for sev-

eral times with cold phosphate buffer saline and cut into

small pieces (1 × 1 cm2), that soaked into LAB suspen-

sion (~108 CFU/ml) with the intention to incubation at

37℃ for 90 min. A single cutting piece of soaked intes-

tine was removed at different time intervals 0, 30, 60,

and 90 min to check the adhesion capability by viable

count method. Then the small piece of intestine was

washed with PBS to remove the non-adhesive bacteria

from the surface, grinded and mixed it in a small volume

of PBS to make a solution. The solution then serially

diluted and 0.1 ml of it was transferred on MRS agar

plates. Bacterial colonies were calculated following the

incubation period of 24 h at 37℃.
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In vitro gastrointestinal transit tolerance assay. Accord-

ing to Huang and Adams [25], simulated gastric juice

was prepared by suspending glucose (NaCl 2.05 g/l,

3.5 g/l, CaCl2 0.11 g/l, KH2PO4 0.60 g/l, KCl 0.37 g/l),

adjusted to pH 2.0. Then the gastric juice solution was

supplemented with 0.05 g/l bile (Liofilchem, Italy), 0.1 g/l

lysozyme (Ameresco, USA), and 13.3 mg/l pepsin (Loba-

loChemie) as stock solutions prior to analysis. A single

colony of probiotic LAB was impregnated into MRS

broth and incubated whole night at 37℃. 1 ml sample

was taken and centrifuged (7000 ×g, 4℃, 15 min). After

two times washing of pellet in sterile Phosphate-Buffer

Solution and re-suspended in 5 ml of simulated gastric

juice (with & without lysozyme), it was further incu-

bated at 37℃ for 90 min with constant stirring by using

shaking incubator (Model: SI-100R, Korea). After that, 1

ml of different ranged diluted sample was spread on

MRS agar plates at different time interval (0, 30, 60, and

90 min). The viability of cell determined using the plate

count method, and the results were expressed as log

CFU/ml.

Safety analysis of the LAB strains
Haemolytic activity assay. Freshly grown bacterial cul-

tures were transferred on blood base agar (Oxoid,UK)

plates by streaking (containing 5% v/v of human blood)

and incubated at 37℃ for 24 h. The presence of clear

zone (β-haemolysis), green zone (α-haemolysis) or the

absence of zone (γ-haemolysis) around the colonies indi-

cated the haemolytic activity [26]. α and γ-haemolysis

were regarded as non-haemolytic, while blood lyses

zones around the colonies were considered as hemolytic

(β-hemolysis).

Antibiotic susceptibility assay. Antibiogram of the

strains followed the antibiotic disc diffusion method [22].

The antibiotic discs (Hi-media) tested were used at fol-

lowing concentrations: streptomycin (10 μg), gentamycin

(10 μg), chloramphenicol (30 μg), vancomycin (30 μg),

ciprofloxacin (10 μg), amikacin (30 μg), Azithromycin

(15 μg), ceftriaxone (30 μg), norfloxacin (30 μg), cefaclor

(30 μg) chosen recommended by the European Food

Safety Author (EFSA, 2012). After overnight growth in

MRS broth at 37℃ and diluted to match with 0.5 McFar-

land standards, the diluted culture (approximate 107

viable cells) was cotton swabbed onto Mueller-Hinton

Agar (MHA) medium (Liofilchem), and antibiotic discs

were applied onto the surface. After incubated at 37℃

for 24 h, the zone diameters (mm) were measured

(including the antibiotic disc) to determine susceptibility

based on the CLSI standard (2012).

Statistical analysis. Using GraphPad Prism Version 6

(GraphPad Software, USA) the data analyses were per-

formed. To determine remarkable effects, all of the

experiments were independently repeated three times.

One way ANOVA and Two-way ANOVA (ANOVA, Anal-

ysis of variance) used to study the significant difference

between the mean of various experiments and a value,

p < 0.05 has been considered as a significant effect.

Results and Discussion

Isolation and identification of LAB
Milk and dairy products are used as the source of pro-

biotics from the beginning of probiotics history. From 10

goat milk and traditional yogurt samples, 40 LAB

strains (20 from goat milk and 20 from yogurt) were pri-

marily isolated from the selective MRS agar media. Use

of yogurt for its health benefiting nutrients and good

probiotics bacteria makes it an ideal food throughout the

world. Many researchers use probiotics as alternatives

to antibiotics for the treatment of digestive tract dis-

eases. Prior to identification, the isolates were primarily

screened for anti-pathogen activity by using cell free cul-

ture supernatant. Among the 40 strains, five of them

namely B.1, 12/1, 12/3, 13/1 and 14/1 showed antimicro-

bial activities against six enteric pathogens (out of eight

tested pathogens) (Table 1). Additionally, three isolates

showed the antimicrobial activity against Shigella

flexneri. except 12/1 and 14/1. Interestingly, all the

three isolates were identified as P. acidilactici (B.1, 12/3,

13/1). On the other hand, only the 12/1 isolates cell-free

supernatant demonstrates moderate antimicrobial

activity (inhibition zone <15 mm) against Vibrio chol-

erae O1. Greater antimicrobial activity against Entero-

coccus faecalis ATCC 29212 by the isolates named 12/3

and 13/1 (inhibition zone >16 mm) was observed. Out of

20 primarily selected isolates of goat milk, only B1

showed antimicrobial activity. Goat milk is a highly

nutritious, easily absorbable probiotic riched ideal food

[27]. Its nutritional quality, bacterial diversity and other
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health-benefiting factors made its as an ideal source for

probiotics. Probiotics from Goat milk proved potential as

a probiotic reported by de Moraes et al. [28] but this is

the first report of probiotic isolation from the Black Ben-

gal goat. Among the five isolates, only the B1 (P. acidi-

lactici) is isolated from the goat milk, thereby it can be

said that the raw goat milk is a good source of probiotics

bacteria. But, yogurt may contain a higher ratio (4:20)

with diversified bacterial spp. than the goat milk (1:20). 

Selected five isolated strains were gram-positive, cata-

lase negative and cocci shaped. Their final identification

procedure followed the 16S rRNA sequencing similarity

and phylogenetic analysis. By using BLASTN, the nucle-

otide sequences of these PCR products (1500 bp) were

compared with the database of GenBank. The isolates

B.1, 12/3, 13/1 showed ~98% similarity with P. acidilactici

and 12/1, 14/1 showed ~98% similarity with E. faecium.

After 16S rRNA sequencing, the sequences were submit-

ted to GenBank for their accession number (MH656749.1,

MH656748.1, MH656747.1 for P. acidilactici and

MH656746.1, MH656745.1 for E. faecium. Phylogenetic

tree construction was made using MEGA software and

the Neighbor-joining algorithm linked to 1000 bootstrap

replication (Fig. 1). 

Determination of potential probiotic properties
Effect of bile salts on LAB growth. Bile salts pose a dele-

terious effect on living cells by damaging their cell mem-

brane structure. According to Argyri et al. [29],

resistance to bile salt is essential properties for probiotic

bacteria that can persist and colonize in the small intes-

tine of the host to provide a beneficial effect. A strain can

Table 1. Determination of antibacterial activity of cell free culture supernatant (CFCS) of isolates against target pathogens.
Lactobacillus acidophilus KACC 12419 used as positive control. Values of zone diameter represent the mean ± SD.

Microorganisms

Isolates designation and zone diameter (mm)

B1 12/1 12/3 13/1 14/1
Lactobacillus 
acidophilus 

KACC 12419

Salmonella Typhimurium ATCC 14028 14 ± 0 14.5 ± 0.7 14.3 ± 0.3 15 ± 0 15.1 ± 0.1 15.3 ± 0

Salmonella Enterititidis ATCC 13098 13.5 ± 0.7 13.5 ± 0.7 13.5 ± 0.7 14.25 ± 0.3 14 ± 0 14 ± 0.2

Escherichia coli ATCC 10536 14.5 ± 0.7 15.05 ± 0.07 15.25 ± 0.3 15 ± 0 15 ± 0 21 ± 0

E. coli O157:H7 ATCC 43894 14.25 ± 0.3 14 ± 0 13.5 ± 0.7 15 ± 0.7 15.1 ± 0.1 15 ± 0.1

Enterococcus faecalis ATCC 29212 14 ± 0 15 ± 0 16.25 ± 0.3 16.25 ± 0.3 15.15 ± 0.2 13 ± 0.2

Listeria monocytogenes ATCC 19113 14 ± 0 13.25 ± 0.3 13.25 ± 0.3 15.25 ± 0.3 14.15 ± 0.2 14 ± 0

Vibrio cholerae O1 0 13.5 ± 0.7 0 0 0 0

Shigella flexneri 12 ± 0 0 12.5 ± 0.7 13 ± 0 0 0

Fig. 1. A neighbor-joining phylogenetic relationship with related species based on partial 16S rRNA gene sequence analysis.
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be only considered as probiotic when it will be able to

survive at 0.15−0.3% bile salt, which resembles the

human intestinal bile salt condition [30]. According to

the results, all five isolates along with Lactobacillus aci-

dophilus KACC 12419 survived at 0.3% bile salt concen-

tration but there growth rate varied over time. P.

acidilactici of goat milk isolates (B1) showed lowest

growth (OD = 0.7) after 4h of incubation at 0.3% bile

salt. On the otherhand P. acidilactici (12/3) from yogurt

showed the highest cell concentration (OD = 1.1) com-

pared to the initial bacterial number (OD = 0.5) (Fig. 2A). 

Bile salt hydrolase (BSH) activity is another vital

property for probiotics selection, which indicates the sur-

vival at a toxic level of bile salts [31]. All probiotic isolates

that showed antagonistic activity against pathogens also

displayed BSH activity (Table 2), which infers that iso-

lates survived under toxicity of these salts and deconjuga-

tion of TDCA, and may help in their intestinal

colonization which is a significant finding of our study as

all isolates showed BSH activity. Unless proper coloniza-

tion, the probiotics can not confer its beneficiary effect to

the host. Similar results also reported by other authors,

where the isolates which were positive for BSH activity

showed greater tolerance to bile salt than the BSH nega-

tive strains [32].

Milk coagulation and hemolytic activities. The results of

the assessment of milk coagulation activity are summa-

rized in Table 2. Due to the association of lactic acid-

forming bacteria, all probiotic isolates coagulate the

milk. It not only converted the milk into yogurt form but

also produced a good aroma.

Fig. 2. (A) Tolerance of five isolated LAB strains and one positive control Lactobacillus acidophilus KACC 12419 in MRS broth
supplemented with 0.3% bile salt. The results are expressed as mean ± SD of three independent experiments. Statistical signifi-
cance was determined with the help of one way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, (B) Tolerance of the isolates to (0.1%-
0.4%) phenol. The results are expressed as mean ± SD of three independent experiments. Statistical significance was determined
with the help of one way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, (C) Adherence effect of the isolated probiotic candidates to
ileum mucosal epithelium. The results are expressed as mean ± SD of three independent experiments. Statistical significance was
determined with the help of one way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001. 
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To be considered as probiotics, unlike the pathogenic

one, the bacteria must be non-hemolytic [33]. Generally,

LAB members do not carry out hemolytic activity In our

experiments, all the examined strains were γ-haemolytic

(non-haemolytic) when grown in blood agar (Table 2).

This indicates that the selected LAB strains are safe for

consumption.

Effect of NaCl concentration on growth pattern. Cell

physiology and metabolism are affected by the turgor

pressure when bacteria grow in high salt concentration

[34]. Table 2 illustrates the growth performance of the

probiotics on different NaCl concentrations. All probiotic

isolates were capable to grow in 1−6% NaCl concentra-

tion, but their growth was inhibited by 7−10%. Salt tol-

erance ability varies among strain to strain and source

of the probiotics. There are reports of LAB isolated from

Bangladesh that can tolerate 4−8% NaCl [35]. Whereas

LAB isolated from India showed similar tolerance ability

[36].

Effect of temperature on growth. LAB can be differenti-

ated by the growth in optimum temperature [37]. Our

results indicated that P. acidilactici can grow at a wide

range of temperatures (25−55℃) except for the goat milk

isolates (Temperature ranges: 25−45℃). but for E. fae-

cium the temperature ranges was 25−45℃. The effect

of temperature on growth is shown in Table 2. Although,

all the probiotic isolates were able to grow at 25℃, 37℃

and 45℃; however, they cannot grow at 4℃. From the

data, we can say that our isolates were mesophilic and

thermotolerant. Isolation of thermotolerant probiotics

from yogurt is rare, where Pundir et al. [36] isolated pro-

biotic bacteria minimum and maximum growth tem-

perature was 25℃ and 40℃ respectively.

Effect of phenol on growth. All the isolates survival

ability decrease when the concentration of phenol

increases from 0.1% to 0.4% except for 13/1. Isolate 13/1

(P. acidilactici) tolerate 0.2% and 0.3% phenol better

than 0.1% and 0.4% phenol. Fig. 3 showed that all the

Table 2. Physiological characteristics-growth in the presence of NaCl and temperature variation, bile salt hydrolase (BSH)
activity, milk coagulation, and haemolytic activity assay using the standard procedures.

Physiological characteristic Isolates name

Growth in MRS broth: B1 12/1 12/3 13/1 14/1
Lactobacillus
 acidophilus 
KACC 12419

With 1% NaCl + + + + + +

With 2% NaCl + + + + + +

With 3% NaCl + + + + + +

With 4% NaCl + + + + + +

With 5% NaCl + + + + + +

With 6% NaCl + + + + + +

With 7% NaCl - - - - - +

With 8% NaCl - - - - - -

With 9% NaCl - - - - - -

With 10% NaCl - - - - - -

At 4℃ - - - - - -

At 25℃ + + + + + +

At 37℃ + + + + + +

At 45℃ + + + + + +

At 55℃ - - + + - -

BSH (Bile salt Hydrolase) activity + + + + + +

Milk coagulation + + + + + +

Haemolytic activity Non-haemolytic Non-haemolytic Non-haemolytic Non-haemolytic Non-haemolytic Non-haemolytic
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selected LAB isolates were moderately tolerant up to

0.4% phenol Isolate 13/1 and B1 retained the highest cell

concentration (OD = 0.189 and 0.182, respectively at

600 nm) in the presence of 0.4% phenol concentration. In

contrast, E. faecium (12/1 and 14/1) was the least than

the P. acidilactici. It is agreed that the probiotic bacteria

which can resist 0.4% phenol in vivo can be able to sur-

vive in the intestinal tract [23]. In our study, P. acidilactici

& E. faecium were moderately tolerant to phenol,

though the growth of P. acidilactici is still high in the

presence of 0.4% phenol concentration (Fig. 2B). 

Adhesion assay to the ileum mucosal epithelium. Iso-

lated strains showed acceptable adhesion ability with

mucosal epithelial cells within 90 min. Their adhesin

ability increased over time; after 90 min of incubation,

all the isolates adhere around 2 log CFU/cm2. The mean

counts of 12/3 isolates were 0, 1.82, 2.093, and 2.347 log

CFU/cm2 following the exposure time at 0, 30, 60 and

90 min, and the count was significantly high (p < 0.05)

at 90 min compared to 0 min than other isolates. Fur-

thermore, the isolate 12/1 showed the lowest cell count

with mean bacterial count were 0, 1.092, 1.858 and

1.986 log CFU/cm2 (Fig. 2C). 

In vitro gastrointestinal transit tolerance assay. Hydro-

chloric acid of human stomach degrades or dissolved all

sorts of macromolecules e.g. proteins, lipid etc including

bacteria regardless of beneficial or pathogenic. P. acidi-

lactici (B.1, 12/3, 13/1) isolates have no impact on the

growth in the gastric juice treatment with lysozyme (p >

0.05; Figs. 3A, 3D and 3E). In contrast, the mean counts

of 12/1 isolates were 10.01, 8.45, 8.42 and 8.24 log CFU/

ml in gastric juice, while 10.00, 7.80, 6.75, and 5.26 log

Fig. 3. Survival of isolated probiotic candidates comparing with Lactobacillus acidophilus KACC 12419 in simulated gastric
juice (pH 2.0); without lysozyme & with lysozyme. The results are expressed as mean ± SD of three independent experiments.
Statistical significance was determined with the help of Two way ANOVA.*p < 0.05, **p < 0.01, ***p < 0.001. 
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CFU/ml were achieved by applying treatments of lyso-

zyme with gastric juice after 0, 30, 60 and 90 min expo-

sure time, compared to control group at 60 min and 90

min of exposure time (Fig. 3C). While approximate mean

counts of 10.02, 8.54, 8.63 and 8.59 log CFU/ml were

achieved from 10.00, 9.68, 9.99 and 10.03 log CFU/ml

counts in gastric juice by treating with lysozyme after 0,

30, 60 and 90 min exposure time for the another isolate

14/1, had a significant effect compared to control after

60 min and 90 min of exposure time (p > 0.05; Fig. 3B).

In our study, both P. acidilactici and E. faecium demon-

strated notable tolerance to acidic pH 2.0 following the

90 min of exposure (Fig. 3). The reasonable cause can be

demonstrated as the absence of the influence of dietary

and nonacidic constituents of gastric secretion on probi-

otic survival [22]. Therefore, gastric juice survivability

assay with lysozyme was further conducted. The growth

of the isolates decreased during incubation with the

presence of lysozyme. P. acidilactici was able to main-

tain a good growth in the presence of lysozyme and the

reduction of increase ranged from 0.1 to 0.5 log after

90 min of incubation (Fig. 3A, 3D, 3E). This result is

supported by the previous study of Anadon et al. [38]. On

the other hand, isolate E. faecium reduced their growth

in the presence of lysozyme after 60 min and 90 min of

exposure and the 18 reductions ranged from 0.5 to

1.5 log (Fig. 3B, 3C). ANOVA showed that the reduction

was significant (p < 0.05) for E. faecium. However, differ-

ences in cell wall structures and layers may be attributed

to the variations in lysozyme resistance of isolates. Thus,

we conclude that all the five isolates succeeded the in

vitro gastrointestinal transit tolerance assay.

Antibiotic susceptibility test. Multiple resistance pat-

terns of antibiotics were observed for the all tested iso-

lates. All the tested isolates were sensitive or moderate

susceptible, except isolates 12/1 and 14/1, which exhib-

ited resistance to Cefaclor (30 µg) (Table 3).

The results demonstrated the potential probiotic abili-

ties of P. acidilactici and E. faecium strains isolated

from goat milk and yogurt in Jashore, Bangladesh.

These sequenced LAB strains are suitable for field trial

as food and/or feed supplement for both animals and

humans. Furthermore, the antagonistic properties

demonstrated by these LAB strains against major food-

borne zoonotic pathogens show their relevance in the

control and prevention of enteric pathogens.
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Table 3. Antibiotics susceptibility assay for probiotic candidates.

Antibiotics
Disc 

content

Diameter of inhibition zone (mm)

B1 12/1 12/3 13/1 14/1
Lactobacillus 
acidophilus 

KACC 12419

Amikacin 30 μg 20(I) 21(S) 22(S) 19(I) 25(S) 16(I)

Vancomycin 30 μg 19(I) 18(I) 18(I) 17(I) 17(I) 11(R)

Gentamycin 10 μg 22(S) 24(S) 21(S) 22(S) 24(S) 10(R)

Chloramphenicol 30 μg 21(S) 21(S) 23(S) 21(S) 22(S) 22(S)

Nitrofurantion 300 μg 17(I) 16(I) 16(I) 16(I) 18(I) 16(I)

Streptomycin 10 μg 18(I) 21(S) 19(I) 20(I) 22(S) 11(R)

Ceptriaxone 30 μg 20(I) 19(I) 18 (I) 20(I) 20(I) 18(I)

Norfloxacin 30 μg 24(S) 20(I) 22(S) 21(S) 20(I) 17(I)

Azithromycin 15 μg 21(S) 18(I) 20(S) 21(S) 19(I) 21(S)

Cefaclor 30 μg 17(I) 15(R) 17(I) 16(I) 15(R) 12(R)

Ciprofloxacin 10 μg 21(S) 22(S) 21(S) 22(S) 23(S) 11(R)

R (resistant) = ≤15 mm
I (intermediate) = 16-20 mm
S (susceptible) = ≥ 21 mm 
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ABSTRACT

Raw milk contains wide microbial diversity, composed 
mainly of lactic acid bacteria (LAB), which are used 
as probiotics in both human and animal husbandry. 
We isolated, characterized, and evaluated LAB from 
indigenous Bangladeshi raw milk to assess probiotic 
potential, including antagonistic activity (against Esch-
erichia coli O157: H7, Enterococcus faecalis, Salmonella 
Typhimurium, Salmonella Enteritidis, and Listeria 
monocytogenes), survivability in simulated gastric juice, 
tolerance to phenol and bile salts, adhesion to ileum 
epithelial cells, auto- and co-aggregation, hydrophobic-
ity, α-glucosidase inhibitory activity, and antibiotic 
susceptibility tests. The 4 most promising LAB strains 
showed probiotic potential and were identified as Lacto-
bacillus casei, Lactobacillus plantarum (which produced 
plantaricin EF), Lactobacillus fermentum, and Lactoba-
cillus paracasei. These strains inhibited all pathogens 
tested at various degrees, and competitively excluded 
pathogens with viable counts of 3.0 to 6.0 log cfu/mL. 
Bacteriocin, organic acids, and low-molecular-weight 
substances were mainly responsible for antimicrobial 
activity by the LAB strains. All 4 LAB strains were re-
sistant to oxacillin and 3 were resistant to vancomycin 
and streptomycin, with multiple antibiotic resistance 
indices >0.2. After further in vivo evaluation, these 
LAB strains could be considered probiotic candidates 
with application in the food industry.
Key words: raw milk, probiotic properties, 
Lactobacillus, plantaricin, safety issues

INTRODUCTION

The lactic acid bacteria (LAB) are one of the most 
significantly important groups of bacteria in the food 

industry. They have long been consumed in dairy prod-
ucts by people the world over and most are classified as 
“generally recognized as safe” (GRAS) microorganisms 
because they are nonpathogenic, suitable for technolog-
ical and industrial processes, acid and bile tolerant, and 
have the ability to produce antimicrobial substances 
(Shehata et al., 2016). In the last decade, the LAB have 
received increased attention and are widely used as pro-
biotics, live microorganisms that exert health benefits 
on the host when ingested in adequate amount (FAO/
WHO, 2006).

The increasing acceptance of the consumption of LAB 
as probiotics is due to their diverse roles in suppress-
ing cancer (Hirayama and Rafter, 2000) and lowering 
serum cholesterol (Guo et al., 2010); activities against 
diabetes (Panwar et al., 2013), obesity (Aazmi et al., 
2015), allergies (Lee et al., 2014), and inflammation 
(Lorea Baroja et al., 2007); reducing gastrointestinal 
tract (GIT) and urogenital pathogens (de Vries et al., 
2006); stabilizing gut microflora (Gibson et al., 1997), 
increasing utilization of nutrients (Guo et al., 2010) and 
tolerance of lactose (Silanikove et al., 2015); improving 
digestion (Bokhorst et al., 2015) and stimulating the 
immune system (Isolauri et al., 2001), among others. 
Exopolysaccharides secreted by LAB strains can be 
used to enhance fermented milk texture and viscosity 
during production (Ruas-Madiedo et al., 2002). Wis-
selink et al. (2002) further noted the ability of certain 
LAB strains to produce mannitol, which has numerous 
health benefits.

In 2011, an estimated $27.9 billion was spent on the 
purchase of probiotics worldwide, which was projected 
to increase to $44.9 billion by the end of 2018 (a com-
pound annual growth rate of 6.8% from 2013 to 2018; 
TMC, 2013). The global probiotics demand is expected 
to further increase to $83.5 billion by 2022 (TMC, 2017). 
Probiotics now have extensive applications in both hu-
man and animal husbandry, especially in the treatment 
and control or prevention of diseases (Anandharaj and 
Sivasankari, 2014). The market potential of probiotics 
is driving increased interest in the industrial develop-
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ment of probiotics and probiotic-supplemented foods 
and feeds.

At present, most bacteria used as probiotics are 
LAB strains belonging to the genera Lactobacillus and 
Enterococcus; namely, L. acidophilus, L. fermentum, L. 
casei, L. reuteri, L. rhamnosus, L. helveticus, L. lac-
tis, L. crispatus, L. gasseri, L. plantarum, E. faecalis, 
and E. faecium (Mulaw et al., 2019). Because probi-
otic properties and features are strain specific (Ramos 
et al., 2013), more studies are needed to screen and 
unravel the probiotic potentials of novel LAB strains 
with specific beneficial health effects on both humans 
and animals and that are of research and industrial 
importance.

Generally, milk and other dairy products are consid-
ered primary food sources for LAB probiotics. Fresh or 
fermented cow and goat milks are consumed in different 
regions of the world. The presence of high counts of 
LAB in both cow and goat milks as beneficial micro-
biota indicates a source for explorations of biological 
materials of considerable public health importance and 
vast applications in the dairy industry (Khedid et al., 
2009). Although researchers from other countries have 
screened and characterized LAB probiotic strains from 
various dairy products and food or animal sources, 
we aimed to describe the probiotic potentials of LAB 
strains obtained from cow and goat milk samples in 
Bangladesh.

MATERIALS AND METHODS

Isolation and Phenotypic Characterization of LAB

Forty samples, 20 each of fresh cow and goat milk, 
were randomly obtained from different locations in 
Jashore, Bangladesh, in sterile corked plastic tubes fol-
lowed by immediate storage in a 4°C icebox, transpor-
tation to the laboratory, and examination for the pres-
ence of LAB upon arrival. To identify LAB, 10 mL of 
each sample was enriched in 40 mL of de Man, Rogosa, 
and Sharpe (MRS) broth (Hi-Media, Mumbai, India; 
(Sharifi Yazdi et al., 2017), and stirred overnight in a 
shaking incubator at 37°C (Wisd Laboratory Instru-
ments, Seoul, South Korea) under aerobic conditions. 
All tubes with visible turbidity were further cultured 
on MRS agar plates (Hi-Media) followed by incubation 
for 24 to 72 h at 37°C under aerobic conditions. Then, 
individual colonies from each plate were selected and 
purified through 3 successive transfers on MRS agar. 
Finally, the pure isolates were characterized as LAB 
by Gram staining, cell morphology, catalase test, and 
coagulase reaction according to standard procedures 
(Sharpe, 1979), wherein gram-positive, catalase- and 
coagulase-negative isolates were selected before being 

stored at −20°C in MRS broth plus 28% glycerol (El 
Soda et al., 2003).

Probiotic Properties of LAB Strains

Antagonistic Activity of the LAB Strains. 
The antagonistic activities of the LAB isolates against 
pathogens were determined by the agar well diffusion 
assay performed in triplicate according to Vinderola 
et al. (2008). The tested pathogens were Escherichia 
coli ATCC 10536, E. coli O157:H7 ATCC 43894, E. 
faecalis ATCC 51299, Salmonella Typhimurium ATCC 
14028, Salmonella Enteritidis ATCC 13098, and Lis-
teria monocytogenes ATCC 19113. The LAB isolates 
were cultured in MRS broth at 37°C overnight, and 
the targeted pathogens were precultured under the 
same conditions in brain heart infusion (BHI) broth 
(Liofilchem, Roseto degli Abruzzi, Italy). Approxi-
mately 107 cfu/mL of each test pathogen was spread 
onto the surface of Mueller-Hinton agar (Biomark Lab, 
Maharashtra, India) plates. Wells punctured into the 
inoculated plates were filled with 100 µL of cell-free 
supernatant (CFS) obtained from centrifugation of 
LAB cultures at 6,000 × g for 10 min (Boeco, Ham-
burg, Germany) followed by incubation at 37°C for 24 
h. The antimicrobial activity of the LAB strains was 
determined by development of inhibition zones in mil-
limeters (with cut-off value ≥11 mm) around the wells. 
An agar spot test was also conducted, as described by 
Armas et al. (2017), wherein a sample (3 µL) of CFS of 
each LAB strain was spotted on a pathogen-inoculated 
plate in triplicate, left for 5 min to absorb, and then in-
cubated aerobically at 37°C for 24 h (a clear inhibition 
zone >1 mm around a spot was recorded as positive).

Simulated Gastric Juice Survivability Test. 
Simulated gastric juice was prepared according to 
Corcoran et al. (2005), with modifications, not includ-
ing proteose peptone because it may serve as source of 
free amino acids (l-glutamate; Cotter et al., 2001). For 
each LAB strain, 1 mL of fresh culture was resuspended 
in an equal volume of PBS before centrifugation at 
6,000 × g for 10 min at 25°C, and the pelleted cells were 
suspended in 5 mL of simulated gastric juice at pH 2 
(with and without lysozyme) followed by incubation 
at 37°C for 90 min with constant stirring. At different 
time intervals (0, 30, 60 and 90 min), samples were 
taken and serially diluted in maximum-recovery diluent 
up to 10−8, seeded on MRS agar plates, and incubated 
at 37°Cfor 48 h (Corcoran et al., 2005).

Bile Salt and Phenol Tolerance Test. To assess 
bile salt tolerance, overnight LAB cultures were resus-
pended in sterile PBS (pH 7.2) after centrifugation at 
6,000 × g for 10 min at 25°C, adjusted to 108 cfu/mL, 
added to fresh MRS broth containing 0.3% (wt/vol) 
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bile salt (Merck KGaA, Darmstadt, Germany), and 
subsequently incubated for 6 h at 37°C. The viability of 
cells was determined after 0, 3, and 6 h of incubation 
by serial dilution and plating onto MRS agar (Jose et 
al., 2015). The phenol tolerance of LAB strains was 
determined by growing the strains in MRS broth con-
taining increasing concentrations (0.1–0.4%) of phenol 
at 37°C for 24 h (Hoque et al., 2010). Strain viability 
was assessed by measuring the absorbance by spectro-
photometer (PG Instruments, Lutterworth, UK) at 620 
nm after incubation.

Adherence of LAB Strains to Chicken Ileum 
Epithelial Cells. We tested the LAB strains for adher-
ence to chicken epithelial cells as previously described 
(Rebin, 2015). Chicken ileum was aseptically collected, 
washed, and divided into 4 small pieces (1 cm2). Each 
piece was incubated in a cell suspension of LAB strains 
(109 cfu/mL in PBS) at 37°C for 90 min. After 0, 30, 
60, and 90 min, samples were taken and screened for 
adherence by serial dilution and subsequent plating on 
MRS agar plates. Competitive pathogen exclusion is 
one of the primary mechanisms used by LAB in the 
GIT. To assay competitive adherence with pathogen 
(E. coli, E. coli O157:H7, Salmonella Typhimurium 
and Salmonella Enteritidis), we followed the above 
method with a minor modification: we suspended equal 
volumes of individual LAB strains and each pathogen 
(109 cfu/mL PBS) before plating onto MacConkey agar 
(Hi-Media) for both E. coli and E. coli O157:H7 and 
Salmonella Shigella Agar (Liofilchem) for Salmonella 
Typhimurium and Salmonella Enteritidis, respectively, 
followed by incubation at 37°C for 24 h for enumeration 
(Neal-McKinney et al., 2012).

Aggregative Abilities of LAB Strains. Auto-
aggregation and co-aggregation abilities, phenotypic 
traits for the screening of potential probiotic strain 
related to the adherence capability to intestinal epi-
thelial cells of each LAB strain, were evaluated. To de-
termine auto-aggregation, we followed the procedure of 
Polak-Berecka et al. (2014), with some modifications, 
where exactly 5 mL of bacterial suspension (108) was 
vortexed (Vision Scientific, Korea) for 10 s, and the 
absorbance was measured by spectrophotometer at 600 
nm (initial optical density, ODi); then, the suspension 
was incubated for 2 h at 37 °C. The absorbance of the 
supernatant after 2 h of incubation was subsequently 
measured (OD2h) and the auto-aggregation percentage 
was calculated as [1 – (OD2h/ODi)] × 100.

For the co-aggregation assay, 2 mL of each LAB iso-
late and each pathogen culture were mixed, vortexed, 
and incubated for 2 h at 37 °C (Polak-Berecka et al., 
2014; Armas et al., 2017). Each control tube contained 
4 mL of each bacterial suspension (i.e., the LAB strain 
and the pathogen). The absorbance of each mixed 

suspension was then measured at 600 nm (ODmix) and 
compared with those of the control tubes containing 
the LAB strain (ODstrain) and the specific pathogen 
(ODpathogen) at 2 h of incubation. Co-aggregation (%) 
was calculated as [1 − ODmix/(ODstrain + ODpathogen)/2] 
× 100.

Hydrophobicity Assay. The cell surface hydropho-
bicity of LAB cells, as a measure to evaluate adher-
ence to hydrocarbons, was evaluated according to the 
method of Abbasiliasi et al. (2017). Three tubes, each 
containing 3 mL of each LAB strain suspension in PBS 
(pH 7.2) at 108 cfu/mL, were mixed with the solvent 
n-hexadecane (1 mL) and vortexed for 1 min. The 
mixture was subsequently allowed to separate into 2 
phases by standing for 5 to 10 min, after which the OD 
(at 600 nm) of the aqueous phase was measured with 
a spectrophotometer. Bacterial affinity to the solvent 
(hydrophobicity) was expressed using the formula (1 
− A10min/A0min) × 100, where A10min and A0min are the 
absorbance at 10 and 0 min, respectively.

α-Glucosidase Inhibitory Activity of LAB 
Strains. We assessed the α-glucosidase inhibitory ac-
tivity of LAB strains as described by Kim et al. (2011), 
with slight modifications. An overnight culture of each 
LAB strain was centrifuged for 15 min at 4,000 × g and 
resuspended in PBS (50 µL). Exactly 50 µL of 3 mM 
p-nitrophenol-α-d-glucopyranoside (pNPG) was added 
and incubated at 37°C for 15 min. Then, α-glucosidase 
(50 µL) was added and the enzymatic reaction was al-
lowed to proceed at 37°C for 30 min and stopped by the 
addition of 50 µL of 0.1 M Na2CO3. The release of ni-
trophenol was measured as absorbance at 405 nm using 
a microplate reader. The formula (1 − A/B) × 100 was 
used to calculate the inhibition of α-glucosidase activ-
ity of LAB strains, where A was the absorbance of the 
reactants with sample and B was the absorbance of the 
reactants without sample (negative control). Acarbose 
was used as the standard reference (positive control).

Characterization of LAB Antimicrobial Sub-
stances. We selected LAB strains with probiotic po-
tential and further tested for the production of antimi-
crobial substances, mainly bacteriocins, organic acids, 
and hydrogen peroxide using the agar well diffusion 
technique, as previously described (Prabhurajeshwar 
and Chandrakanth, 2017) with modifications. Over-
night cultures of LAB grown in MRS broth were cen-
trifuged at 6,000 × g for 10 min, and the supernatants 
were collected and divided into 4 treatments: one was 
heat treated (boiled) for 10 min, the second was neu-
tralized to pH 7 with 6 N NaOH (Fisher Scientific, 
Pittsburgh, PA), the third was treated with 0.5 mg/
mL catalase (Hi-Media), and the fourth was untreated. 
These supernatants were subsequently filter sterilized 
(0.22 µm), and 100 µL of each supernatant was placed 
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into wells bored in agar plates inoculated with 1% 
(vol/vol) overnight cultures of indicator pathogens, as 
previously listed. The plates were incubated at 37°C 
overnight, and the diameters (mm) of inhibition zones 
were measured.

Characterization of LAB Strains and Bacteriocins

For biochemical identification, the carbohydrate fer-
mentation profiles of potential LAB probiotic strains 
were investigated using API 50 CH strips and API CHL 
medium according to the manufacturer’s instructions 
(API System, BioMérieux, Marcy-l’Étoile, France). 
The APIweb software version 5.0 (BioMérieux) was 
used in the interpretation of the results. The molecular 
identification of LAB strains was conducted by 16S 
rRNA amplification, sequencing, and analysis, using 
universal primers (Supplemental Table S1; https: / / 
doi .org/ 10 .3168/ jds .2019 -17092). Screening for known 
bacteriocin genes, including those encoding pediocin, 
enterocin, nisin, plantaricin, lactococcin A, and lacticin 
481, was conducted using the primers listed in Supple-
mental Table S1. The PCR were conducted using a 
total volume of 20 µL, containing 10 µL of Master 
Mix (GoTaq Green Master Mix, Promega, Madison, 
WI), 0.5 µL each of forward and reverse primers, 6 
µL of nuclease-free water, and 2 µL of DNA template 
using a thermal cycler (SimpliAmp Thermal Cycler, 
ThermoFisher Scientific, Waltham, MA). Afterward, 
PCR amplicons were purified using the Wizard SV Gel 
and PCR Clean-Up System (Promega), and sequenced 
using Z-BigDye Terminator v3.1 cycle sequencing kit 
(Applied Biosystems, Foster City, CA). Raw data were 
generated using an ABI Genetic Analyzer (Applied 
Biosystems), before data assembly using with SeqMan 
version 7.0 (DNAStar Inc., Madison, WI). Sequence 
data were further compared with that in the National 
Center for Biotechnology Information (NCBI) Gen-
Bank database, using BLAST (https: / / www .ncbi .nlm 
.nih .gov/ genbank/ ) for the final identification of the 
LAB strains followed by the submission of sequence.

Safety Analysis of Probiotic Strains

We assessed the hemolytic activities of LAB strains 
showing antagonistic activity during initial screening by 
the presence of α/α (a small zone of greenish–brown-
ish discoloration of the medium, indicating reduction 
of hemoglobin to methemoglobin), β/β (clear, colorless 
or light yellow zone surrounding the colonies depicting 
total lysis of red blood cells), and γ/γ (with no change 
observed in the medium) hemolysis following the pro-
tocol of Maragkoudakis et al. (2006). In the antibiotic 
susceptibility test, we examined promising screened and 

characterized LAB isolates using the agar disc diffusion 
method (Bauer et al., 1966). Twelve antibiotics were 
tested (Hi-Media): penicillin G (2 units), ceftriaxone 
(30 µg), ampicillin (25 µg), vancomycin (30 µg), oxacil-
lin (1 µg), streptomycin (10 µg), chloramphenicol (30 
µg), gentamicin (10 µg), erythromycin (10 µg), tetra-
cycline (10 µg), novobiocin (30 µg), and ciprofloxacin 
(10 µg). Isolates were categorized as sensitive (≥21 
mm), intermediate (16–20 mm), or resistant (≤15 mm) 
(Liasi et al., 2009). The multiple antibiotics resistance 
(MAR) index was determined for each probiotic strain 
as previously described by Ngwai et al. (2011).

Statistical Analysis

All measurements were repeated independently in 
triplicate, and results are expressed as mean ± stan-
dard deviation. Statistical comparisons were made 
when applicable using GraphPad Prism version 5.0 for 
Windows (GraphPad Software, San Diego, CA). Dif-
ferences were considered statistically significant at P 
< 0.05.

RESULTS

A total of 63 isolates from cow (34) and goat (29) 
milk samples showed typical morphological characteris-
tics of LAB, being gram-positive bacilli and cocci, cata-
lase- and coagulase-negative, and nonmotile (Sharpe, 
1979). These isolates were identified and used to select-
ing prominent strains based on probiotic properties, 
molecular identification and associated bacteriocins, 
production of antagonistic substances, and safety.

Probiotic Properties of LAB Strains

Antagonistic Activity. Of the 63 LAB isolates 
examined for antagonistic activity against 6 pathogens 
tested, only 13 (7 and 6 from cow and goat milk sam-
ples, respectively) inhibited these pathogens at varying 
degrees (Table 1). Maximum zones of inhibition were 
exhibited against E. coli by LAB strains from both cow 
and goat milk samples ranging from moderate (16–20 
mm) to high (>21 mm). Cow and goat milk isolates 
showed low (11–15 mm) to moderate (16–20 mm) an-
tagonistic activities against Salmonella Typhimurium 
and E. faecalis. Isolates C2, C3, C4, and C16 (from 
cow milk) and G5, G9, G10, and G12 (from goat milk) 
were found to have higher antagonistic activity against 
pathogens. The agar spot assay confirmed the inhibi-
tory activities of the 13 selected isolates against all the 
pathogens tested at different degrees (Supplemental 
Table S2; https: / / doi .org/ 10 .3168/ jds .2019 -17092). 
Although inhibition of these pathogens by the LAB iso-
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lates is strain specific, LAB strains C4, C16, C18, G1, 
G9, and G12 showed greater activity mainly against E. 
coli. Activity against L. monocytogenes (by LAB strains 
from cow milk), E. faecalis, and Salmonella Enteritidis 
(by LAB strains from goat milk) was the least recorded.

Survivability in Simulated Gastric Juice, Bile 
Salts, and Phenol. The effect of simulated gastric 
juice (with and without lysozyme) at pH 2.0 on LAB 
isolates is presented in Figure 1. Isolates C7 and C11 
failed to survive in simulated gastric juice with lyso-
zyme at pH 2.0 after 60 and 90 min of incubation, and 
only one isolate from goat milk (G12) was unable to 
survive in the same simulated environment after 90 min 
of incubation. The LAB strains C3, C4, C16, C18, C19, 
G1, G5, G7, G9, and G10 were selected for subsequent 
screenings.

The LAB strains that survived simulated gastric juice 
with lysozyme were also able to show bile salt tolerance 
at varying degrees (P > 0.05), with values ranging from 
8.919 ± 0.051 to 9.162 ± 0.193 log10 cfu/mL. Neverthe-
less, LAB strains C19 and G5 were observed to have 
lower microbial counts than other strains examined 
after 6 h of incubation (Table 2).

The effect of increased phenol concentration (0.1–
0.4%) on the growth of LAB isolates is shown in Figure 
2. Although all isolates tolerated phenol at 0.1 and 
0.2%, we detected a difference (P < 0.05) in the viabil-
ity of isolates at 0.3 and 0.4% phenol. Only 4 isolates 
(C3, C16, G9, and G10) were able to tolerate 0.4% 
phenol, so they were selected for the next examination.

Adherence Properties of LAB Strains. All of 
the examined LAB strains adhered to epithelial cells 
while increasing steadily in total viable counts from 
2.2 to >4.5 log cfu/cm3 from 0 to 90 min (Figure 3). 

Additionally, we assessed the ability of LAB strains to 
competitively adhere to chicken ileum epithelial cells 
while excluding pathogens. The LAB strains from cow 
milk showed the highest ability to competitively ex-
clude pathogens while adhering to ileum cells, with a 
difference (P < 0.001) in survival ranging from 5.02 
± 0.03 to 5.25 ± 0.10 log cfu/cm3 and with patho-
gen viable counts between 2.61 ± 0.17 and 4.14 ± 
0.17 log cfu/cm3 after 90 min. Survival of goat milk 
strains ranged from 3.89 ± 0.11 to 3.20 ± 14 log cfu/
cm3 and pathogen viability was between 3.31 ± 0.01 
and 2.75 ± 0.08 log cfu/cm3. Nevertheless, Salmonella 
Typhimurium slightly outgrew LAB strain G10, albeit 
not significantly (P > 0.05; Figure 4).

Aggregative Potential and Hydrophobicity. The 
results showing auto- and co-aggregation abilities of all 
the LAB strains examined are shown in Table 3. The 
auto-aggregation of the LAB strains was between 38.5 
± 13.44 and 54.50 ± 7.78%. The highest percentage of 
auto-aggregation (54.50 ± 7.78) was observed in strain 
C3 from cow milk; strains G9 and G10 showed relative-
ly high auto-aggregation ability but did not differ (P 
> 0.05) from that of the other LAB strains examined.

For co-aggregation ability with pathogens, LAB 
strain C3 showed significant (P < 0.013) co-aggregation 
ability with all tested pathogens: 96.78 ± 2.91, 93.44 
± 0.98, 92.08 ± 2.96, 89.23 ± 0.26, 80.79 ± 2.53, and 
78.51 ± 0.73% for E. coli, E. faecalis, E. coli O157: H7, 
Salmonella Typhimurium, Salmonella Enteritidis, and 
L. monocytogenes, respectively. Strain C16 exhibited 
significant (P < 0.032) co-aggregation ability with all 
pathogens except Salmonella Enteritidis. Nevertheless, 
compared with cow milk, all strains from goat milk 
showed less co-aggregation against pathogens, with the 
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Table 1. Antagonistic activity of potential probiotic strains from cow (C) and goat (G) milk samples against pathogenic bacteria by agar well 
diffusion technique

Strain

Zone of inhibition1 (mm)

Escherichia 
coli

E. coli 
O157:H7

Enterococcus 
faecalis

Salmonella 
Typhimurium

Salmonella 
Enteritidis

Listeria 
monocytogenes

C3 +++ +++ ++ ++ ++ ++
C4 +++ ++ ++ ++ ++ ++
C7 +++ ++ + + + +
C11 +++ ++ + + + +
C16 +++ ++ + + + ++
C18 +++ ++ + + + +
C19 +++ ++ + + + +
G1 +++ + + + + ++
G5 +++ ++ + ++ + +
G7 +++ + + + + ++
G9 +++ + + + + +
G10 ++ + + + ++ +
G12 +++ ++ + ++ ++ ++
1Results of independent experiments (n = 3) of inhibition halos, indicating low, + (11–15 mm), moderate, ++ (15–20 mm), and high inhibition, 
+++ (>21 mm).
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lowest co-aggregation ability ranging between 8.03 ± 
2.93 and 33.19 ± 7.01% expressed by isolate G9. We 
observed a difference (P < 0.05) among all LAB isolates 
to the tested pathogens, except Salmonella Enteritidis 
and L. monocytogenes, where only C3, G9, G10, C3, 
C16, and G9 differed.

The cell surface hydrophobicity of the LAB strains 
examined is shown in Supplemental Figure S1 (https: / 
/ doi .org/ 10 .3168/ jds .2019 -17092). Hydrophobicity was 
highest in isolate C3 followed by G9, C16, and G10 
with 53.0, 50.50, 36.0, and 28.5%, respectively. The 
mean values obtained did not differ (P > 0.05).

α-Glucosidase Inhibitory Activity of LAB 
Strains. The α-glucosidase inhibitory activity of the 
LAB probiotic strains is shown in Supplemental Fig-
ure S2 (https: / / doi .org/ 10 .3168/ jds .2019 -17092), with 
values ranging from 12.88 to 30.50%. The LAB pro-
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Figure 1. Survival of lactic acid bacteria strains isolated from cow (C) and goat (G) milks in simulated gastric juice with (■) and without 
(●) lysozyme, pH 2.0. Data are means of triplicate experiments, and error bars indicate SD. *P < 0.05: values are significantly different.

Table 2. Viability of cow (C) and goat (G) milk lactic acid bacterial 
strains (log10 cfu/mL) after 0, 3, and 6 h of incubation in 0.3% bile 
salt1

Strain

0.3% bile salt

0 h 3 h 6 h

C3 8.96 ± 0.06 8.97 ± 0.03 8.96 ± 0.08
C4 8.92 ± 0.05 8.94 ± 0.04 9.00 ± 0.01
C16 9.03 ± 0.19 8.89 ± 0.01 8.90 ± 0.01
C18 8.88 ± 0.06 8.87 ± 0.07 8.89 ± 0.05
C19 8.88 ± 0.01 8.86 ± 0.01 8.19 ± 0.01
G1 8.89 ± 0.07 8.92 ± 0.04 8.99 ± 0.06
G5 8.89 ± 0.04 8.87 ± 0.062 8.02 ± 0.00
G7 9.15 ± 0.22 9.06 ± 0.09 8.95 ± 0.08
G9 9.02 ± 0.17 9.21 ± 0.12 9.03 ± 0.17
G10 9.09 ± 0.24 9.08 ± 0.27 9.08 ± 0.27
1Values are means ± SD of duplicate experiments. Values did not differ 
significantly (P > 0.05).
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biotic strains from goat milk had considerably higher 
inhibitory activities than those obtained from cow milk. 
We detected a difference (P < 0.05) between all tested 
strains and the positive control.

Characterization of LAB Antimicrobial Sub-
stances. Table 4 shows the substances (bacteriocin, 
hydrogen peroxide, and organic acid) responsible for 
the inhibitory ability of pathogens by LAB strains. Un-
treated and heat treated (100°C) CFS of LAB strains 
showed wide zones of pathogen growth inhibition, indi-
cating that substances secreted by these LAB (that are 
responsible for their antimicrobial activity) were not 
heat sensitive. Nevertheless, we detected reduced (C16) 
or complete loss of (C3, G9, and G10) antimicrobial 
activity by neutralized (pH 7) CFS of LAB cultures 
(Table 4). These results indicated that acid produc-
tion contributed greatly to the inhibitory effect of these 
LAB isolates and the effects of bacteriocins, as seen 
in some strains. Catalase-treated supernatants of LAB 
strains had no effect on inhibitory activities of the 4 
LAB strains examined, indicating that microbial in-
hibitory activity by these LAB strains was not a result 
of hydrogen peroxide production.

Molecular Characterization of LAB Strains  
and Bacteriocin

Before molecular identification, we carried out bio-
chemical identification of the LAB strains by using API 
50 CHL, which identified isolates C3, C16, G9, and 

G10 as L. paracasei ssp. paracasei, L. plantarum, Pedio-
coccus pentosaceus, and P. pentosaceus, respectively 
(Supplemental Table S3; https: / / doi .org/ 10 .3168/ jds 
.2019 -17092). Potential LAB strains were identified 
by 16S rRNA amplification and sequencing. The 16S 
rRNA sequences obtained were searched by BLAST 
and deposited in NCBI GenBank under accession 
numbers MK953801 to MK953804. Compared with the 
biochemical results, the 4 LAB isolates were identi-
fied as L. casei strain C3, L. plantarum strain C16, 
L. fermentum strain G9, and L. paracasei strain G10 
(Supplemental Table S3). Of the 4 bacteriocin genes 
screened using PCR, only LAB strain C16 was positive 
for the bacteriocin plantaricin gene (428 bp). Further-
more, we performed a BLAST search of the plantaricin 
sequence (GenBank accession no. MN478004) for strain 
C16, showing that it contained the 2-peptide bacterio-
cin plantaricin EF.

Safety Aspects of Isolates

To be safe for use, probiotic strains must be nonhe-
molytic. We ensured that the selected probiotic strains 
were nonhemolytic and safe for application as probiot-
ics. The susceptibility profile of all the LAB isolates 
to commonly used antibiotics (n = 12) was assessed 
(Supplemental Table S4; https: / / doi .org/ 10 .3168/ jds 
.2019 -17092). We found that 100% of isolates showed 
resistance to oxacillin, 75% of isolates were resistant to 
vancomycin and streptomycin, and 50% were resistant 
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Figure 2. Tolerance to 0.10, 0.20, 0.30, and 0.40% phenol by lactic acid bacteria strains from cow (C) and goat (G) milk. The data are the 
means of triplicate experiments, and error bars indicate SD. *P < 0.05: values are significantly different.
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to erythromycin and chloramphenicol. Furthermore, 
75% of the isolates were susceptible to ampicillin and 
50% were also susceptible to erythromycin, novobiocin, 
and tetracycline. Supplemental Table S4 shows the dis-
tribution of resistant phenotypes of antibiotic-resistant 
LAB strains from cow and goat milks. Four different re-
sistant phenotypes were expressed by the isolates, with 
the shortest being oxacillin-vancomycin-ciprofloxacin 
(G9) and the longest erythromycin-oxacillin-vancomy-
cin-chloramphenicol-streptomycin-tetracycline-oxacillin 
(C3). Generally, isolates from cow milk were more 
resistant to antibiotics than those from goat milk. The 
MAR indices of LAB strains showed that all were above 
the threshold limit (0.2). Isolates from cow milk had 
the highest MAR indices of 0.58 and 0.42 and isolates 
from goat milk had the lowest indices of 0.25 and 0.33 
(Supplemental Table S5; https: / / doi .org/ 10 .3168/ jds 
.2019 -17092).

DISCUSSION

Over the years, LAB from different sources, including 
GIT of animals as well as traditional fermented foods 
and dairy products, have been screened for potential 
probiotic properties. The LAB isolated in this study 
were from indigenous cow and goat milks and were 

characterized and evaluated for probiotic properties. A 
comparative evaluation of LAB from these 2 sources has 
not been previously reported; in-depth characterization 
of microbiota in Bangladesh is not often carried out. 
Because we wanted to characterize LAB strains only by 
enriching and isolating strains from raw milk samples, 
we used MRS medium (Sharifi Yazdi et al., 2017).

One of the crucial properties for all potential probi-
otic strains is their antimicrobial activity. In this study, 
the LAB strains showed different degrees of antago-
nistic activity against the tested indicator pathogens. 
Wider zones of inhibition were recorded against E. coli 
by LAB strains from both cow and goat milk, whereas 
moderate activity was recorded against Salmonella 
Typhimurium and E. faecalis. The broad spectrum of 
antagonistic activity against both gram-negative and 
gram-positive pathogens exhibited by the LAB strains 
examined here agrees with findings of other researchers 
(Liasi et al., 2009; Grosu-Tudor et al., 2014; Setyaward-
ani et al., 2014; Jose et al., 2015). However, Anas et al. 
(2008) reported a higher degree of antagonistic activity 
against gram-positive pathogens than against gram-
negative counterparts by strains of LAB. Nevertheless, 
de Almeida Junior et al. (2015) reported no relation-
ship between the degree of LAB antagonistic activity 
and Gram status of pathogens tested. The agar well dif-
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Figure 3. Adherence of lactic acid bacteria strains from cow (C) and goat (G) milk to poultry ileum epithelial cells. Data are the means of 
triplicate experiments, and error bars indicate SD. *P < 0.05: values are significantly different.
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fusion and agar spot tests used for the determination of 
antagonistic activity in this study gave similar results 
against all pathogens tested. Nevertheless, because of 
the specificity of the agar spot test, LAB strains that 
showed moderate inhibition to pathogens by agar well 
diffusion yielded no or weak inhibitory activity when 

examined by agar spot test. This finding supports that 
of Armas et al. (2017), who reported antimicrobial ac-
tivities of LAB strain against an array of pathogens 
using the agar spot assay. Antimicrobial compounds 
including bacteriocins, organic acids (e.g., acetic, lac-
tic, propionic, succinic acids), short-chain fatty acids, 
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Figure 4. Competitive adherence of lactic acid bacteria strains and pathogens to poultry ileum epithelial cell. The data are the means of 
triplicate experiments. *P < 0.05: values are significantly different. Each box shows the viable count; midline shows the mean. E. = Escherichia; 
S. = Salmonella.
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hydrogen peroxide, and other low-molecular-weight 
substances produced by LAB are responsible for their 
antimicrobial activity (Grosu-Tudor et al., 2014). Gän-
zle et al. (1999) previously reported that the acidic GIT 
microenvironment further enhances the antimicrobial 
potency of these compounds secreted by LAB.

In this study, 3 LAB isolates (C11, C7, and G12) 
failed to survive in simulated gastric juice with lyso-
zyme at pH 2 after 90 min of incubation. As such, they 
were discontinued from subsequent evaluation. The pH 
of gastric juice is approximately 3.0 and a pH of 2.0 
is usually used in vitro to simulate an extreme GIT 
condition (Tsai et al., 2005). The ability of potential 
LAB probiotic strains to tolerate an acidic environment 

is important not only in overcoming GIT stresses, but 
also serves as a major requirement for their application 
as dietary supplements, enabling them to survive lon-
ger in acidic environments and still be effective when 
ingested (Prasad et al., 1998).

Probiotics are expected to pass through the GIT 
and survive the presence of bile salts and acidic gastric 
juice while exerting their beneficial effects. From this 
study, all the LAB strains that previously survived the 
simulated gastric juice environment with lysozyme were 
also able to survive 0.3% bile salt, with strains from 
goat milk showing higher viable counts after 6 h of 
incubation. These results concurred with the findings of 
Mathara et al. (2008), who reported that LAB strains 
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Table 3. Aggregation abilities of potential probiotic strains from cow (C) and goat (G) milk1

Strain
Auto-aggregation 

(%)

Co-aggregation (%)

Escherichia 
coli

E. coli 
O157:H7

Enterococcus 
faecalis

Salmonella 
Typhimurium

Salmonella 
Enteritidis

Listeria 
monocytogenes

C3 54.50 ± 7.78 96.78 ± 2.91* 92.08 ± 2.96* 93.44 ± 0.98* 89.23 ± 0.26* 80.79 ± 2.53* 78.51 ± 0.73*
C16 38.5 ± 13.44 84.65 ± 6.43* 85.10 ± 0.01* 83.19 ± 3.25* 88.9 ± 4.41* 58.93 ± 1.52 90.39 ± 0.50*
G9 41.5 ± 6.39 15.45 ± 0.62* 8.03 ± 2.93* 11.75 ± 4.61* 5.96 ± 1.21* 33.19 ± 7.01* 12.20 ± 0.01*
G10 45.5 ± 0.71 35.40 ± 1.36* 34.03 ± 0.16* 62.64 ± 1.95 35.97 ± 0.09* 30.16 ± 0.22* 59.96 ± 0.06
1Data are mean ± SD from triplicate experiments.
*P < 0.05. Values obtained were compared against each of the LAB strains examined per each pathogen tested.

Table 4. Characterization of lactic acid bacteria antimicrobial substances

Treatment  Indicator strain

Inhibition zone1

C3 C16 G9 G10

Untreated Escherichia coli +++ +++ +++ +++
 E. coli O157:H7 +++ +++ ++ +++
 Enterococcus faecalis +++ ++ ++ ++
 Salmonella Typhimurium ++ ++ ++ +
 Salmonella Enteritidis ++ ++ ++ ++
 Listeria monocytogenes ++ ++ + +++
Neutralized E. coli – ++ – –
 E. coli O157:H7 – ++ – –
 E. faecalis – + – –
 Salmonella Typhimurium – ++ – –
 Salmonella Enteritidis – + – –
 L. monocytogenes – + – –
Heat treated E. coli +++ +++ +++ +++
 E. coli O157:H7 +++ +++ ++ +++
 E. faecalis +++ ++ ++ ++
 Salmonella Typhimurium ++ ++ ++ +
 Salmonella Enteritidis ++ ++ ++ ++
 L. monocytogenes ++ ++ + +++
Catalase treated E. coli +++ +++ +++ +++
 E. coli O157:H7 +++ +++ ++ +++
 E. faecalis +++ ++ ++ ++
 Salmonella Typhimurium ++ ++ ++ +
 Salmonella Enteritidis ++ ++ ++ ++
 L. monocytogenes ++ ++ + +++
1Symbols show zones of inhibition: –, no inhibition; +, weak (<14 mm); ++, good (15–19 mm); +++, strong 
(>20 mm).
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from milk were tolerant to bile salts at 0.1 to 0.5%. The 
ability of LAB from different sources to tolerate bile 
salt have been previously reported (Tang et al., 2018).

During digestion, phenol, a toxic metabolite with 
bacteriostatic properties, is secreted in the GIT (Sus-
kovic et al., 1997). Thus, potential LAB probiotic 
strains must be able to withstand the effect of phenol 
to exert their optimal beneficial effects on their host. 
The selected LAB strains were able to tolerate 0.4% 
phenol. Shehata et al. (2016) previously observed toler-
ance of LAB strains to 0.4% phenol to varying degrees.

The ability of potential probiotic strains to adhere 
to intestinal cells is regarded as an essential criterion 
for probiotic selection (Collado et al., 2006). The LAB 
probiotic strains selected in this study were able to 
adhere to epithelial cells, with cell counts between 3.5 
and 5.5 cfu/cm2 after 90 min of incubation. Our results 
agree with the findings of Collado et al. (2006) and 
Setyawardani et al. (2014), who reported the adhesion 
ability of LAB to intestinal cells. One of the beneficial 
effects of LAB adhesion to intestinal cells is their abil-
ity to inhibit pathogen adhesion and growth in GIT 
cells (Kos et al., 2003).

It is expected that potential probiotic strains can 
adhere to GIT cells and competitively exclude or 
inhibit pathogens that may cause harm to the host. 
All our LAB strains were able to significantly inhibit 
the pathogens tested at varying degrees while adher-
ing to chicken ileum epithelial cells. Although in vitro 
pathogen inhibition by LAB is often reported, their 
ability to inhibit pathogens in vivo is very critical. 
Probiotics are administered orally and must be able 
to colonize and competitively exclude pathogens in the 
GIT (Neal-McKinney et al., 2012). Adhesion of LAB is 
a multiplex phenomenon initiating with contact with 
host enterocytes followed by diverse surface interac-
tions (Kos et al., 2003). Most LAB produce cell surface 
proteins that, among other functions, help the bacteria 
bind to the epithelium of the GIT. This further enables 
immunoregulation by LAB, which is also relevant in 
the removal of pathogens (Cunningham-Rundles et al., 
2000).

We further examined our potential probiotic strains 
for cell-binding properties; that is, autoaggregation and 
co-aggregation. These 2 properties must be considered 
when selecting potential probiotic strains. Autoaggrega-
tion (aggregation between the same microbial strains) 
and co-aggregation (aggregation between different mi-
crobial strains) support bacterial adhesion to epithelial 
cells of the host GIT and the prevention of pathogen 
colonization (Del Re et al., 2000). The autoaggregation 
of the LAB examined ranged from 41.5 ± 6.39 to 54.50 
± 7.78%. All potential probiotic strains should have 
autoaggregation exceeding 40% (Del Re et al., 2000). 

Autoaggregation also supports biofilm formation by 
LAB, which further promotes colonization (Rickard et 
al., 2003). The LAB isolates examined in this study 
showed strain-specific co-aggregation ability with the 
pathogens tested and high co-aggregation ability was 
exhibited by LAB strains from cow milk. Auto- and 
co-aggregation abilities of LAB show discrepant results 
in the literature; LAB strains isolated from milk in 
previous studies showed low (Espeche et al., 2009) or 
no autoaggregation (Espeche et al., 2012). Al Kassaa et 
al. (2014) and Puniya et al. (2016) reported high auto-
aggregation (30.0 to 76.0% and 48.0 to 73.0% respec-
tively), and Xu et al. (2009) reported high auto- and 
co-aggregation abilities of LAB strains with different 
foodborne pathogens.

The physicochemical characterization of LAB cell 
surface was conducted. Bacterial affinity to solvent (n-
hexadecane) was used to determine the hydrophobic-
ity of potential LAB probiotic strains to predict their 
colonization abilities (Dias et al., 2013). Evaluating cell 
surface hydrophobicity of potential probiotic strains is a 
vital feature indicating the adherence potential of such 
strains to epithelial cells of the host GIT (Sadishkumar 
and Jeevaratnam, 2017). The relatively high hydropho-
bicity recorded showed that our LAB strains have good 
binding properties, and should exert sufficient barrier 
function in the host when ingested as probiotics.

Although α-glucosidase inhibitory activity is strain 
specific, LAB strains from goat milk showed higher 
activity than strains from cow milk. This activity could 
result from a LAB’s ability to produce exopolysac-
charides (Ramchandran and Shah, 2009). These LAB 
strains could reduce the absorption of intestinal carbo-
hydrates, thus acting as antidiabetic strains when used 
in humans.

When the pH of the supernatants from our LAB 
strains was adjusted to 7.0, all strains lost their anti-
microbial activity against the tested pathogens except 
strain C16, which showed weak activity against E. 
faecalis, Salmonella Enteritidis, and L. monocytogenes, 
and moderate activity against E. coli, E. coli O157: 
H7, and Salmonella Typhimurium. These results sug-
gest that antimicrobial inhibition by other LAB strains 
was mainly due to the production of acidic substances. 
Similarly, Tsai et al. (2004) and Todorov (2008) re-
ported a complete loss of antagonistic activity by LAB 
against tested pathogens after neutralizing the super-
natant. Furthermore, our study revealed that hydrogen 
peroxide was not responsible for antagonistic activity 
by the selected LAB strains. There was no effect when 
the supernatants of our LAB were treated with cata-
lase. From our study, organic acids and low-molecular-
weight substances were mainly responsible for the 
antimicrobial activity by the LAB strains examined.
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Promising potential LAB probiotic strains were bio-
chemically identified using API 50 CHL and molecu-
larly using 16S rRNA sequencing, which is more precise 
and accurate. Using 16S universal primers, genomic 
DNA from LAB strains was amplified, sequenced, and 
identified, with a PCR product of approximately 1,500 
bp. The sequences of LAB strains aligned with the 16S 
DNA sequences obtained from GenBank. The 4 LAB 
isolates (C3, C16, G9, and G10, respectively) were 
identified as L. casei, L. plantarum, L. fermentum, and 
L. paracasei.

The presence of the 2-peptide bacteriocin plantaricin 
EF in strain C16 (L. plantarum) was consistent with 
the fact that the strain’s antimicrobial activity may 
result from secretion of the bacteriocin plantaricin. 
Furthermore, although most bacteriocin-producing 
LAB strains are not antagonistic against gram-negative 
pathogens, our findings revealed that L. plantarum 
C16, which produced plantaricin, did show antagonis-
tic activity against gram-negative pathogens. This is 
in agreement with findings of other researchers (Mu-
hammad et al., 2019). The antimicrobial mechanism 
of this specific bacteriocin appears to be its ability to 
form pores in the cell membrane of its targets, caus-
ing efflux of small molecules, which further dissipates 
the transmembrane pH gradient (ΔpH) and electrical 
potential (ΔΨ; Zhang et al., 2016). However, it has 
been reported that lactic acid secreted by LAB strains 
disrupts the outer membrane of gram-negative bacte-
ria (Alakomi et al., 2000). Neutralization of the acid 
reduced the bacteriocinogenic activity of L. plantarum 
C16 (Table 4), although it retained antagonistic activ-
ity probably because of its anti-parallel localizing po-
tential to both the inner and outer parts of the target 
cell membrane (Ekblad et al., 2016). Over the years, 
new bacteriocins secreted by strains of LAB have been 
identified and characterized, showing a wide range of 
antimicrobial activity against gram-positive and gram-
negative pathogens (Kim et al., 2015). Although other 
strains were negative for the other 5 bacteriocin genes 
examined using PCR, they may harbor other classes 
of bacteriocin genes not investigated in this study or 
new bacteriocin genes that are yet to be identified and 
classified.

Out of the 4 LAB strains identified by API 50 CH 
and 16S rRNA sequencing, only the identification 
results of 2 strains: C3 (L. casei) and C16 (L. plan-
tarum) were consistent. The other 2 strains, G9 and 
G10, showed inconsistencies. Sakaridis et al. (2012) and 
García-Hernández et al. (2016) reported similar dis-
parities between API 50 CH and 16S rRNA sequencing. 
Also, the fermentation patterns of L. reuteri 100-23 was 
identified as L. fermentum (96.6% confidence) with the 
API 50 CH identification system, whereas L. salivarius 

UCC43321 was identified as L. paracasei ssp. paracasei 
(58.1% confidence; Chagnaud et al., 2001). Generally, 
phylogenetically related LAB yield similar fermentation 
profiles, which further shows how inadequate biochemi-
cal methods are for accurate identification (de Vries 
et al., 2006). Our results confirm the accuracy of 16S 
rRNA sequencing in the identification of LAB as sug-
gested previously (Balcázar et al., 2007).

Susceptibility to an array of commonly used human 
and veterinary antibiotics should be assessed for all po-
tential probiotic strains. This procedure is essential in 
detecting potential probiotic strains with transferable 
antibiotic resistance genes, which may be detrimental 
to the host. The LAB strains examined showed vary-
ing degree of resistance toward some antibiotic; strains 
from cow milk were resistant to ceftriaxone, ampicillin, 
erythromycin, oxacillin, vancomycin, chloramphenicol, 
streptomycin, tetracycline, and gentamicin, whereas 
strains from goat milk were resistant to erythromycin, 
oxacillin, vancomycin, ciprofloxacin, and streptomycin. 
Instances of antibiotic resistance were low in LAB 
strains from goat milk compared with those from cow 
milk. In literature, strains of lactobacilli are generally 
resistant to β-lactam antibiotics (including ceftriax-
one, ampicillin, oxacillin) as a result of the presence of 
β-lactamase in such strains (Hoque et al., 2010; Jose et 
al., 2015). Similarly, aminoglycoside (gentamycin and 
streptomycin) and glycopeptide (vancomycin) resis-
tance have been reported in LAB, which is associated 
(in most cases) with their innate resistance resulting 
from the impermeability of their membrane, presum-
ably through a resistance efflux mechanism (Liasi et 
al., 2009). In addition, the cytochrome-mediated elec-
tron transport responsible for the uptake of drugs is 
absent in most LAB (Monteagudo-Mera et al., 2012). 
Natural resistance to ciprofloxacin as obtained in our 
work has also been reported by Tang et al. (2018). 
Some strains of LAB contain genes that are resistant 
to chloramphenicol (Sharma et al., 2014; Choi et al., 
2018). In agreement with the reports of Sharma et al. 
and Choi et al., we also observed resistance to chloram-
phenicol by some strains of LAB. In addition, resistance 
to tetracycline was consistent with findings of Kim et 
al. (2015), congruent with most commercial probiotics 
(Sharma et al., 2014).

Source and geographical location of LAB are also 
factors that determine antibiotic susceptibility patterns 
of potential probiotic strains (Al Kassaa et al., 2014; 
Anandharaj and Sivasankari, 2014). The strain-specific 
molecular basis of intrinsic antibiotic resistance by 
most LAB strains requires further in-depth study. The 
intrinsic resistance of probiotic strains promotes both 
therapeutic and preventive benefits when administered 
together with antibiotics, as intestinal microbiota 
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recovery becomes facilitated (Jose et al., 2015). The 
MAR indices recorded for LAB strains from cow milk 
show that these strains were obtained from an environ-
ment where there is misuse of antibiotics. Furtula et 
al. (2013) reported that a MAR index >0.2 indicates 
strains from an environment with free access to and 
abuse of antimicrobial agents. This is the case within 
the study area, where livestock keepers use antibiotics 
on their animals without restriction.

Regarding the safety of potential probiotic strains, it 
is expected that microbial probiotic strains should be 
unable to lyse red blood cells when ingested by humans 
or animals. Like most LAB strains (Santini et al., 2010), 
the 4 selected probiotic strains were all nonhemolytic 
and thus are safe for use.

CONCLUSIONS

In this study, 63 LAB strains were isolated from 
indigenous cow and goat milks in Bangladesh; only 4 
of the strains met requirements for probiotics, as evalu-
ated by broad-spectrum antagonistic activity against 
pathogens, competitive exclusion of pathogens, surviv-
ability in simulated gastric juice with lysozyme (pH 2), 
and good cell surface properties. Out of the 4 strains 
identified by 16S rRNA sequencing (L. casei C3, L. 
plantarum C16, L. fermentum G9 and L. paracasei 
G10), only L. plantarum C16 harbored bacteriocin, 
which was sequenced to be a 2-peptide plantaricin EF. 
The suitable properties exhibited by these LAB strains 
make them ideal potential probiotics, especially the 
plantaricin-producing strain, which could be used in 
vivo or in combination with other strains in a multispe-
cies probiotic for greater effectiveness.
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Abstract

Background: Probiotics are live microorganisms that, when administered in adequate amounts, confer a health
benefit on the host, are now accepted as suitable alternatives to antibiotics in the control of animal infections and
improving animal production. Lactic acid bacteria (LAB) with remarkable functional properties have been evaluated
in different studies as possible probiotic candidates. The purpose of this study was to isolate, characterize and
assess the potentials of LAB from poultry gastrointestinal tract as potential poultry probiotics.

Results: Potential LAB probiotics were isolated from broilers, characterized and evaluated for probiotic properties
including antagonistic activity (against Escherichia coli, E. coli O157: H7, Enterococcus faecalis, Salmonella
Typhimurium, S. Enteritidis and Listeria monocytogenes), survivability in simulated gastric juice, tolerance to phenol
and bile salts, adhesion to ileum epithelial cells, auto and co-aggregation, hydrophobicity, α–glucosidase inhibitory
activity, and antibiotic susceptibility tests. Most promising LAB strains with excellent probiotic potentials were
identified by API 50 CHL and 16S rRNA sequencing as Lactobacillus reuteri I2, Pediococcus acidilactici I5, P. acidilactici
I8, P. acidilactici c3, P. pentosaceus I13, and Enterococcus faecium c14. They inhibited all the pathogens tested with
zones of inhibition ranging from 12.5 ± 0.71 to 20 ± 0mm, and competitively excluded (P < 0.05) the pathogens
examined while adhering to ileum epithelial cells with viable counts of 3.0 to 6.0 Log CFU/ml. The selected LAB
strains also showed significant (P < 0.005) auto and co-aggregation abilities with α-glucosidase inhibitory activity
ranging from 12.5 to 92.0%. The antibiotic susceptibility test showed 100.00% resistance of the LAB strains to
oxacillin, with multiple antibiotic resistance indices above 0.5.

Conclusion: The selected LAB strains are ideal probiotic candidates which can be applied in the field for the
improvement of poultry performance and control of pathogens in poultry, hence curtailing further transmission to
humans.

Keywords: Probiotics, Lactic acid bacteria, Antagonistic activity, Poultry

Background
Over the last decades, increased attention has been given
by researchers on the health benefits of microbial species
inhabiting animals including humans. The reason is that
intestinal microbiota is believed to be the largest bacter-
ial reservoir in animals [1]. These beneficial microbial
strains collectively referred to as probiotics are known to
be “live microorganisms that, when administered in ad-
equate amounts, confer a health benefit on the host” [2].

Therefore, the application of native strains of lactic
acid bacteria (LAB) as animals’ probiotics could provide
most suitable substitute for the control and prevention
of animals’ diseases [3]. LAB including species of Entero-
coccus, Lactobacillus, Pediococcus, Streptococcus, Lacto-
coccus, Vagococcus, Leuconostoc, Oenococcus, Weissella,
Carnobacterium and Tetragenococcus are natural micro-
flora of both humans and animals GIT [4, 5]. They have
been reported to possess a broad spectrum of beneficial
and health promoting properties which dramatically in-
fluences the host microbial intestinal balance and gen-
eral performance [6, 7]. Although the effectiveness of
LAB strains used as probiotics are species and/or strains
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dependent, they must nevertheless meet all the necessary
criteria needed for acceptability as probiotics as earlier
described [8].
Feed supplementation with different types of antibi-

otics used as growth promoters and therapeutic agents
for enhancing poultry’s performance is a widespread
practice in Bangladesh and most countries. Conse-
quently, with the resultant public health concerns in-
cluding the emergence and spread of antibiotic-resistant
strains of bacteria, and the presence of low concentra-
tions of antibiotics in broiler meat, antibiotic supple-
mentation has raised serious concerns lately [9].
Furthermore, regulatory pressures over the years have
limited the application of antibiotics in poultry and live-
stock production mostly in developed countries [10].
The continuous growing demand for organic farming

and the reduction of antimicrobial usage in food-
producing animals obviously necessitate the intense
search for novel alternatives, including new probiotic
strains with more effective properties most especially in
curtailing diseases and improving production. Presently,
different commercial probiotic products marketed glo-
bally are available for poultry. Nevertheless, some of
them may not be highly potent due to insufficient exam-
ination of the specific beneficial properties of the pro-
biotic strains formulated in the product [11]. Moreover,
most manufacturers lack the patience to conduct an in-
depth study of each strain to ascertain its full probiotic
potentials before commercializing as most industries are
after profits maximization with minimal expense.
Currently, poultry production is increasing in develop-

ing countries including Bangladesh [12]. With the pres-
sure placed on antibiotics in poultry production and its
consequent public health dangers, there is an increasing
demand for poultry probiotics in Bangladesh. Unfortu-
nately, available commercial probiotics marketed are
readily imported, with huge fortunes expended. As such,
this research will unravel novel LAB strains with best
probiotic properties which will be used in poultry and
subsequently formulated for large-scale industrial pro-
duction and commercialized for poultry farmers in and
outside Bangladesh. Therefore, this study was designed
to isolate, characterize, and assess LAB strains with opti-
mal probiotic properties from broilers GIT for supple-
mentation as poultry probiotics.

Results
The criteria for identifying and selecting the most prom-
ising LAB probiotic strains to be used as poultry probio-
tics are shown in Fig. 1.

Isolation of LAB
In total, 57 LAB strains were isolated from the GIT of
apparently healthy broiler chickens (with 35 and 22 from

the intestine and crop respectively) based on their typical
morphological appearance (small pinpointed and creamy
white colonies), Gram-positive, catalase and coagulase-
negative and non-motile, coccus and rod-shaped charac-
teristics [13].

Antagonistic activity
Agar well diffusion method
Antagonistic activity against 6 indicator strains (patho-
gens) including Escherichia coli ATCC 10536, E. coli
O157: H7 ATCC 43894, Enterococus faecalis ATCC
51299, Salmonella Typhimurium ATCC 14028, S. Enter-
itidis ATCC 13098 and Listeria monocytogenes ATCC
19113 was tested with the 57 LAB isolates. Using the
agar well diffusion assay, 18 LAB isolates (9 each from
both intestine and crop) displayed inhibition activities
against all the pathogens tested at different degrees
(Table 1). Wider zones of inhibition were exhibited by
LAB isolates against E. coli ranging between 17 ± 0 to
20.0 ± 0mm while the least zones of inhibition ranging
from 12.5 ± 0.71 to 17 ± 0mm as revealed from this
study were recorded against S. Enteritidis. Furthermore,
LAB isolates from the intestines showed wider inhibition
zones against indicator pathogens examined.

Agar spot test
As in the agar well diffusion assay, only 18 LAB isolates
inhibited all the pathogens, with zones of inhibition ran-
ging from 1 to 4.0 mm (with the exception of LAB strain
c13, which showed no activity to E. coli O157: H7 and E.
faecalis). Although, pathogen inhibition by the LAB
strains is strain and pathogen specific, LAB strains iso-
lated from the intestine showed greater activity against
the tested pathogens than the LAB strains isolated from
the crop. Also, LAB strains examined showed wider in-
hibition zones against E. coli, L. monocytogenes and E.
faecalis than against S. Enteritidis respectively (Table 2).
LAB isolates that failed to show antimicrobial activity
against the pathogens examined were immediately dis-
continued from preceding evaluation.

Safety of LAB probiotic strains
LAB Haemolytic ability
Three (3) out of the 18 LAB isolates examined for
haemolytic activity were β-haemolytic and so were
screened out of the subsequent screening for probiotic
properties, as they are not considered safe. As such, only
15 LAB isolates (7 and 8 from intestine and crop) were
used for subsequent assays (Fig. 1).

Bile salt tolerance
All the 15 LAB isolates (7 and 8 from intestine and crop)
tested show good tolerance to 0.3% bile salt after 6 h of ex-
posure. No statistical difference (P > 0.05) in the LAB

Reuben et al. BMC Microbiology          (2019) 19:253 Page 2 of 20



strains viability after 3 and 6 h of incubation. Furthermore,
the range of intestine LAB strains viability (Log10 CFU
ml− 1) after 6 h incubation was between 8.925 ± 0.055 to
9.245 ± 0.077 while 8.847 ± 0.048 to 9.131 ± 0.029 was re-
corded for LAB strains from the crop (Table 3).

Simulated gastric juice survivability with and without
lysozyme (pH 2)
LAB isolates survivability in simulated gastric juice with
lysozyme at pH 2.0 was examined. After 90 min exposure
to the simulated environment, only 6 LAB strains iso-
lated from the intestine were able to survive with vi-
able counts > 2.0 CFU/ml. There were significant
differences (P < 0.05) in the viability of LAB strains I1,
I2 and I13 with the control after 90 min of incuba-
tion. Also, only 5 of the LAB strains isolated from
crop were able to survive the simulated environment
after 90 min of incubation, with viable counts > 3.0
CFU/ml. LAB strains c1, c9, c13 and c14 showed

significant differences (P < 0.05) in their viability with
the control after 90 min of incubation while c3
showed no difference (P > 0.05) with the control
(Fig. 2).

Adhesion of LAB strains to chicken ileum epithelial cells
The ability of LAB Strains to adhere to chicken ileum
epithelial cells was assessed. All the LAB strains adhere
to the epithelial cells with a gradual increase in their via-
bility count from time 0 to 90min of incubation. Mul-
tiple comparison test of the adherence capability shows
a statistically significant difference (P < 0.05) between the
LAB strains viability counts after 30, 60 and 90 min in-
cubation (Fig. 3).

Phenol tolerance
The result of the LAB isolates tolerance to 0.1–0.4%
phenol concentration is shown in Fig. 4. Only 6 (4 and 2
from intestine and crop) LAB isolates were able to

Fig. 1 Strain selection flow chart by phenotypic and genotypic methods. Strains without desired probiotics properties were excluded from
subsequent examination. LAB: lactic acid bacteria
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tolerate 0.4% phenol with OD values > 1.000. The viabil-
ity of all the LAB isolates examined differ significantly
(P < 0.05) with respect to phenol concentration.

Temperature and NaCl tolerance
All the LAB isolates grew optimally at 37 °C after 24 h
incubation (Fig. 1). Nevertheless, at 4 °C and 55 °C
growths were drastically reduced for all the isolates ex-
amined. Furthermore, all the LAB isolates tolerated in-
creasing NaCl concentration to 6.5% with OD > 0.500
except isolate c14 with OD of 0.310. Also, at 10.0%
NaCl, there was very weak growth of all the isolates ran-
ging from 0.115 to 0.177.

Competitive adherence of LAB strains and pathogens to
ileum cells
The ability of LAB Strains to competitively adhere to
chicken ileum epithelial cells while excluding patho-
gens was assessed. LAB strains from intestine were
able to adhere to ileum cells while successfully ex-
cluding all the pathogens tested. After 90 min incuba-
tion, there were significant differences (P < 0.05)
between the viable count of all the LAB strains and
the pathogens examined. Whereas the viable count of
the entire LAB strains examined ranges between
3.65 ± 0.11 to 4.63 ± 0.14 Log CFU/ml (except LAB
strain c3 which had 3.14 ± 0.14) after 90 min of

incubation, the viable count of all the pathogens was
between 2.30 ± 0.10 to 3.27 ± 0.06. The adhesion of all
LAB strains to the ileum epithelial cells differed sig-
nificantly (P < 0.05) from that of all the pathogens
after 90 min of incubation. Nevertheless, there was no
statistically significant difference (P < 0.05) between
the adhesion of LAB c3 with all the pathogens exam-
ined after 90 min of incubation (Fig. 5).

Cell surface characteristics
Auto-aggregation and co-aggregation ability
Table 4 shows the results of both auto-aggregation
and co-aggregation abilities of all the LAB strains
examined. The auto-aggregation of these isolates
ranged from 32 ± 5.66 to 56.5 ± 3.54%. The auto-
aggregation of LAB strains I5 and I13 differ signifi-
cantly (P < 0.05) from other strains respectively. Al-
though the co-aggregation abilities of these LAB
strains as revealed from this study is strain specific,
and also dependent on the pathogen tested, all the
LAB examined show co-aggregation abilities to all the
tested pathogens. Generally, the co-aggregation was
between 24.03 ± 0.04 (E. faecalis) to 83.6 ± 0.83% (L.
monocytogenes). The co-aggregation abilities of all the
LAB strains to E. coli O157: H7 differs significantly
(P < 0.05). Also, high co-aggregation abilities were

Table 1 Antagonistic activity of potential lactic acid bacteria (LAB) probiotic strains from broiler GIT against pathogenic bacteria by
agar well diffusion technique

Zone of inhibition (mm)

Strain Escherichia coli Escherichia coli O157: H7 Enterococcus faecalis Salmonella Typhimurium Salmonella Enteritidis Listeria monocytogenes

I1 19.5 ± 0.71 17 ± 0 16 ± 1.41 16 ± 0 15.5 ± 0.71 17 ± 1.41

I2 19 ± 1.41 17.5 ± 0.71 16.5 ± 0.71 15.5 ± 0.71 14.5 ± 0.71 16 ± 1.41

I4 19 ± 0 14.5 ± 0.71 16.5 ± 0.71 14.5 ± 0.71 15 ± 0 17 ± 0

I5 20 ± 0 16 ± 0 17 ± 1.41 17 ± 1.41 16 ± 0 19 ± 1.41

I6 18 ± 0 17 ± 0 16 ± 1.41 16.5 ± 2.12 17 ± 0 17.5 ± 4.95

I8 18.5 ± 0.71 15.5 ± 2.12 16 ± 1.41 17 ± 1.41 16 ± 0 20 ± 4.24

I9 17 ± 0 14.5 ± 0.71 17 ± 0 15.5 ± 0.71 14.5 ± 0.71 15.5 ± 3.54

I12 18.5 ± 0.71 15 ± 2.83 18.5 ± 0.71 16.5 ± 0.71 15.5 ± 0.71 17 ± 4.24

I13 19 ± 0 15.5 ± 0.71 17 ± 0 17 ± 0 15 ± 0 17.5 ± 0.71

c1 18.5 ± 2.12 14.5 ± 0.71 15.5 ± 0.71 15 ± 0 15.5 ± 0.71 14 ± 0

c2 18.5 ± 0.71 15 ± 1.41 15.5 ± 0.71 16 ± 1.41 15.5 ± 0.71 14.5 ± 0.71

c3 19.5 ± 0.71 14.5 ± 0.71 15 ± 0 14.5 ± 0.71 15.5 ± 0.71 14 ± 0

c5 18.5 ± 2.12 17 ± 1.41 17 ± 1.41 15 ± 0 14.5 ± 2.12 15.5 ± 2.12

c9 20 ± 0 14 ± 1.41 16 ± 1.41 17 ± 0 14.5 ± 0.71 15 ± 1.41

c12 17.5 ± 0.71 14 ± 1.4 16.5 ± 0.71 15.5 ± 0.71 15 ± 0 14 ± 0

c13 17 ± 1.41 11.5 ± 2.12 15.5 ± 2.12 16.5 ± 0.71 12.5 ± 0.71 14 ± 1.41

c14 17.5 ± 0.71 14 ± 1.41 17 ± 1.41 14.5 ± 0.71 14 ± 1.41 15 ± 0

c19 20 ± 0 13.5 ± 0.71 18 ± 1.41 13.5 ± 0.71 14.5 ± 0.71 15 ± 1.41

Data are mean values ± SD of independent experiments (n = 3)
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recorded for LAB strains I2 and c3 while I5 had the
least values.

Cell surface hydrophobicity
The results of the cell surface hydrophobicity of the LAB
strains examined is shown in Fig. 6. Although the mean
of the values of hydrophobicity obtained for the LAB
strains do not differ significantly (P > 0.05), isolates from
crop tend to have higher values (70.0 ± 2.84 to71.0 ±
8.48) than those from the intestine (with values ranging
from 40.5 ± 12.02 to 61.5 ± 3.54).

α–Glucosidase inhibitory activity of LAB strains The
α-glucosidase inhibitory activity results of potential LAB
probiotic strains is shown in Fig. 7, with values ranging
from 8.44 to 94.41%. All LAB probiotic strains from
both crop and intestine showed significant difference
(P < 0.05) when compared with the positive control.

Characterization of LAB antimicrobial substances
Potential LAB probiotic strains were characterized for
the production of inhibitory substances such as bacteri-
ocin, hydrogen peroxide and organic acid. Untreated
and heat treated (100 °C) CFS show wide zones of patho-
gens growth inhibition. The antimicrobial substances
produced by LAB strains examined were heat stable.
Nevertheless, there was reduced (for LAB strains I8 and

Table 3 Potential lactic acid bacteria (LAB) probiotic strains
viability (Log10 CFU ml− 1) after 0, 3 and 6 h incubation in 0.3%
bile salt

0.3% Bile Salt

Strains 0 h 3 h 6 h

I1 8.938 ± 0.088 8.914 ± 0.064 8.878 ± 0.012

I2 9.107 ± 0.122 9.094 ± 0.115 9.245 ± 0.077

I4 8.967 ± 0.083 9.160 ± 0.190 9.025 ± 0.017

I5 9.027 ± 0.199 9.031 ± 0.197 9.110 ± 0.014

I8 8.972 ± 0.075 8.911 ± 0.019 8.925 ± 0.055

I9 8.944 ± 0.066 8.934 ± 0.075 8.947 ± 0.069

I13 8.979 ± 0.035 8.986 ± 0.038 8.981 ± 0.045

c1 8.911 ± 0.019 9.037 ± 0.189 8.966 ± 0.066

c2 8.951 ± 0.074 8.916 ± 0.011 8.908 ± 0

c3 8.936 ± 0.078 8.895 ± 0.020 8.895 ± 0.012

c5 9.011 ± 0.015 9.033 ± 0.023 9.131 ± 0.029

c9 8.931 ± 0.032 8.914 ± 0.022 8.949 ± 0.007

c13 9.027 ± 0.199 8.869 ± 0.033 8.902 ± 0.038

c14 9.028 ± 0.154 9.082 ± 0.086 9.100 ± 0.066

c19 8.926 ± 0.141 8.905 ± 0.170 8.847 ± 0.048

Values are means of duplicate experiments; ± indicates standard deviation
from the mean. Values are not significant different (P > 0.05)

Table 2 Antagonistic activity of potential lactic acid bacteria (LAB) probiotic strains from poultry against pathogenic bacteria by agar
spot test

Inhibition ± SDa

Strain Escherichia coli Escherichia coli O157:H7 Enterococcus faecalis Salmonella Typhimurium Salmonella Enteritidis Listeria monocytogenes

I1 3 ± 0 3 ± 0 2.3 ± 0.6 2 ± 0 2 ± 0 2 ± 0

I2 3.3 ± 0.6 2 ± 0 2.5 ± 0.4 1.8 ± 0.2 1 ± 0 2 ± 0

I4 2 ± 0 1 ± 0 1.7 ± 0.7 1 ± 0 1 ± 0 2 ± 0

I5 4 ± 0 2 ± 0 3 ± 0.1 3 ± 0 2.1 ± 0.5 3 ± 1

I6 2 ± 0 2 ± 0 2.3 ± 0.7 2 ± 0 2 ± 0 2 ± 0

I8 3 ± 0.1 2 ± 0 2 ± 0.3 2 ± 1 2 ± 0 3 ± 0

I9 2 ± 0 1 ± 0.5 2 ± 0 1.5 ± 0.4 1 ± 0 1 ± 0

I12 1 ± 0 1 ± 1 1.7 ± 0.4 1.5 ± 0.1 1 ± 0 2 ± 0

I13 3.2 ± 0.5 2 ± 0 2 ± 1 2.7 ± 0.6 1.7 ± 0.2 2.3 ± 0.5

c1 2 ± 0.1 1 ± 0.7 1.7 ± 0.3 1.5 ± 0 1 ± 0.5 1 ± 0

c2 2 ± 0.5 1 ± 0 1 ± 0 1.3 ± 0.4 1 ± 0.2 1 ± 0

c3 3 ± 0.1 2 ± 0 2.1 ± 0.5 1 ± 0 2 ± 0 2 ± 0.3

c5 2.4 ± 1 2 ± 0.3 2 ± 0.8 1.3 ± 0.3 1 ± 0.1 2 ± 0.7

c9 3 ± 0 2 ± 1 2 ± 0 2 ± 0 1.7 ± 0.6 2 ± 0

c12 2 ± 0.2 1 ± 1 1.4 ± 0.3 1.5 ± 0.9 2 ± 0 2 ± 0.4

c13 2 ± 0.1 0 ± 0 1 ± 0 1 ± 0.8 1 ± 0.3 1 ± 0.2

c14 3 ± 0 1.7 ± 1 2 ± 0 1.3 ± 0.3 1 ± 0 1.4 ± 0.3

c19 4 ± 0 2 ± 0 2.7 ± 1 1 ± 0 1.6 ± 0.3 1 ± 1
aValues are expressed as the mean ± SD of triplicate independent experiments
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I13) and complete loss (for LAB strains I2, I5, c3 and c14)
of antimicrobial activity by neutralized (pH 7) CFS of LAB
cultures (Table 8). This indicated that acid production con-
tributed hugely to the inhibitory effect of these LAB isolates
and the effects of bacteriocins as seen in some strains. Fur-
thermore, supernatants that were heat treated did not also
affect pathogens inhibition. This implies that heat-labile
component produced by LAB strains were not responsible
for the inhibition of pathogens. Catalase treated superna-
tants of LAB strains showed no effect on the inhibitory ac-
tivities of the six LAB strains examined. This depicts that
microbial inhibitory activity by these LAB strains was not
as a result of the production of hydrogen peroxides.

Antibiotic susceptibility
The antibiotic susceptibility profile of the LAB isolates to
12 commonly used antibiotics was examined (Table 5).
Exactly, 100.00% resistance was shown by all the 6 LAB
isolates to oxacillin and 83.33% resistance by 5 isolates to
erythromycin, vancomycin, ciprofloxacin, streptomycin

and tetracycline. All the 6 isolates (100.00%) were suscep-
tible to penicillin, as 5 (83.33%) were susceptible to chlor-
amphenicol while 4 (66.67%) to ceftriaxone and ampicillin
respectively (Table 6). Four different resistant phenotypes
were expressed by these strains of LAB examined. Strains I2
and I5, and c3 and c14 showed the same resistant phenotype
consisting of Erythromycin-Oxacillin-Vancomycin-Cip-
rofloxacin-Streptomycin-Tetracyclin, and Ceftriaxone-
Erythromycin-Oxacillin-Vancomycin-Ciprofloxacin-Strepto-
mycin-Tetracyclin-Gentamycin while strain I8 and I13 also
expressed different resistant phenotypes comprising only
Oxacillin, and Erythromycin-Oxacillin-Vancomycin-Cipro-
floxacin-Streptomycin-Tetracyclin-Gentamycin respectively.
Generally, isolates from the crop were resistant to more anti-
biotics than those from the intestine. The multiple antibiotic
resistance (MAR) indexes of LAB strains examined all were
above 0.2 except for strain I8 with 0.08. The MAR of isolates
obtained from the crop was 0.67 while those of isolates ob-
tained from the intestine ranged between 0.5 to 0.58 respect-
ively (Table 7).

Fig. 2 Survival of lactic acid bacteria (LAB) strains from poultry crop in stimulated gastric juice pH 2.0. The data are the means of triplicate
experiments, and error bars indicate SD. *values are significantly different (P < 0.05). A-H are LAB strains examined
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Biochemical identification of LAB strains using API 50 CHL
The carbohydrates fermentation profile of all the LAB
strains were determined by API 50 CHL micro-
identification system8. The isolates showed varying re-
sults of their reaction with the 50 substrates tested. For
the identification of each LAB isolate examined, the re-
sults of their reactions were inputted into the apiweb™

Software version 5.0 (BioMèrieux, France, and the iden-
tity of each strain was obtained (Table 9).

Molecular identification of LAB strains
Potential LAB probiotics strains were identified using
the 16S rRNA sequencing. All the 6 LAB strains exam-
ined were positive with 1500 bp size after agarose gel

Fig. 4 Tolerance to 0.10, 0.20, 0.30 and 0.40% phenol by lactic acid bacteria (LAB) strains from poultry. The data are the means of triplicate
experiments, and error bars indicate standard deviations. *values are significantly different (P < 0.05)

Fig. 3 Adherence of poultry lactic acid bacteria (LAB) strains to poultry ileum epithelial cell. The data are the means of triplicate experiments, and
error bars indicate standard deviations. *values are significantly different (P < 0.05)
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electrophoresis of amplified PCR products (Fig. 8). The
16S rRNA sequences obtained were blasted and finally
deposited in GenBank (https://www.ncbi.nlm. nih.gov/
genbank/) under accession numbers (Table 8). Further-
more, Fig. 9 shows the Phylogenic tree based on 16S
rRNA gene sequences of potential LAB strains in rela-
tion to the isolates and type strains. The sequences of
LAB strains analyzed aligned with the 16S DNA se-
quences as obtained from the database of the Gen-Bank.
The 6 LAB isolates were identified as: Lactobacillus reu-
teri I2, P. acidilactici I5, P. acidilactici I8, P. pentosaceus
I13, P. acidilactici c3 and Enterococcus faecium c14.

Discussion
The application of probiotics in the poultry industry as
suitable alternative to antibiotics as well as for improving
the performance and productivity of birds have received

tremendous attention in recent years. Apart from
other beneficial properties of probiotics, sourcing pro-
biotic strains from their natural host is most pre-
ferred, as such microbial strains are already familiar
with the GIT, and can spontaneously proliferate and
express the desired beneficial effects better than
strains isolated from other sources. Therefore, the
need to develop host-specific probiotic for optimal health
benefits and livestock performance is imperative [14]. Fur-
thermore, direct evaluation of potential probiotics in vivo
is often expensive and time-consuming. Consequently,
in vitro evaluation as major criteria for probiotic selection
is to find the most efficient and suitable strain with opti-
mal beneficial properties. Also, grading the extent of
health and beneficial effect(s) expressed by specific poten-
tial probiotic strain in vivo can be very difficult and expen-
sive [15].

Fig. 5 Competitive adherence lactic acid bacteria (LAB) strains and pathogens to poultry ileum epithelial cell. The data are the means of triplicate
experiments, and error bars indicate standard deviations. *values are significantly different (P < 0.05). A-F are different LAB strains examined
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LAB strains were selectively isolated from broilers
using MRS medium with pH ranging between 6.4 ± 0.2 ̶
6.5 ± 0.2, and then evaluated towards their development
as poultry probiotics. The optimal pH for the growth of
LAB was reported to range between 6.2 ̶ 8.5 [16]. After
isolating 57 strains of LAB from the crop (35) and intes-
tine (22) of broilers as previously described [13], they
were subjected to various contemporary in vitro pro-
biotic properties evaluation and finally characterized
molecularly.
Infections by zoonotic and foodborne enteric patho-

gens cause high morbidity and mortality with significant
economic loss in the poultry industry [17]. Also, these
pathogens are often transmitted to humans either via oc-
cupational exposure or through the food chain, which is
of immense public health concern. Antimicrobial activity
against these pathogens is a major requirement of poten-
tial probiotics. Out of the 57 LAB strains examined, 18
(9 each from crop and intestine) showed broad-
spectrum antagonistic activity against the six pathogens

tested (Table 1). There was no discrepancy in the antag-
onistic activity shown against Gram negative and Gram
positive pathogens by our LAB strains, nevertheless, least
inhibitory zones were recorded against S. Enteritidis. In
agreement with our finding, Shin et al. [18], Taheri et al.
[19], Yaneisy et al. [20], Busayo et al. [21], and Olufemi
et al. [22] reported antagonistic activity against wide
spectrum of pathogens by LAB isolated from poultry.
Conversely, Kizerwetter-Swida and Binek [23] reported
higher antagonistic activity by strains of LAB against
Gram positive pathogens (including Clostridium perfrin-
gens and Staphylococcus aureus) than Gram-negative
pathogens (including E. coli and Salmonella). Neverthe-
less, no relationship between the degree of LAB antag-
onistic activity and Gram type of pathogens tested was
recorded from the finding of de Almeida Júnior et al.
[24]. Previously, Spanggaard et al. [25] stated that
pathogen antagonism by probiotics was the major influ-
ential factor hindering heterochthonous bacteria to es-
tablish in the GIT, and this indicates that a significant

Fig. 6 Adhesion of poultry lactic acid bacteria (LAB) strains to n- hexadecane. Results are expressed as mean ± SD of triplicate experiments. Values
without * are not significantly different (P > 0.05)

Table 4 Aggregation abilities of potential lactic acid bacteria (LAB) probiotic strains from poultry

Co-aggregation (%)

Strain Auto-aggregation (%) Escherichia coli Escherichia coli O157: H7 Enterococcus faecalis Salmonella
Typhimurium

Salmonella
Enteritidis

Listeria
monocytogenes

I2 52.50 ± 0.71 75.81 ± 0.98* 83.07 ± 0.08* 68.49 ± 0.6* 66.30 ± 0.39* 66.66 ± 1.0* 71.83 ± 1.82*

I5 32 ± 5.66* 42.46 ± 0.64* 49.04 ± 1.02* 44.01 ± 1.39 49.7 ± 0.59 38.78 ± 0.33 50.81 ± 0.37

I8 47 ± 0 62.38 ± 2.05* 65.45 ± 2.04* 53.82 ± 2.7* 53.76 ± 0.37* 42.75 ± 2.33 60.49 ± 0.04*

I13 56.5 ± 3.54* 53.92 ± 0.02 64.22 ± 0.02* 47.48 ± 0.5* 53.25 ± 1.13* 50.42 ± 1.9* 56.98 ± 2.79

c3 51 ± 0 71.03 ± 1.59* 33.4 ± 0.57* 64.26 ± 0.2* 78.51 ± 0.59* 68.02 ± 0.0* 83.6 ± 0.83*

c14 40.5 ± 3.54 60.01 ± 1.31* 46.68 ± 0.74* 24.03 ± 0.0* 45.46 ± 0.83* 36.16 ± 1.6* 48.03 ± 4.82

Data are mean ± SD of results from triplicate experiments. *values are significantly different (P < 0.05)
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contribution to the control pathogens is expected when
autochthonous microflora are used as probiotics. Simi-
larly, Jose et al. [26] found that LAB strains from animal
rumen inhibited the growth of pathogens better that
LAB strains from dairy sources. The specificity of the
agar spot test revealed less inhibition zones against path-
ogens that earlier had wider zones of inhibition as re-
corded from the agar well diffusion technique. This
agrees with the findings of Armas et al. [27] who re-
cently reported similar activities of LAB strain against
array of pathogens using the agar spot assay.
According to FAO [8] guidelines, microbial strains to

be used as probiotics are recommended to be safe in the
host. The selection and application of strains devoid of

haemolytic activity as probiotics, depicts their non-
virulent nature. Out of the LAB strain examined for
haemolytic activity, 16 were non-haemolytic, and so they
were selected for subsequent evaluation since they are
safe to use as probiotics. Similar results indicating that
majority of LAB strains are non-haemolytic have been
previously reported [22].

Table 6 Percentage of Antibiotic susceptibility of potential
lactic acid bacteria (LAB) probiotic strains from poultry

Susceptibility (n = 6)

R I S

Antibiotic No. (%) No. (%) No. (%)

Ceftriaxone 2 (33.33) 0 (0.00) 4 (66.67)

Ampicillin 0 (0.00) 2 (33.33) 4 (66.67)

Penicillin 0 (0.00) 0 (0.00) 6 (100.00)

Erythromycin 5 (83.33) 0 (0.00) 1 (16.67)

Oxacillin 6 (100.00) 0 (0.00) 0 (0.00)

Novobiocin 0 (0.00) 2 (33.33) 4 (66.67)

Vancomycin 5 (83.33) 0 (0.00) 1 (16.67)

Chloramphenicol 0 (0.00) 1 (16.67) 5 (83.33)

Ciprofloxacin 5 (83.33) 0 (0.00) 1 (16.67)

Streptomycin 5 (83.33) 1 (16.67) 0 (0.00)

Tetracycline 5 (83.33) 0 (0.00) 1 (16.67)

Gentamicin 3 (50.00) 2 (33.33) 1 (16.67)

R Resistant; I Intermediate; S Sensitive

Table 5 Antibiotic susceptibility profile of potential lactic acid
bacteria (LAB) probiotic strains from poultry

Antibiotic Susceptibilitya

Strain CTR AMP P E OX NV VA C CIP S TE GEN

I2 S S S R R I R S R R R I

I5 S S S R R S R S R R R I

I8 S S S S R S S S S I S S

I13 S S S R R S R I R R R R

c3 R I S R R I R S R R R R

c14 R I S R R S R S R R R R

CTR ceftriaxone, AMP ampicillin, P penicillin G, E erythromycin, OX oxacillin, NV
novobiocin, VA vancomycin, C chloramphenicol, CIP ciprofloxacin, S
streptomycin, TE tetracycline and GEN gentamicin
aR Resistance, S Sensitive and I Intermediate

Fig. 7 α-glucosidase inhibitory activity of lactic acid bacteria (LAB) strains from poultry. Data are expressed as mean expressed as mean ± SD from
3 independent experiments. *significant differences at P < 0.05
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The ability of potential probiotic strains to tolerate or
withstand intestinal bile salt is of immense importance
to their survival and growth in the GIT, as such, it is a
major requirement for probiotic selection [15]. In the
chicken GIT, the duodenum and cecum have a total bile
salt concentration of 0.175 and 0.008% [28]. However,
the average level of 0.3% bile salt has been considered in
many studies for bile salt tolerance of potential probiotic
LAB [20, 29]. In our studies, all the LAB strains exam-
ined were able to tolerate 0.3% bile salt after 6 h incuba-
tion (Table 3). This was expected since the LAB strains
originated from chicken. Similarly, all the LAB strains
isolated from chicken as reported by Shin et al. [18], and
Shokryazdan et al. [29] showed good tolerance to 0.3%
bile salts.
Apart from the ability of potential probiotics to toler-

ate bile salts, it is also expected that probiotics should be
able to tolerate the acidic environment of the GIT as
they pass through to colonize the gut of their host [30].
The secretion of gastric juice with an approximate pH of
2.0 causes the death of most exogenous microbes when

ingested into the GIT [31]. Out of the 15 LAB strains
evaluated, four (1 from crop and 3 from the intestine)
failed to survive in simulated gastric juice with lysozyme
(pH of 2.0), with no viable cells after 90 min of incuba-
tion (Fig. 2). LAB are known for their ability to tolerate
acidic pH [31]. Our finding corresponds with previous
studies who reported moderate to good survival of LAB
strains isolated from chicken to simulated gastric juice
with pH of 2.0 [1, 18, 20, 32]. Similarly, LAB strains in-
cluding L. pentosus and L. plantarum isolated from fer-
mented sausages were able to survive acidic
environment [33]. Generally, based on the time of feed-
ing, the age and kind of animal, gastric juice pH concen-
tration may vary from 2.0 to 3.5 [34]. Results obtained
from our study revealed that the survival of our potential
LAB probiotic strains in simulated gastric juice (pH of
2.0) is strain-specific. Furthermore, strains that were able
to survive this environment can also be able to transit
the harsh condition of chicken gut and attach to intes-
tinal cells while exerting beneficial effects.
Adherence to host’s intestinal cells is a major feature

required by probiotics strains for colonization [35].
Beneficial effects exerted by probiotics including anti-
microbial activities against pathogens, immune-
modulation, cholesterol lowering etc. are only possible
with strong adherence to the epithelial cells of the intes-
tine [29, 36]. All the LAB strains evaluated from this
study adhered to chicken ileum epithelial cells with a
gradual increase in their viability count time 0 to 90min
of incubation (Fig. 3). Nevertheless, strain c13 showed
the least adherence ability with viable cell count < 2.5
CFU/cm2, and so it was screened out from preceding
evaluation. Jose et al. [26] in their work reported better

Fig. 8 Agarose gel electrophoresis of PCR products after amplification of 16S rRNA; lane M, 1 kb Marker (PROMEGA, USA), lane PC, Positive control
(Lactobacillus casei ATCC 393), Lanes 1, 2, 3, 4, 5 and 6 are positive lactic acid bacteria (LAB) strains I2, I5, I8, I13, c3 and c14 at 1500 bp

Table 7 Multiple Antibiotic Resistance indices of potential lactic
acid bacteria (LAB) probiotic strains from poultry

Strain No. of Antibiotic Resistant MAR Indices

I2 6 0.5

I5 6 0.5

I8 1 0.08

I13 7 0.58

c3 8 0.67

c14 8 0.67

MAR Multiple antibiotic resistance
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adherence ability exhibited by LAB isolates from animal
rumen that dairy isolates. Also, our finding agrees with
Nitisinprasert et al. [37] and Setyawardani et al. [38],
who reported the adhesion abilities of LAB to intestinal
cells. During peristaltic flow and gut contraction, the ad-
hesion of LAB strains to chicken intestinal cells further
protects them from frequent removal [39].
Phenol is a microbial toxic metabolite secreted in the

GIT as a result of the deamination of some amino acids
[40]. It is expected that potential probiotics should be
able to tolerate the effect of phenol. With increasing
phenol concentration, LAB strains I1, I9, c1 and c9
poorly tolerated 0.4% phenol concentration with OD <
0.3 (Fig. 4), and so they were discontinued. At 0.4% con-
centration of phenol, Shehata et al. [41] previously ob-
served tolerance of LAB strains at varying degrees.
Findings from our study further revealed that all LAB

strain examined grew optimally at 37 °C after 24 h incu-
bation. At 4 °C and 55 °C the growth of LAB examined
was reduced. This finding is in agreement with previous
report [42]. Also, our LAB strains showed excellently
tolerance to 6.5% NaCl concentration but at 10.0% NaCl
weak growth of the strains was recorded. LAB from milk
and milk products, meats, chicken faeces etc. are able to
survive 1.0–9.0% NaCl [41, 43]. These results are desir-
able features from potential LAB probiotics which could
increase bacterial growth and production of beneficial
metabolites. Also, these traits exhibited by these LAB
strains are of industrial and technological relevance as
well as for preservation.
Apart from good adherence to intestinal cells, probio-

tics should most importantly have the ability to competi-
tively exclude or inhibit pathogens adhering to hosts’
intestinal cells. Although all the LAB strains examined
were able to significantly exclude all the pathogens
tested, there were variations in the degree of the patho-
gen exclusion by LAB isolates (Fig. 5). In agreement with
our finding, Kos et al. [44] and Dowarah et al. [14] re-
ported a lot of variation among LAB ability to compete
with pathogens when co-cultured. Although some pro-
biotics are administered orally, they should be able to
competitively exclude harmful organisms once they suc-
cessfully colonize the host intestinal cells. LAB adhesion
is a complex process initiated from the foremost bacter-
ial contact with the cell membrane of the host entero-
cytes followed by diverse surface interactions [44]. Most
LAB produce cell surface proteins which among other
functions aid the bacteria to bind with the epithelium of
the GIT. This further enables immunoregulation by LAB
which is also relevant in the removal of pathogens [36].
Furthermore, we examined LAB cell-binding abilities

that is, autoaggreation and coaggregation abilities. These
are 2 of the several factors involved in probiotics adhe-
sion in chicken intestinal cells [45]. Whereas

autoaggregation is an important requirement for the for-
mation of biofilm which further aid adhesion and
colonization of host intestinal cells by probiotics, coag-
gregation on the other hand enables probiotics to form
barrier that is effective in the prevention of enteric path-
ogens adhesion on intestinal cells [17]. The results of
autoaggregation abilities by LAB strains as recorded
from our study was between 32 ± 5.66 to 56.5 ± 3.54%
(Table 4). After determining the autoagrregation of 332
LAB strains from chickens, Taheri et al. [19] reported
that only 62 strains from cecum (18), ileum (22), and
crop (22) showed good autoaggregation abilities. Our
findings are in consonance with Puniya et al. [46] who
recorded LAB autoaggregation ranging between 30.0–
76.0% and 48–73.0% respectively. The coaggregation
abilities between the potential LAB probiotics and the 6
pathogens tested showed strain-and-pathogen specific
coaggregation abilities, ranging between 24.03 ± 0.04 (for
E. faecalis) to 83.6 ± 0.83% (for L. monocytogenes). Find-
ings from the work of Venkatasatyanarayana et al. [17]
reported 62.2 ± 1.03% and 35.5 ± 1.32% coaggregation
between L. plantarum to E. coli and L. monocytogenes.
Another major requirement to be considered when

selecting potential probiotic candidates is the strain sur-
face hydrophobicity. The hydrophobicity of probiotics
directly measures their adhesion abilities to cellular lines
of the enterocytes [47], which is a much-desired prop-
erty in probiotics. All the LAB strains examined show
good hydrophobicity abilities with values ranging from
40.0–70.0%, with strain from the crop showing higher
hydrophobicity ability (Fig. 6). On the basis of superior-
ity, hydrophobicity of 40.0% and above against hexade-
cane was the standard used by Pringsulaka et al. [48] in
the selection of LAB probiotics. Dowarah et al. [14], re-
corded 15–60.0% hydrophobicity of LAB strains from
pigs while Karimi et al. [49] and Yaneisy et al. [20], re-
corded hydrophobicity of between 3.6 ± 0.19–93.53 ±
3.10 and 30–71.10%, from LAB strains isolated from
poultry. Also, Ehrmann et al. [15] obtained high hydro-
phobicity among LAB strains isolated from poultry. Pre-
vious reports have shown that a correlation exists
between high hydrophobicity of LAB strains with their
attachment to intestinal mucosal and epithelial cells [2,
15, 19]. Due to the strong relationship between aggrega-
tion and hydrophobicity abilities of probiotics with their
adhesion to GIT epithelial cells, potential LAB probiotics
could be evaluated for these 2 characteristics instead of
mucus adhesion ability [19].
α-glucosidase inhibitory ability of potential probiotic

strains is a valuable functional property which we evalu-
ated in this study. Although α-glucosidase inhibitory activ-
ity is strain specific, LAB strain I13 from the intestine
showed the highest percentage (92.0) of activity while ac-
tivity by other strains ranged between 8.3 to 45.0% (Fig. 7).
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This activity could result from LAB ability to produce exo-
polysaccharides (EPS) [50]. These LAB strains could re-
duce the absorption of intestinal carbohydrates.
Antagonistic activity by LAB are sustained by the

secretion of different antimicrobial substances includ-
ing organic acids (lactic, acetic etc), bacteriocins, alco-
hols, hydrogen peroxide, antimicrobial peptide etc.
[17]. The substances responsible for the antagonistic
activity by most promising LAB probiotic strains se-
lected as revealed in our study were organic acid and
low molecular weight substances. When the pH of
the CFS was neutralized, all the LAB lost their antag-
onistic activity against the pathogens examined except
LAB strains I8 and I13 which showed weak and mod-
erate antagonistic activity against E. coli and E. faeca-
lis (by I8), and E. coli, E. coli O157: H7, E. faecalis, S.
Typhimurium and S. Enteritidis (by I13) (Table 8).
Similarly, Gusils et al. [51] reported the complete loss

of antagonistic activity by 100 LAB strains isolated
from GIT of pigs against pathogens when the pH of
CFS was neutralized. LAB strains from poultry also
lost their inhibitory action after pH neutralization
[49]. Lin and Pan [52] reported constant antimicrobial
activity within the pH range from 1.0 to 4.0 but
complete loss of activity at 5.0 to 11.0 pH. In the
same vein, Blajman et al. [1] reported no zones of in-
hibition against pathogen tested when the CFS of
LAB strains isolated from poultry were adjusted to
pH 6.5. Also, when the CFS from our LAB strains
were heated at 100 °C for 10 min, there was no loss
of antimicrobial activity, depicting that the sub-
stance(s) responsible for antimicrobial activity may
not be heat sensitive. Furthermore, our study revealed
that hydrogen peroxide was not responsible for antag-
onistic activity by the selected LAB strains as there
was no effect when the supernatants of our LAB were
treated with catalase. Our findings showed that the
antimicrobial activity by our LAB strains was as a re-
sult of the secretion of organic acids, bacteriocins or
other natural antimicrobial substances. The secretion
of bacteriocins by LAB is greatly influenced by
temperature, pH, time of incubation and some other
environmental factors [53]. Also, it has been reported
that optimum bacteriocin secretion is between the
pH 4 and 5. Bacteriocins secreted by strains of LAB
have attracted unprecedented increased attention in
the food industry, medical and veterinary medicine
due to their safety [32]. From the last few decades,
several new bacteriocins secreted by strains of LAB
have been identified, named and characterized [54].
The assessment of antimicrobial susceptibility profile

is a major criterion for potential probiotics evaluation.
Microbial strains to be considered as probiotics should
not serve as antibiotic resistance genes reservoir, which
may further be transferred to intestinal pathogens [17].
All the 6 (100.00%) LAB isolates were susceptible to
penicillin, 5 (83.33%) were susceptible to chlorampheni-
col while 4 (66.67%) were susceptible to ceftriaxone,
ampicillin, and novobiocin (Tables 5 and 6). Dowarah
et al. [14] also reported high susceptibility to penicillin,
ampicillin and chloramphenicol by LAB strains isolated
from pigs and poultry. Also, Puniya et al. [46], and Ana-
ndharaj and Sivasankari [55] showed ceftriaxone and no-
vobiocin susceptibility among LAB strains. It has also
been documented that lactobacilli are generally suscep-
tible to ampicillin [56]. Nevertheless, all the 6 (100.00%)
LAB strains examined were resistant to oxacillin, 5
(83.33%) were resistant to vancomycin, ciprofloxacin,
streptomycin, tetracycline while 3(50.00%) were resistant
to gentamicin. It has been reported in literature that
strains of LAB are resistant to β-lactam antibiotics in-
cluding oxacillin, because they harbor of β-lactamase

Table 8 The Effects of pH and heat treatment on antimicrobial
activity of potential lactic acid bacteria (LAB) probiotic strains

Treatment Indicator Strain Inhibition zone by

I2 I5 I8 I13 c3 c14

Untreated E. coli +++ +++ ++ ++ +++ ++

E. coli O157: H7 ++ ++ ++ ++ ++ ++

E. faecalis ++ ++ ++ ++ ++ ++

S. Typhimurium ++ ++ ++ ++ + +

S. Enteritidis + ++ ++ ++ ++ +

L. monocytogenes ++ ++ +++ ++ + ++

Neutralized E. coli ̶̶ ̶̶ + ++ ̶̶ ̶̶

E. coli O157: H7 ̶̶ ̶̶ ̶̶ + ̶̶ ̶̶

E. faecalis ̶̶ ̶̶ + ++ ̶̶ ̶̶

S. Typhimurium ̶̶ ̶̶ ̶̶ + ̶̶ ̶̶

S. Enteritidis ̶̶ ̶̶ ̶̶ + ̶̶ ̶̶

L. monocytogenes ̶̶ ̶̶ ̶̶ ̶̶ ̶̶ ̶̶

Heat treated E. coli ++ +++ ++ ++ +++ +++

E. coli O157: H7 ++ ++ ++ ++ ++ +++

E. faecalis ++ ++ ++ ++ ++ +++

S. Typhimurium ++ ++ ++ ++ + +++

S. Enteritidis + ++ ++ ++ ++ +++

L. monocytogenes ++ ++ +++ ++ ++ +++

Catalase treated E. coli +++ +++ ++ ++ +++ ++

E. coli O157: H7 ++ ++ ++ ++ ++ ++

E. faecalis ++ ++ ++ ++ ++ ++

S. Typhimurium ++ ++ ++ ++ + +

S. Enteritidis + ++ ++ ++ ++ +

L. monocytogenes ++ ++ +++ ++ + ++

Symbols show zones of inhibition (mm): ̶,̶ no inhibition; +, weak (< 14); ++,
good (15–19); +++, strong (> 20), Neutralized; supernatant treated with 6 N
NaOH to obtained a pH 7, heat treated; Supernatants boiled for 10 min,
Catalase treated; supernatant treated with 0.5 mg/ml catalase
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[26, 43]. Also, LAB have been reported to have intrin-
sic resistant to streptomycin and gentamicin, and
vancomycin which are aminoglycosides and glycopep-
tide [26]. This is as a result of their membrane im-
permeability. Similarly, high natural resistant to
ciprofloxacin as obtained in our work has also been
reported by Tang et al. [57]. Jose et al. [26] have pre-
viously reported tetracycline resistance from LAB
strains isolated from milk, animal rumen and most
commercial probiotics. The intrinsic antibiotic resist-
ance nature of LAB probiotics suggests their applica-
tion for both therapeutic and preventive purposes in
the treatment and control of intestinal infections es-
pecially when they are simultaneously administered
alongside antibiotics [58]. Also, the recovery of GIT
microflora can be enhanced such probiotics [46].
The high MAR indices recorded among LAB strains

isolated from poultry as recorded in our study show that
these strains were obtained from environment where
there is misuse of antibiotics. Indeed, this is the case
with the study area, where antibiotics are discriminately
used as feed additives in poultry. Furtula et al. [59] re-
ported that MAR index above 0.2 depicts that such
strain is obtained from environment with free access and
abuse of antimicrobial agents.
Results from both API 50 CHL and 16S rRNA se-

quencing shows inconsistencies except for Pediococcus
acidilactici (I8) and P. pentosaceus (I13) (Table 9).

Such inconsistencies were also recorded by Boyd
et al. [60] who opined that the identification of lacto-
bacilli using API 50 CHL database can lead to unin-
terpretable or misidentification results. Also, out of
the 7 LAB strains identified by both API 50 CHL and
16S rRNA sequencing, only 2 species L. salivarius
and P. acidilactici matched both identification systems
[61]. In some cases, commercial systems used for
identification often give correct identification of the
genus (as the case with LAB strain I2 in our study)
but not adequate enough to identify up to species
level. De Vries et al. (2006) further reported that
similar physiological profiles are often shown by
phylogenetically related LAB species, which makes it
inadequate to only rely on biochemical methods for
identification. Our results confirm the precision and
accuracy of 16S rRNA sequencing in the identification
of LAB as previously recommended [61].

Conclusion
In conclusion, 6 LAB strains from poultry were found to
possess suitable in vitro probiotic properties, including
broad spectrum of antimicrobial activity against zoonotic
and foodborne pathogens, good ability to competitively
exclude pathogens while adhering to chicken ileum epi-
thelial cells, high cell surface properties, survivability in
gastric juice (pH 2), and phenol and bile salt tolerance.
The six LAB strains identified by 16S rRNA sequencing to

Fig. 9 Phylogenic tree based on 16S rRNA gene sequences of potential lactic acid bacteria (LAB) strains in relation to the isolates and type
strains. The isolates sequenced in the study are depicted in bold font mentioning the accession number and the source of the samples within
bracket. Four strains are under the Pediococcus genus, one is Enterococcus faecium and another is Lactobacillus reuteri

Reuben et al. BMC Microbiology          (2019) 19:253 Page 14 of 20



be Lactobacillus reuteri BCS134 (I2), Pediococcus acidilac-
tici R76 (I5 and c3), Pediococcus acidilactici X1 (I8) Pedio-
coccus pentosaceus LAB2 (I13), and Enterococcus faecium
ISMMS VRE 2 (c14). These LAB strains are ideal pro-
biotic candidates which can be used in vivo for both bio-
control of intestinal pathogens and to increase poultry
performance.

Methods
Isolation and phenotypic characterization of LAB strains
LAB strains were isolated from the GIT (crop and in-
testine) of apparently healthy male and female broilers
from the poultry farms in Jashore, Bangladesh. Briefly,
the chickens were euthanized using overdose of iso-
flurane anesthesia followed by cervical dislocation
after which their crops and intestines were aseptically
removed, placed in sterile plastic bags, and immedi-
ately brought to the laboratory for microbial analysis.
All efforts were made to minimize suffering. This eu-
thanasia method was adopted for this study due to its
rapidity, efficacy, ease of use and operator safety.
Also, it does not have deleterious effects on the birds.
After removing the content of each section, 10 g of
each of the GIT section was aseptically removed and
enriched in de Man, Rogosa, Sharpe (MRS) broth (40
ml) (Hi-Media, India), homogenized and then inocu-
lated at 37 °C for 24 h with constant homogenous
shaking under aerobic conditions [26]. All the tubes
showing turbidity were selected and further inoculated
onto MRS agar (Hi-Media, India) plates and incu-
bated for 24-72 h at 37 °C under aerobic conditions.
Plates showing white and creamy colonies (presump-
tive for LAB) were selected, and individual colonies
purified through three successive transfers on MRS
medium.
The pure cultures were characterized as LAB by Gram

staining, cell morphology, catalase, and coagulase reac-
tion according to standard procedures [13]. Gram-
positive, and catalase and coagulase-negative isolates
were selected and stored at -20 °C in MRS broth plus

28% glycerol (El-Soda et al., 2003). The purified stocked
cultures were resuscitated by sub-culturing twice in
MRS broth before each use.

Antagonistic activity
Agar well diffusion assay
The antagonistic effect of the LAB isolates against
some pathogens was first determined by the agar well
diffusion technique [62]. The LAB isolates were cul-
tured in MRS broth at 37 °C overnight, and the tar-
geted pathogens were also pre-cultured under the
same conditions in Brain Heart Infusion (BHI) broth
(Liofilchem, Italy). Exactly 200 μL of the test patho-
gens (107 CFU/ml) was further spread onto the sur-
face Mueller Hinton Agar (Biomark Lab, India) plates.
Wells punctured into the inoculated plates were filled
with 100 μL cell-free supernatant (CFS) obtained by
centrifugation of LAB cultures at 6000 rpm for 10 min
(Boeco, Germany). The plates were incubated at 37 °C
for 24 h. Antagonistic activity of the LAB strains was
assessed in terms of the formation of inhibition zones
(mm) around the wells. This technique was conducted
in triplicate for each LAB isolate and the mean result
taken. The target pathogens tested were Escherichia
coli ATCC 10536, E. coli O157: H7 ATCC 43894,
Enterococus faecalis ATCC 51299, Salmonella Typhi-
murium ATCC 14028, S. Enteritidis ATCC 13098 and
Listeria monocytogenes ATCC 19113.

Agar spot test
The antagonistic activity of the LAB strains was also
conducted using the agar spot test as previously de-
scribed by Armas et al. [27]. Overnight cultures of
the target strains (pathogens) were diluted in BHI
broth with 1 ml of each diluted culture (approximately
106 CFU/ml) inoculated onto BHI agar plates. The ex-
cess culture was removed after 5 min of contact, and
plates were left to dry for 30 min. MRS broth con-
taining overnight cultures of the LAB strains to be
tested for antagonistic activity were centrifuged (10

Table 9 Species identification of potential lactic acid bacteria (LAB) Probiotic strains by API 50 CHL and 16S rRNA Sequencing

Identification by API 50 CHL Identification by 16S rRNA sequences

Isolate Source Strains %
Accuracy

Strains Sequence Accession
Number

Sequence Identity
%

I2 Intestine Lactobacillus paracasei ssp
paracasei 1

98.3 Lactobacillus reuteri strain I2 MK953805 99.65

I5 Intestine Lactococcus lactis ssp. lactis 1 96.9 Pediococcus acidilactici strain I5 MK953806 99.72

I8 Intestine Pediococcus acidilactici 99.9 Pediococcus acidilactici strain I8 MK953807 99.72

I13 Intestine Pediococcus pentosaceus 2 99.9 Pediococcus pentosaceus strain
I13

MK953808 99.44

c3 Crop Pediococcus pentosaceus 2 95.5 Pediococcus acidilactici strain c3 MK953809 99.87

c14 Crop Lactococcus lactis ssp. lactis 1 92.9 Enterococcus faecium strain c14 MK953804 98.06
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min at 15000 g), and 3 μl of CFSC of each LAB strain
was spotted on the pathogen inoculated agar surface
in triplicate. Plates were left for 5 min to absorb and
then incubated aerobically at 37 °C for 24 h. Clear in-
hibition zone > 1 mm around a spot was measured
and scored as positive.

Safety of LAB probiotic strains
Haemolytic activity assay
The method of Maragkoudakis et al. [63] was used to
determine the haemolytic activity of LAB isolates.
Overnight cultures of LAB isolates grown in MRS
broth were streaked onto blood agar base (Diagnostic
Pasteur, France) plates containing 5% (v/v) of sheep
blood and then incubated at 37 °C overnight. Haemo-
lytic activities of the strains were recorded by the
presence of Beta (β) haemolysis (indicated by a clear,
colourless/lightened yellow zone surrounding the
colonies depicting total lysis of RBC. Alpha (α) haem-
olysis (indicated by a small zone of greenish to
brownish discoloration of the media, depicting reduc-
tion of haemoglobin to methemoglobin which diffuses
around, and Gamma (ϒ) haemolysis (with no change
observed in the media).

Assessment of probiotic properties of LAB strains
Bile salt tolerance test
To assess the bile salt tolerance, overnight LAB cultures
were resuspended in sterile PBS (pH 7.2) after centrifu-
gation, and further adjusted to give 108 CFUml/L which
was added into fresh MRS broth containing 0.3% bile
salt (Merck KGaA, Germany) (w/v), and subsequently
incubated for 6 h. The viability of cells was determined
after 0, 3 and 6 h incubation by serial dilution and plat-
ing onto MRS agar [26].

Simulated gastric juice survivability test
Preparation of simulated gastric juice
As previously described by Corcoran et al [64], simu-
lated gastric juice was prepared with modifications. The
formulation was devoid of proteose peptone because it
may serve as free amino acid (L-glutamate,) source,
which may consequently enhance bacterial growth by
extruding protons from the cell.

Simulated gastric juice survivability test with and without
lysozyme (pH 2)
For each LAB strain, 1 ml of fresh culture was resus-
pended in an equal volume of PBS as earlier ex-
plained. Pelleted cells were then resuspended in 5 ml
volume of simulated gastric juice (with and without
lysozyme) and then incubated at 37 °C for 90 min
with constant stirring. At different time intervals of 0,
30, 60, and 90 min, samples were taken and serially

diluted in maximum-recovery diluent up to 10− 8, and
finally seeded on MRS agar plates, and incubated at
37 °C for 48 h [64].

Adhesion of LAB strains to chicken ileum epithelial cells
The LAB strains were tested for adherence to chicken
epithelial cells as previously described [37] with modi-
fications. The entire GIT was removed from chicken
immediately after slaughter from a local abattoir and
transported to the laboratory in the icebox. Gut con-
tents were removed aseptically, and ileal segments
were opened, repeatedly washed with PBS and held in
PBS at 40C for half an hour, to loosen the surface
mucus. The washed ileum was divided into four small
pieces (1cm2/1cm2), and each was incubated in cell
suspension of LAB strains (109 CFU/mL PSB) at 37°C
for 90 min. At 0, 30, 60, and 90 min time intervals,
samples were taken and screened for adherence. Non-
adherent bacteria were removed by gently washing of
incubated ileum with PSB, then macerated and finally,
serially diluted in a maximum-recovery diluent, and
subsequently plated onto MRS agar plates and incu-
bated at 37oC for 24 hrs.

Phenol tolerance test
Phenol tolerance ability of LAB strains was determined
by growing the strains in MRS broth containing increas-
ing concentration (0.1–0.4%) of phenol [43]. After
sterilization, each tube containing MRS broth with spe-
cific phenol concentration was inoculated with 1% (v/v)
of fresh overnight cultures of LAB strains and incubated
at 370C for 24 h. Strains viability was assessed by meas-
uring the absorbance by spectrophotometer (PG instru-
ments, UK) at 620 nm after incubation. The experiment
was repeated thrice.

Temperature and NaCl tolerance assay
Overnight LAB cultures (1% v/v) were inoculated into
MRS broth and incubated at different temperatures of
4, 25, 37, 45 and 55 °C respectively for 24 h. Their
growths were afterward determined by measuring
their turbidity using the spectrophotometer at 600
nm, and subsequently seeded on MRS agar plates and
incubated for 24 – 48 h at 37 °C. The appearance of
LAB colonies on MRS agar plates corresponded and
confirmed their growth in MRS broth [65]. Similarly,
overnight LAB cultures (1% v/v) were inoculated into
MRS broth containing increasing concentration of
NaCl (0.5, 2.0, 4.0, 6.5 and 10.0%) and incubated
overnight at 37 °C. Strains viability was assessed by
measuring the absorbance at 600 nm. The experiment
was carried out in triplicate.
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Competitive adherence of LAB strains and pathogens to
chicken ileum epithelial cells
Competitive pathogens exclusion is one of the primary
mechanisms used by LAB in GIT. A piece of chicken
ileum was prepared as previously described above and
suspended in equal volumes of individual LAB strain
and each pathogen (109 CFU/mL PSB) and then incu-
bated with at 37 °C for 90 min. Samples were taken and
screened for competitive adherence 0, 30, 60, and 90
min intervals. Non-adherent bacteria from each piece of
the incubated ileum was removed by gently washing
with PSB, and then marcerated and subsequnetly, seri-
ally diluted in maximum-recovery diluent. Each diluent
was plated onto MRS agar plates for LAB, MacConkey
agar (HiMedia, India) plates for both E. coli and E. coli
O157:H7 and Salmonella Shigella Agar (Liofilchem,
Italy) plates for S. Typhimurium and S. Enteritidis
respectively and incubated at 37 °C for 24 h for
enumeration.

Cell surface characteristics
Auto-aggregation assay
With some modifications, the method of Polak-Berecka
et al. [66] was used in determining the auto-aggregation
ability of LAB strains. LAB strains were pelleted in PBS
(pH 7.2) (as previously described), and adjusted to get
108 CFUml/L in the same solution. Exactly 5 mL of bac-
terial suspension was vortexed (Vision Scientific, Korea)
for 10 s, and the absorbance measured by the spectro-
photometer at 600 nm (ODi), and then incubated for 2 h
at 37 °C. The absorbance of the supernatant after 2 h of
incubation was then measured (OD2h). The auto-
aggregation coefficient (AC) was determined according
to the formula below:

ACt %ð Þ ¼ 1� OD2h=ODið Þ½ � X 100

Given : ODi ¼ initial optical density of the microbial suspension at 600nm

OD2h ¼ optical density of the microbial suspension at 600nm after 2h

Co-aggregation assay
Co-aggregation assay was conducted as previously de-
scribed [27, 66]. The LAB isolates grown in MRS broth
were harvested by centrifugation at 6000 x g for 15 min,
washed twice and resuspended with sterile PBS (pH 7.2)
and adjusted to 108 CFU ml/L in the same solution. An
equal volume, 2 ml of each isolate and each pathogen
cultures were mixed, vortexed and incubated for 2 h at
37 °C. Each control tubes contained 4 mL of each bac-
terial suspension (i.e., the probiotic strain and the patho-
gen). The absorbance of each mixed suspension was
then measured at 600 nm (ODmix) and compared to
those of the control tubes containing the probiotic strain

(ODstrain) and the specific pathogen (ODpathogen) at
2 h of incubation. co-aggregation was calculated using
the formula below:

Co−aggregation %ð Þ ¼ 1−ODmix= ODstrainþ ODpathogenð Þ=2½ �x100

LAB cell surface hydrophobicity assay
The cell surface hydrophobicity of LAB cells was
assayed according to the method described previously
by Abbasiliasi et al. [65]. Three tubes each containing 3
mL of each LAB strain cells suspension in PBS (pH 7.2)
at 108 CFU/mL were each mixed with n-hexadecane (1
mL) (a solvent) and then vortexed for 1 min. The mix-
ture was subsequently allowed to separate into two
phases by standing for 5–10 min. The OD (at 600 nm)
of the aqueous phase was measured with a spectropho-
tometer. Bacterial affinity to solvent (n-hexadecane)
(BATS) (hydrophobicity) was expressed using the equa-
tion below:

BATS %ð Þ ¼ 1−A10 min=A0 minð Þ x 100
Where, A10min is the absorbance at t = 10min, and

A0min is the absorbance at t = 0min.

α–Glucosidase inhibitory activity of LAB strains
With slight modifications, the procedure of Kim et al.
[50] was used to determine the inhibitory activity of
α–glucosidase by LAB strains. Overnight culture of
each LAB strain was centrifuged for 15 min at 4000×g
and resuspended in PBS (50 μl). Exactly 3 mM p-ni-
trophenol-αD-glucopyranoside (pNPG, 50 μL) and the
enzymatic reaction was allowed to proceed at 37°C
for 30 min and finally stopped by the addition of 50
μL of 0.1 M Na2CO3, and the absorption released of
Nitrophenol was measured at 405 nm using a micro-
plate reader. The formula; (1-A/B) x 100 was used to
calculate the inhibition of α-glucosidase activity of
LAB strains, where A was the absorbance of the reac-
tants with the sample, and B was the absorbance of
the reactants without the sample (negative control).
Acarbose was used as the standard reference (positive
control).

Characterization of LAB antimicrobial substances
LAB strains with probiotic potentials were selected and
further tested for the production antimicrobial sub-
stance, mainly bacteriocins, organic acids and hydrogen
peroxides using the agar well diffusion technique as pre-
viously described [67] with modifications. Overnight cul-
tures of LAB grown in MRS broth were centrifuged at
6000 g for 10 min, and the supernatants were collected
and divided into four treatments: one was heat treated
(boiled) for 10 min, the second was neutralized to pH 7
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with 6 N NaOH (Fisher), the third was treated with 0.5
mg/ml catalase (Hi-media) and the fourth was untreated.
These supernatants were subsequently filter sterilized
(0.22 μm), and 100 μl was placed into wells bored in agar
plates inoculated with 1% (v/v) overnight cultures of in-
dicator pathogens as previously listed. The plates were
further incubated at 37 °C overnight, and diameter of in-
hibition zones were measured (mm).

Antibiotic susceptibility test
The LAB isolates were examined for antimicrobial sus-
ceptibility, using the agar disc diffusion method [68].
The LAB strains to be tested were grown in fresh MRS
broth at 37 °C overnight. The bacterial suspensions were
matched to McFarland’s standard 2 (108 CFU/mL) and
subsequently spread onto the surface of the MRS agar
plates using a sterile cotton swab. Commercially avail-
able antibiotic discs (Hi-Media, Mumbai) including peni-
cillin G (2 units), ceftriaxone (30 μg), ampicillin (25 μg),
vancomycin (30 μg), oxacillin (μg), streptomycin (10 μg),
chloramphenicol (30 μg), gentamicin (10 μg), erythro-
mycin (10 μg), tetracycline (10 μg), novobiocin (30 μg)
and ciprofloxacin (10 μg) were aseptically placed on the
surface of the dried inoculated agar plates, and then in-
cubated for 24 h at 37 °C. Clear zones of microbial
growth inhibition around each antibiotic were measured
using a transparent ruler after 24 h incubation. Isolates
were categorized as sensitive (≥21mm), intermediate
(16–20mm), or resistant (≤ 15mm) as previously
assessed [65].

Biochemical identification of LAB strains using API 50 CHL
The carbohydrate fermentation profiles of most prom-
ising LAB probiotic strains were investigated using
API 50 CH strips and API CHL medium according to
the manufacturer’s instruction (API system, BioMèr-
ieux, France). Overnight cultures of LAB grown in
MRS broth were pelleted after washing twice with
sterile PBS, and were re-suspended in API 50 CHL
medium, using sterile pipettes. With subsequent mix-
ing, the homogenized cells suspension were trans-
ferred into each of the 50 wells on the API 50 CH
strips. The strips were covered as recommended and
incubated at 30°C. Changes in color were monitored
after 24 and 48 hrs of incubation. Results were repre-
sented by a positive sign (+) while a negative sign (−)
was designated for no change. The apiweb™ Software
version 5.0 (BioMèrieux, France) was used according
to manufacturer’s instruction in the interpretation of
the results.

Molecular identification by 16S rRNA sequencing
The molecular identification of LAB strains was con-
ducted by 16S rRNA amplification, sequencing and

analysis, using the universal forward and reverse primers
27F: AGAGTTTGATCMTGGCTCAG and 1492R:
TACGGCTACCTTGTTACGACTT with 1500 bp prod-
uct [29]. PCR reactions were conducted using a total
volume of 20 μl, containing 10 μl of NZYTaq 2× Green
Master Mix, 0.5 μl each of forward and reverse primers,
6 μl of DNase free water and 2 μl of DNA template. The
amplification protocol of Shokryazdan et al. [29] was
adopted for this study. After amplification, 10 μl of PCR
products were analyzed for electrophoresis and then
visualizaed by transillumination under UV light using
ImageMaster (Pharmacia Biotech, UK). The PCR prod-
ucts with 1.5 kb as the expected size were purified and
sequenced. The sequence data obtined were further
compared with the database in the Genbank using the
basic local alignment search tool (BLAST) fot the final
idetification of the LAB strains.

Statistical analysis
All measurements were repeated independently in tripli-
cate, and results were expressed as mean ± standard de-
viation (SD). Data obtained were statistically analysed
using GraphPad Prism version 5.0 for Windows (Graph-
Pad Software, San Diego, CA, USA). One-way analysis of
variance was used to study significant difference between
means, with significance level at P < 0.05. Duncan’s mul-
tiple ranges or t-student test was used, when necessary,
to discriminate differences between means. Differences
were considered statistically significant at p < 0.05.
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 Introduction

Water is one major and essential need of all humans,

as such, it should be readily accessible, safe and ade-

quately supply to all. Unfortunately, high populations of

people globally do not have access to purified water

sources, thereby constituting a grave sanitation conse-

quence. The impact of poor hygiene and sanitation as a

result of the consumption of unsafe water results in an

estimated 3.2 percent death globally [1]. It is highly per-

tinent to note that in most developing countries, the

majority of people have inadequate access to safe water

in spite of the United Nations effort in improving water

quality [2]. It is of significant importance also to note

that there is a direct relationship between disease burden

and water quality. As such, global disease burden can be

reduced by approximately 4 percent by improving water

quality [1]. Globally, it is suggested that waterborne

diseases have an estimated economic cost of nearly $12

billion annually while about $1 billion is annually spent

in the United States alone [3]. 

In nature, microorganisms rarely exist as planktonic

or free-living cells. They are largely found in enclosed

matrix, forming complex communities [4]. Despite this,

most of the biofilm research has extensively focused on

in vitro mono-cultures biofilm formation [5]. Only more

In the aquatic environment, microorganisms are predominantly organized as biofilms. Biofilms are formed

by the aggregation of microbial cells and are surrounded by a matrix of extracellular polymeric substances

(EPS) secreted by the microbial cells. Biofilms are attached to various surfaces, such as the living tissues,

indwelling medical devices, and piping of the industrial potable water system. Biofilms formed from a sin-

gle species has been extensively studied. However, there is an increased research focus on multispecies bio-

films in recent years. It is important to assess the microbial mechanisms underlying the regulation of

multispecies biofilm formation to determine the drinking water microbial composition. These mechanisms

contribute to the predominance of the best-adapted species in an aquatic environment. This review focuses

on the interactions in the multispecies biofilms, such as coaggregation, co-metabolism, cross-species pro-

tection, jamming of quorum sensing, lateral gene transfer, synergism, and antagonism. Further, this review

explores the dynamics and the factors favoring biofilm formation and pathogen transmission within the

drinking water distribution systems. The understanding of the physiology and biodiversity of microbial

species in the biofilm may aid in the development of novel biofilm control and drinking water disinfection

processes. 
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recently has the focus been moved toward the under-

standing of microbial diversity and interaction in the

natural environment. Furthermore, the increased dis-

coveries of the unique metabolic capabilities of microbial

communities have drawn more interest to microbial life-

style in natural ecosystems [4]. This has unraveled

emergent microbial properties not previously detected in

free-living cells.

Microorganisms readily attach to diverse surfaces and

subsequently form biofilms in aquatic environments.

The impact of biofilm formation in medicine, changing

antimicrobial therapeutics and comprehension of

chronic and emerging infections has been tremendous in

recent times. Despite the intensive research on this

topic, the impact of biofilm on ecosystems, and more

specifically, in the aquatic environment has not been

given the same importance. In aquatic ecosystems,

biofilms have been recognized as the predominant forms

of life due to innumerable benefits bacterial interactions

within this matrix provide. 

This review describes the various interactions in mul-

tispecies biofilms including coaggregation of microbial

cells, cross-species interaction, and co-metabolism, lateral

gene transfer, jamming of quorum sensing, synergism

and antagonism. We also provide updates on the role of

biofilms in disease transmission and dynamics, their

influence on distribution systems of drinking water, and

finally the effects of protozoan grazing on aquatic bio-

films.

Biofilms 

Donlan and Costerton [6] defined biofilm as a com-

munity of microorganisms adhering to biotic or abiotic

surfaces and embedded with a self-produced extracellular

polymeric substances (EPS) which facilitate survival in

an adverse environment. Biofilms can also be seen as

complex architectural assemblies of microorganisms  on

or in biotic and abiotic surfaces and interfaces, charac-

terized by interactions between populations. They have

survived as self-organized, three-dimensional structures

that exhibit altered genotypic and phenotypic character-

istics [7]. The ubiquity nature of biofilms enables them

to thrive and survive in different water systems (includ-

ing aquatic and industrial), environments and devices

(medical) which are of great public health importance

[6]. In nature, about 99 percent of bacteria exist in biofilms

while 65 percent of infections in the hospital are

attributed to biofilms [8]. When in biofilms, bacteria

usually show profound differences in both morphological

and physiological features vis-à-vis planktonic cultures.

Some of the most profound features of bacteria in bio-

films include resistance to unfavorable environmental

factors; desiccation, pollutants, antimicrobial agents (in

nature), host defenses, and protozoan grazing [9, 10].

The presence of biofilms containing pathogens such as

Aeromonas spp, Escherichia coli, and Pseudomonas spp.

in drinking water constitute a great potential risk to

public health [11]. This is because biofilms can contain a

very high number of microbial cells, up to 1.0 × 109 per

clump, capable of causing infections when ingested.

However, little is known on bacterial survival and poten-

tiality to cause disease in biofilms.

Multispecies Biofilms

Mixed microbial populations exist in different niches

(including aquatic systems), having distinct phenotypic

variants which have a significant effect on the overall

activities of microbial communities in biofilm [12].

Bacteria attach to such surfaces either as discrete and

separate individual cells, aggregates or biofilm com-

munities interacting with other cells thereby forming

channels for both nutrients and metabolic by-products

circulation which often exists as a three-dimensional

architectural structure [13]. Multispecies biofilm can

solely comprise of single individual microbial strains or

multiple strains within a habitat [8]. The diversity of

population reduces the impact of environmental stress

because wide range of environmental conditions are

extended for the survival of different microbial subpopu-

lations within their community. Different physiological

and regulatory alterations occur with multispecies bio-

films as a result of microbial interactions. This eventually

favors the selection and survival of the most adapted

strains or mutants. Consequently, these aid in shaping

multispecies biofilm communities as certain species may

eventually emerge or disappear. 

Recently, we reviewed the roles played by multispecies

biofilms with regards to food safety, where we provided

detailed interactions and the importance of multispecies

biofilms in foods [7]. Multispecies biofilms generally
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show more resistance to disinfectants because they

secrete more EPS compared with mono-species biofilms.

Characteristics of Biofilms in Aquatic
Environments

Microbial communities existing as biofilms are rarely

planktonic in the aquatic environment. They adhere to

different surfaces of living tissues, dead matter or

devices which prevent them from external forces capable

of sweeping them away [14]. When attached to a surface,

Pseudomonas aeruginosa biofilm often produces an

exopolysaccharide known as alginate, which serves as

an extracellular matrix. Also, V. cholera producing this

same exopolymer barrier form biofilms on different

surfaces (both biotic and abiotic), which provides protec-

tion to the cells. V. cholerae also forms a rugose colony in

multispecies biofilms isolated from Ganges Delta,

Bangladesh [13]. 

Furthermore, within the aquatic environments, bio-

films can be highly diverse depending on the substratum

where they develop. In natural environments, biofilms

grow upon inert substrata such as sand, sediment, rocks

and cobbles; non-living organic substrata such as wood,

leaf litter or particular organic matter; and living plants

such as aquatic macrophytes and macroalgae [15].

Multispecies biofilms composition, structure, diversity

and metabolism are largely determined by the nature

and kind of substratum such communities are formed.

Furthermore, it has been demonstrated that substratum

properties which support biofilms development also

determine cells accumulation patterns especially in the

early stages of biofilms formation [16]. Table 1 shows the

multispecies biofilm growth in different substratum.

Rocks. Biofilms attached to rock surfaces (also to

gravel and cobbles) are referred to as epilithic biofilms or

epilithon in rivers, marine environments and lakes [17].

Unlike biofilms formed on other substrata, epilithic

biofilms have a more complex structure with higher

algal biomass and are more independent on seasonal

fluctuations [18]. 

Stones provide a three-dimensional physical habitat

for biofilm biomass. The developing biofilms are greatly

influenced by rock characteristics such as surface

texture, stone size, and stone orientation [19]. On the

one hand, a rougher surface can cause greater biofilm

accumulation on rocks since it increases the sedimenta-

tion efficiency and cell adhesion and further protects the

biofilm from disturbances such as scouring and grazing

[19]. On the other hand, stone size and stability

determine the algal resistance to scour. Regarding stone

orientation, horizontal surfaces consistently harbor

more biofilm than on vertical surfaces [19]. Biofilms

developing on rocks have structural stability and close

spatial relationship between bacteria and algae favor

the bacterial use of fresh labile organic compounds

released by algae, which affect the metabolism of the

whole biofilm. 

Sediment. Microorganisms attached to sand and

gravel (sandy sediments) are referred to as epipsammic,

while when developing on muddy sediments (clay or silt)

they are known as epipelic [20]. Sediments are usually

hard and inert substrata with a smaller size than other

substrates. In rivers, biofilms developing on sediment

play key role especially in the decomposition of organic

matter and are also highly heterotrophic when compared

to rock biofilms. 

Colonization and microbial community development

on sediments depend on the roughness, size and surface

area of the grains. Specifically, microbial colonization on

Table 1. Biofilm growth in substratum.

S/N Organism (s) Substratum of biofilm formation References

1 Heterotrophic bacteria, fungi and protozoa Rocks 16, 21 

2 Cyanobacteria, euglenids and diatoms Sediments 21, 38

3 Bacteria, archaea, algae and metazoans Dead plant Material 20, 23,

4 Bacteria and algae Living plants 29, 30

5 Cyanobacteria, bacteria and protozoans Suspended aggregates 29-31

6 Gram-positive bacteria and diatoms Man-made surfaces 34, 36
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sediment grains is proportional to the grain surface

area. However, these assumptions can be applied only

from coarse grains to fine silt because clay particles are

very rarely colonized since they are too small and

smooth. In addition, the colonization of microorganisms

is determined by particulate size and roughness [19−21].

In aquatic environments, sediments usually show a

profile zonation in depth if they are sufficiently thick. In

this sense, sediment thickness creates marked physical

and chemical gradients that determine changes in the

sediment biofilm community. In this regard, surface

sediments support heterotrophic communities that

include more opportunistic species. Bacterial density

and activity are commonly higher in surface sediments

and decrease with depth [9]. In rivers, the sediment

hyporheic zone (interface between the river channel and

groundwater) offers protection against unfavorable con-

ditions to biofilm communities formed on sediments.

Also, grain size, sediment shape, and composition deter-

mine the porosity and hydraulic conductivity of the sedi-

ment, and influence most physical and chemical

processes [21].

Dead plants materials. Dead plant materials (including

wood and leaves) biofilm are named epixylic biofilm or

epixylon [17]. In this case, the substratum (i.e. dead

organic matter surfaces) presents both physical support

medium for microbial colonization and organic matter

source for microbes. The relevance of the different organ-

isms forming epixylic biofilms is markedly different from

other biofilm types. Different phyla of fungi are the prin-

cipal microbial groups growing on dead plant material,

mainly as a result of their lignocellulose degrading abil-

ity. However, bacteria, archaea, algae and metazoans

also form this kind of biofilms [22]. 

Different intrinsic and extrinsic factors influence the

growth of microorganisms on dead plants materials.

Intrinsic factors refer to dead organic matter quality,

such as cuticle toughness, nutrient content (particularly

nitrogen and phosphorus), and the amount of less

palatable substances such as lignin, or chemical inhibitors

[23]. Environmental variables including water tempera-

ture, nutrient concentration or flow are extrinsic factors

[24]. Plant organic matter decomposition is determined

by the effect of interaction between the plant material

quality and the environmental variables. Additionally,

the decomposition velocity may be very important for

biofilm development since slower decomposition enables

the organic substrate to remain in the system longer

with consequently, greater biofilm biomass develop-

ment, as occurs in the wood [25].

Living plants. Biofilms growing on living plants are

named epiphytic biofilms [17]. Submersed plants and

macroalgae living in wetlands and littoral zones are a

favorable habitat for microbial growth. Aquatic plants

present vast potential for microbial colonization and are

frequently covered by a dense growth of algae, bacteria

and other organisms favoring biofilm formation [21].

However, in deeper parts of the plant, bacteria might be

favored due to light reduction produced by the host

plant, which affects algal development. Bacterial groups,

Cytophaga-Flavobacteria-Bacteroidetes and Alpha-pro-

teobacteria dominate epiphytic bacterial biofilms in

marine and freshwater environments [26].

Plant and epiphytic biofilm interact in many ways,

and the interaction may be both synergic and antagonistic.

The biofilm provides macrophytes with organic com-

pounds and carbon dioxide, and it also mediates nutri-

ent uptake and enhances nutrient recycling [27]. In

addition, some bacterial species produce compounds

against biofouling organisms while some other species

enhance plant growth [28]. In return, plants provide a

substrate for biofilm formation and exude some gases

such as methane and different organic compounds from

the root zone, which are used by some biofilm bacteria.

Consequently, different plant species, plant parts and

environmental conditions may influence epiphytic bio-

films, determining microbial community composition

and densities [26].

Suspended aggregates. Suspended aggregates made of

microorganisms, organic and inorganic particles are

highly fragile structures suspended in fresh and seawa-

ter (usually after increased nutrients input) [29] and are

usually named lake snow, river snow or marine snow. 

Marine snow consists of aggregates of diatoms, fila-

mentous cyanobacteria, bacteria, protozoans and diverse

organisms with particles from the surrounding water,

glued together in a polymeric matrix released from phy-

toplankton and bacteria. Anoxic conditions may exist

within the snow particles so that diverse aerobic and
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anaerobic microbes colonize different niches [30]. Simi-

lar aggregates are formed in some water treatment sys-

tems, where they are called granules.

Aggregation is a complex process (involving microbes)

and is controlled mainly by particle density, size and

shape, settling velocity and the surface properties of the

particle [31]. Furthermore, aggregates are affected by

the degree of porosity and the flux of both water and

nutrient to and from microbial cells on the surface.

Man-made surfaces. Diverse man-made surfaces

including industrial and potable water system piping

can support biofilm formation, where biofouling may

occur by the deposition and growth of bacterial cells or

flocs. In drinking water distribution systems Alpha-

Beta- and Gamma-proteobacteria and Gram-positive

bacteria are more dominant bacterial groups [32]. In

marine environments, man-made structures, such as oil

and gas installations, aquaculture nets, and ship hulls,

can also provide surfaces for attachment. In this sense,

the attachment of diatoms along with bacteria on man-

made structures constitutes a major problem for artifi-

cial structures immersed in the marine environment [32,

33].

The formation of attached microbial communities to

man-made surfaces follows similar sequential steps to

those observed for inert natural substrates (such as rock

and sediments) [30, 33]. First, the surface is conditioned

with a film of polysaccharides and proteins then, pioneer

planktonic cells attach to the surface, followed the pro-

gressive arrival and biological adhesion of other

microbes to form microcolonies until the mature biofilm

develops.

Species-to-Species Interactions in Biofilms

Quorum sensing (QS) that also refers to as intercellu-

lar signaling is a regulatory mechanism that plays a

very significant role in the regulation of bacterial biofilm

formation [34]. In different environments, biofilms fre-

quently exist as multispecies communities. The increase

in the cell densities of such communities may result in

high concentrations of QS signals in these communities.

This interaction is very important and highly valuable

for the microbial strains producing the signals and those

occupying the same habitat [34]. In recent times, the

importance of interspecies QS in shaping multispecies

communities has been of high growing interest. Fig. 1

outlines some major determinants for QS in multispecies

biofilms.

Synergistic interactions. In natural environments, mul-

tispecies biofilms exist as highly complex and dynamic

entities. The presence of some microbial species in such

Fig. 1. Communication in a natural multispecies biofilm. Biofilm communities are shaped by various interactions between micro-
bial species, including (1) competition between bacteria populations and their neighbours such as fungi (A), bacteria (B) and
microalgae (C), (2) quorum sensing derived from clonal growth in microcolonies (D) which may induce the protection against pro-
tozoa (E) and (3) interactions with second colonizers such as macroalgae spores (F) and invertebrate larvae (G).
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a multispecies community positively promotes and

improves inter and intra-species communications as well

as the overall integrity of the formed biofilm. A typical

example of synergistic interaction in the aquatic envi-

ronment is the occurrence of Legionella pneumophila

(which is often a minority member) in multispecies

biofilm in freshwater and other natural environments

[35]. Some bacterial species constituting the multispecies

biofilm readily promotes L. pneumophila survival and

persistence in such community [36]. Bacterial species

interestingly reported to provide synergistic interactions

to the long term and continuous L. pneumophila per-

sistence in multispecies biofilm include Pseudomonas

fluorescens, P. putida, Flavobacterium sp., Klebsiella

pneumonia and Empedobacter breve [36]. These bacteria

produce matrix materials (mainly capsular and extra-

cellular) which promote adherence. Also, certain growth

factors are provided by these bacterial species which

consequently stimulate the growth and viability of L.

pneumophila in such a multispecies biofilm community

[36]. 

Furthermore, synergistic interactions are often aug-

mented by the AI-2 QS in multispecies biofilms [37].

Dual bacterial species biofilms can also be formed even if

only one of the bacterial species in the biofilm produces

AI-2 signal. This is of immense interest, depicting

species cooperation in multispecies biofilm communi-

ties. In the case of total inhibition and/or inactivation of

AI-2 signals, mixed species biofilms become disrupted.

In another instance, some microbial phenotypes become

enhanced only in a multispecies biofilm [38]. Nevertheless,

this majorly indicates the synergistic QS interactions

which can only be unraveled via in-depth molecular

studies.

Antagonistic interactions. Given the constant and fierce

competition for nutrients within multispecies biofilms in

a niche, certain mechanisms and products often regulate

the survival of microbial species in such community. The

most common mechanisms which augment competition

within microbial species in biofilm are the production of

bacteriocin (which is QS-regulated) and low pH [39]. P.

aeruginosa, Sphingomonas sp., Burkholderia cepacia,

Acidovorax sp. and Aeromonas hydrophila inhibit L.

pneumophila once they exist in multispecies biofilm in

freshwater or other natural environments [36]. Basically,

homoserine lactone QS molecule of P. aeruginosa, as

well as bacteriocins produced readily inhibit L.

pneumophila [40]. An and colleagues [41] reported that

in a dual-biofilm system between P. aeruginosa and

Agrobacterium tumefacien, the former often dominate

the later during the growth of such biofilm by utilizing

QS. Also, with the use of a QS molecule known as

farnesol, yeast species appear to take a direct approach

in tackling other microbial competitors within the multi-

species biofilm community. S. aureus shows enhanced

susceptibility to antibiotic as well as decreasing the

formation of biofilm when exposed to farnesol [42].

Furthermore, in multispecies biofilm between yeast

and other species (especially bacteria), yeast outsmarts

other members of the biofilm through the usage of

farnesol, a QS molecule. The formation of biofilm

decreases with increased susceptibility to antibiotics

when S. aureus is exposed to farnesol [42].

It has also been reported that through QS, matured

bacterial biofilms can prevent eukaryotic predation [43].

Another classical example is the P. aeruginosa degrada-

tion of farnesol, the QS signal which is optimally needed

for the filamentation, maturation and biofilm formation

by C. albicans. By utilizing virulence factors regulated

by QS, P. aeruginosa can kill C. albicans [44]. 

Listening but not talking. Some microbial species co-

habiting in a multispecies biofilm often respond to QS

signals produced by other species within the biofilm,

thereby altering their physiology. The virulence factors

of P. aeruginosa become upregulated in the presence of

AI-2, although P. aeruginosa does not produce AI-2. This

phenomenon may be of importance in multispecies

environments such as cystic fibrosis (CF) airway

infections [45]. Similarly, bacteria in the ocean produce

N-Acyl homoserine lactones (AHL) molecules which

attract green seaweed’s (Ulva) [46]. Bacterial biofilms

colonizing surfaces often initiate biofouling, before the

secondary colonization by algae and other eukaryotic

organisms [47]. 

QS signaling interference. Studies conducted lately

showed explicitly the capability of different organisms to

degrade QS signals [34]. Once QS signals are degraded,

their propagation within biofilm regions is prevented.

The degradation of QS signal may prevent signal propa-



Multispecies Biofilms and Drinking Water Safety  479 

December 2019 | Vol. 47 | No. 4

gation between regions forming biofilm in microbial

communities existing in a spatially structured system.

This may further result in spatial confinement of the

signal to different regions constituting the microbial

community. 

AHL-lactonases and AHL-acylases are quorum

quenchers very common in AHL systems [48]. While the

hydrolyzation of the lactone ring is conducted by AHL-

lactonases, AHL-acylases hydrolyze amide linkages.

AHL-lactonases exist in several species of bacteria,

although found foremost in Bacillus spp [49]. Only a few

bacteria including P. aeruginosa and Ralstonia spp. are

shown to produce AHL-acylases [50, 51]. 

The success achieved by microbial species in interfer-

ing QS signaling is through the use of QS signal mimics

[52]. The inhibition of some strains of S. aureus QS by

truncated peptides produced by some S. aureus agr QS

systems is a clear example of QS interference [53]. 

Another instance of bacterial QS inactivation by

eukaryotes was recently discovered in the Australian

marine macroalga, Delisea pulchra, which disrupts P.

aeruginosa AHL signaling. Thus, hindering biofilm

formation on leaves surfaces by microorganisms [54]. 

Jamming of QS in multispecies biofilms. Although wide

range of functions, including the control of virulence

traits and bacterial biofilm are regulated by QS, and An

and others [41] noted that the development of  mixed

species  populations  is  also  actively  carried  out  by

QS.  As earlier stated above,  QS  interference,  inhibi-

tion  and impairment  can  be  carried  out  by  individual

bacterial  species  involved  in  biofilm.  Also,  QS

molecules  can be degraded by certain enzymes pro-

duced by bacteria [48]. The formation of biofilm by bacte-

ria is directly affected by QS interferences within such

community. A typical example is the inability of V.

cholerae to form biofilm in the presence of AiiA, an AHL

lactonase,  produced  by Bacillus  cereus [55]. Also, the

formation of biofilm by P.  aeruginosa  is often inhibited

through interference with P.  aeruginosa  PAO1 QS in

the presence of amines (aliphatic) and phenolic groups

from other bacteria [56].

Bacterial communication signals and degrading

enzymes can be found in the oral cavity. The coloniza-

tion by S. mutans depends proportionately on their

interactions with other early microbial species, such as

S. gordonii colonizing the dental system as lately

described in two different studies. The success of S.

mutans in biofilm formation in such a multispecies

system is usually inactivated by serine protease challisin,

which is secreted by S. gordonii, which interfere with a

QS signals (competence- stimulating peptide) responsible

for the formation of biofilm and subsequent colonization

and plaque development [57]. Furthermore, of immense

interest within the oral cavity is the successful coloniza-

tion by S. mutans in the presence of Actinomyces

naelundii (also an early colonizer), with protease activity

[58]. Thus, jamming of QS may significantly control and

influence waterborne pathogen biofilm formation, as

well as disease outbreaks.

Factors Contributing to the Dynamics of
Biofilm Composition in Water Distribu-
tion Systems

In DWDS, majority of microorganisms (95%) exist as

biofilms [59]. The presence of biofilms attached to the

water supplies pipe inner surface in the DWDS serve as

a major source for the high microbial population. This is

of great public health significance as it affects the quality

and wholesomeness of drinking water. Despite the diver-

sities of the conditions (nutritional and physicochemical)

in DWDS, biofilms evolved mechanisms to successfully

survive and flourish [60]. Increased water turbidity,

odor, taste, reduction in water flow as a result of reduced

pressure, corrosion and most importantly distribution of

pathogens are the various problems associated with bio-

films formed by multiple microbial species in DWDS. E.

coli, Helicobacter pylori, Salmonella spp. and a host of

other human pathogens and various microbial toxins

detrimental to humans are often trapped by multispecies

biofilms in DWDS [61]. The presence of different groups

of microbes including viruses, bacteria algae, protozoans

and bacteria forming a mixed microbial community in

the form of biofilm is of grave concern. Attention should

be given to such relationships, molecular mechanisms

involved and products formed in order to elucidate and

control is effects on DWDS. 

Once a negligible number of bacteria succeeds in

accessing the water distribution system, they multiply

spontaneously especially when environmental and

nutritional conditions become favorable [62]. Biofilms
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formed in DWDS are influenced by the factors which

include physicochemical conditions of the water, microbial

resistance to disinfection, availability of nutrients, and

types and materials of piping systems [63].

Water source. The origin and source of water used in

distribution systems have major influence on microbial

communities. Several studies extensively reported the

effects of water source on the composition microbial com-

munity [63]. Furthermore, it was also reported that a

clear distinction in the diversities and profiles of micro-

bial community exist among different DWDSs. With the

application of multivariate analysis of surface and

groundwater, bacterial communities can be clearly dis-

tinguished from in DWDS. Nevertheless, recent studies

indicated that flowing water is the major source of bacte-

ria in DWDS [62]. 

Ineffective disinfectants. The application of disinfec-

tants during water treatment has a direct influence on

both microbial population and their diversity [63].

Besides the fact that disinfectants eliminate microbes

once administered appropriately, they also facilitate the

formation of certain substances which are easily biode-

gradable by microbes. These biodegradable substances

(usually organic) further enhance the formation of biofilms,

as these microbes utilize them as their major energy

source [65]. Although bacterial population can rapidly

decline on the application of appropriate concentration

of chlorine during water treatment, Gibbs and colleagues

[64] observed bacterial regrowth as the chlorine concen-

tration decreases. Some disinfectants potency rapidly

fades out before the dead-end of distribution systems

thereby favoring massive regrowth of microbial cells.

Bacterial resistance to disinfectants. Findings by different

authors lately revealed the high number of bacterial

multiplication and survival in culturable quantities in

the presence of appropriate concentrations of disinfectants.

The presence of these bacteria depicts their resistance to

disinfectants [66]. Presently, research on the roots and

causes of bacterial resistance to chlorine in the United

Kingdom and parts of Asia have commenced in earnest.

Bacterial resistance to chlorine, been one of the most

widely used disinfectants should not be a surprise. This

is because most distribution systems only apply chlorine

and these bacterial over the years have gradually

evolved resistance mechanisms against its effect [64].

Biofilm attachment (which often protects microbial cells)

on surfaces in distribution system, microbial cells aggre-

gation, cell spore formation among others are also

factors contributing to increased bacterial resistance to

disinfectants [67].

Availability of nutrients. In the presence of nutrients

microbial growth blossom and the biofilm formation

become enhanced. Microbial stability on distribution

systems is usually affected by the quantity of nutrients,

most especially organic carbon which supports microbial

regrowth [60]. With regards to the nature and type of

disinfectant used, assimilable organic carbon (AOC)

presence can favor rapid bacterial regrowth in DWDS.

There is a significant relationship between bacterial

ability to form biofilm and AOC uptake. Furthermore,

once AOC becomes reduced in the distribution systems,

bacterial ability to form biofilm declines [66]. 

Plumbing and piping materials. In DWDSs, metallic,

plastic and cementitious pipes are generally used. The

quality of water in distribution system is directly related

to the type of material used in such a system [68]. Once a

material is capable of supplying nutrients and enriching

microbial growth, the formation of biofilm will be greatly

facilitated. Most developed countries screens piping

material to ascertain that they influence drinking water

quality, most especially microbial growth enhancers. In

DWDS, it has been reported that high bacterial densities

(109 bacteria·cm-2) exist in biofilms within pipe surfaces

[69]. It has also been documented that microbes deterio-

rate concrete piping in distribution systems [64]. Such

deterioration is often complex and requires different

microbial groups.

Temperature and season. Increase or decrease in tem-

perature influences microbial growth in the DWDS [61].

Temperature varies alongside seasons, with both

influence microbial growth hence biofilm formation in

distribution systems. Whereas some authors reported

seasonal differences in microbial community within the

DWDS [70], others opined that microbial communities

are not affected by the change in seasons [63], hence

biofilm formation. 
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Contribution of Biofilms in Disease Trans-
mission via Water Distribution Systems

It has been earlier stated that the source of water

directly determines the kind of microbial composition

and interaction within water distribution systems. Bio-

films formation congregates different groups of microbial

species which enables them to interact freely [62]. Many

pathogens including Aeromonas spp, Klebsiella spp,

Pseudomonas spp, Enterobacter spp amongst others

have reportedly been isolated from biofilms in distribu-

tion systems containing both disinfected and non-disin-

fected water [67]. Of immense public health interest is

the increase in planktonic bacterial population as a

result of regrowth from biofilms or raw water source.

Although drinking water quality is microbiological

assessed based on indicators (coliforms) presence, it is

important that heterotrophic bacterial population

should also be controlled as many have successfully

become opportunistic pathogens causing serious infec-

tions in humans [71, 72]. 

Several emerging and re-emerging human pathogens

such as Yersinia enterocolitica, Campylobacter spp,

enterotoxigenic E. coli, Helicobacter pylori, Salmonella

Typhimurium and also Cryptosporidium parvum have

reportedly survived in biofilms in water distribution

systems [73]. Multispecies biofilms involving cells of

bacteria and cysts of protozoans, yeast cells and other

species of fungi and algae can harbor and provide a

favorable environment for the survival and proliferation

of pathogens. These pathogens can subsequently detach

into water flow in the distribution systems. 

In most cases, the public health significance of biofilm

is salient and indirect. It is glaring that biofilms can

weaken the pipe integrity through corrosion and also

compromise the use of coliforms as indicators. Aesthetic

problems may not pose a direct health risk to the public

but are clear indicators of biofilm presence and flaws in

the system which may affect the public.

Role of biofilms in disease transmission and water
quality. Bacterial adhesion to solid surfaces and their

eventual formation of biofilms have a major impact on

disease transmission and persistence [74]. Once biofilms

are formed in the aquatic and other natural environ-

ments, different pathogens become residential as they

are sheltered from adverse environmental factors capa-

ble of inhibiting or destroying them. This is also applica-

ble to pathogens protected by biofilms in humans and

other animals, which consequently evade the immune

system of their host and also withstand the effects of

antibiotics [73]. 

In recent times, large water bodies, especially oceans

are increasingly been discovered to be major pathogen

sources [75]. These water bodies accommodate different

biofilm-forming pathogens which become integral

members of such an environment. Fong and colleagues

[73] gave an extensive description of the relationship

existing between V. cholerae biofilm and cholera trans-

mission and outbreaks. To fully unravel the role of bio-

films in disease transmission, it is necessary to

understand the molecular mechanisms of biofilm forma-

tion by bacteria.

Environmental biofilms produced by pathogens are

capable of transmitting such pathogens to different com-

munities, thereby initiating disease outbreaks [74]. A

typical example of this phenomenon has been shown in

Bangladesh, being an endemic area for cholera. Toxigenic

V. cholerae were isolated from biofilms in surface water.

Furthermore, sufficient quantity of V. cholerae cells

existing as biofilms in cholera patients are capable of

initiating infections once shedded [75−77]. As such, V.

cholerae biofilms have vital role in both the survival and

distribution of V. cholera. Most importantly, other

pathogens associated with water are capable of exhibit-

ing similar patterns in their ecology and also the epide-

miology of diseases they cause.

The results of our previous study further indicated the

capability of V. cholera to form biofilms on plexiglass

discs, which are abiotic surfaces in Bangladesh aquatic

environment. The biofilms were also observed to provide

V. cholerae with a microenvironment in which rugose

variants can persist [13]. 

Colonized with V. cholera in the form of biofilms

particulates and planktons in the seawater of the Bay

of Bengal further introduces cholera bacteria into the

surrounding brackish ecosystems in Bangladesh. Major

serogroups of V. cholera (including O1 and O139) living

in biofilms have been isolated in all seasons throughout

the year, responsible for the endemic nature of cholera in

that entire region [18, 78]. Some serotypes of V. cholera

exist in nonculturable state thrive far better in aquatic
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environment than when shed in stools of cholera

patients [18], which are later washed back to the aquatic

environment.

Protozoan grazing of aquatic biofilms: reservoirs of
pathogenic bacteria. In a microbial food chain, bacteria

within the natural environment become food for other

living organisms including protozoa. This eventually

depletes the number of bacteria within such habitats.

Nevertheless, bacteria have developed diverse strategies

against protozoa predation. The formation of biofilms is

one of the most effective ways to avoid protozoan graz-

ing. Also, bacteria develop other strategies against pro-

tozoan predation; various changes in the bacterial

physiology and morphological changes like decreased

biomass [79].

The ability of protozoa to fully colonize bacterial bio-

films in the environment occurs in three stages. Hetero-

trophic flagellates are often the first to colonize surfaces

immediately after exposure as a result of their mobility

and high population, after which ciliates and amoebae.

The success associated with grazing relies basically on

the grazer’s mode of nutrition as well as the bacterial

biofilm developmental stage [77, 79]. Clearly, in contrast

to planktonic cells, protozoa encounter a different feed-

ing environment once biofilms are formed. As previously

reported, there is 1.75 higher levels of biofilm metabo-

lism when ciliate grazers are introduced to biofilms

formed by the yeast-Cryptococcus spp when compared

with non-grazing controls. The preference for the matrix

of bacterial biofilms as against individual biofilm cells

depicts EPS as nutrient source for protist. Studies have

shown that the formation of microcolony and the produc-

tion of QS induced inhibitors by bacterial biofilms are

able to resist protozoan grazing [10] Fig. 2. 

Apart from the above-stated mechanisms developed

by bacterial biofilms against protozoan predation, it has

been recently discovered that extensive biofilm forma-

tion arising as a result of the cooperation involving dif-

ferent species of bacteria can also resist predation [79].

Also, certain unknown toxin produced by V. cholera bio-

films as induced by QS has been reported to greatly

resist grazing most especially in fully matured biofilms

[80]. In the aquatic environment, heterotrophic flagel-

lates stimulate biofilm formation as individual bacterial

cells greatly reduced [78]. Furthermore, it has been

reported that protozoan non-selective grazing and

release of nutrients cause stimulation which results in

the overwhelming domination by fast-growing bacteria,

thereby outgrowing their predators. The inability of

mobility makes biofilms unable to escape protozoan

grazing which unduly increases the intensity of grazing

pressure. The abundance of bacterial biofilms in diverse

environments is an indication of high anti-predator and

increased fitness with immense mechanisms for grazing

resistance long evolved as a result of close ecological

associations between bacteria and protozoa.

Certain flagellates act as bacterivores in the aquatic

environment, thereby affecting the spontaneous devel-

opment of biofilm via sloughing and fragmentation. This

further alters the distribution of EPS and other individ-

ual biochemical constituents of biofilms, reducing the

chances of multispecies biofilm formation. Some protozoa

such as Acanthamoeba castellanii and Colpoda maupasi

Fig. 2. The effects of flagellate Rhynchomonas nasuta grazing on Pseudomonas aeruginosa biofilms. (A) Three-day-old biofilms
of P. aeruginosa PAO1 growing without flagellate. (B) Three-day-old biofilms of P. aeruginosa PAO1 growing with flagellate. (C)
Seven-day-old biofilms of P. aeruginosa PAO1. Biofilms were regrown for 3 days before the addition of flagellate. Scale bar = 50 μm
[14, 150].
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thrive predominantly as biofilm grazer. They become

integrated into biofilm thereby reducing the thickness of

biofilm by up to 60% [70, 79]. Queck and others [43]

showed that protozoan predation using different modes

of feeding and motility gave rise to different structures of

multispecies biofilms morphology. Of beneficial to

bacteria is the increase mass transfer of nutrient into

biofilms as a result of protozoan grazing, thus accelera-

tion microbial growth [80].

Bacteria living in a biofilm can change their response

to protozoa, thereby using such protozoa as pathogens

reservoir. Amoebae harbor Listeria spp, Mycobacterium

spp. and several other pathogens which can subse-

quently be released to the environment. Unique and

more invasive forms of pathogens with biochemical and

morphological changes result from protozoa involved in

biofilm grazing than those cultured in vitro [80]. It is

now obvious that protozoa within the environment

involved fully in the distribution and maintenance of

pathogens. More studies will further reveal the molecu-

lar mechanisms involved in protozoan grazing, biofilm

resistance and pathogen persistence in the environment.

Conclusive Remarks 

Aquatic microbial flora interacts within their environ-

ment to form multispecies biofilms. This complex inter-

action enables the survival and transmission of

pathogens and thereby affects the water quality since

large components of human health issues in developing

countries are unsafe water, poor sanitation and inappro-

priate hygiene. Unlike the mono-species biofilms in

clinical and laboratory settings, multispecies biofilms

form dynamic microbial communities with extensive

interspecies interactions in aquatic environment. Multi-

species biofilms formation can be highly influenced by

each member of such a mixed microbial community as

well as the physicochemical parameters of the water.

The biofilm-forming potentials of pathogens in DWDS

and their interaction within a multispecies microbial

community involving autochthonous aquatic bacteria

which favors the persistence and dissemination of patho-

gens needed to be further explored. Future research

should focus on the multispecies biofilms in aquatic

environments to lessen the contamination from such

settings. Since ecological interactions are major drivers

for microbial community modeling, it becomes necessary

to fully ascertain the mechanisms underlying microbial

ecology of multispecies biofilms in the aquatic environ-

ment. Physiological and morphological heterogeneity

coupled with both intrinsic and extrinsic interrelations

make environmental biofilms much more complex enti-

ties. Further studies concentrating on the antagonistic

interactions in multispecies biofilm in the aquatic envi-

ronment will provide clues on improving water quality

and safety. Furthermore, the use of promising molecular

technologies will fully unravel the detailed interactions

between biofilms in aquatic environment and the operat-

ing ecological processes, thus aiding in managing multi-

species biofilms to provide services to society.
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Novel multi‑strain probiotics 
reduces Pasteurella multocida 
induced fowl cholera mortality 
in broilers
Rine Christopher Reuben1,2, Shovon Lal Sarkar1, Habiba Ibnat1, Md. Ali Ahasan Setu1, 
Pravas Chandra Roy1 & Iqbal Kabir Jahid1*

Pasteurella multocida causes fowl cholera, a highly contagious poultry disease of global concern, 
causing significant ecological and economic challenges to the poultry industry each year. This study 
evaluated the effects of novel multi‑strain probiotics consisting of Lactobacillus plantarum, L. 
fermentum, Pediococcus acidilactici, Enterococcus faecium and Saccharomyces cerevisiae on growth 
performance, intestinal microbiota, haemato‑biochemical parameters and anti‑inflammatory 
properties on broilers experimentally challenged with P. multocida. A total of 120 birds were fed with 
a basal diet supplemented with probiotics  (108 CFU/kg) and then orally challenged with  108 CFU/mL 
of P. multocida. Probiotics supplementation significantly (P < 0.05) improved growth performance and 
feed efficiency as well as reducing (P < 0.05) the population of intestinal P. multocida, enterobacteria, 
and mortality. Haemato‑biochemical parameters including total cholesterol, white blood cells (WBC), 
proteins, glucose, packed cell volume (PCV) and lymphocytes improved (P < 0.05) among probiotic fed 
birds when compared with the controls. Transcriptional profiles of anti‑inflammatory genes including 
hypoxia inducible factor 1 alpha (HIF1A), tumor necrosis factor‑ (TNF) stimulated gene‑6 (TSG‑6) and 
prostaglandin E receptor 2 (PTGER2) in the intestinal mucosa were upregulated (P < 0.05) in probiotics 
fed birds. The dietary inclusion of the novel multi‑strain probiotics improves growth performance, feed 
efficiency and intestinal health while attenuating inflammatory reaction, clinical signs and mortality 
associated with P. multocida infection in broilers.

Pasteurella multocida is a Gram-negative coccobacillus and readily transmitted bacterium which causes fowl 
or avian cholera, an acute and fatal septicemic infection affecting wide range of both wild and domestic bird 
 species1,2. In poultry, it causes significant economic loss on back-yard and large-scale commercial poultry pro-
duction  globally3,4. Although not common, human cases of P. multocida infections are often associated with 
immunosuppressed individuals, older adults or rarely due to occupational  exposure5,6. The route of infection and 
pathogenesis of P. multocida in poultry have not been clearly elucidated, however, accumulated evidence suggests 
the respiratory tract as the major entry  point2. Furthermore, P. multocida is known to be normal microflora of 
the upper respiratory tract (URT) of most healthy animals including poultry, and it can inhabit the oropharynx 
of healthy hosts for elongated periods without causing  disease2. However, virulent strains of P. multocida are able 
to colonize the mucosa of the upper respiratory tract and, subsequently, infect the air sacs and lungs of birds. 
Through an unknown mechanism, but possibly related to the migration in macrophages of the upper respiratory 
tract, the bacteria can access the blood circulation from the mucosa and multiply in different tissues, especially 
in the liver and  spleen2,4.

In the poultry industry, antibiotics have been used over the years in the treatment and control of poultry 
infections and in some countries also as growth promoters. The control of P. multocida infections in poultry 
using antibiotics has been somewhat successful, nevertheless, there is often relapse after antibiotic withdrawal. 
More so, 80.5% of P. multocida infections have shown high degree of resistance to broad range of commonly 
used  antibiotics7,8. Strains of P. multocida from ducks, chickens, geese, turkeys and quails have reportedly shown 
resistance to doxycycline-HCl, enrofloxacin, chloramphenicol, norfloxacin and  lincomycin4,8,9.
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With the phasing out of antibiotics in animal production due to immense public health concerns including 
the presence of drug residue in animal products, emergence and spread of resistance, dysbiosis of gut micro-
flora and hypersensitivity among others, there is need for the application of naturally safe alternatives which 
will both improve animal growth performance as well as control infectious diseases. Probiotics, which are now 
widely accepted as alternatives to antibiotics, are viable microorganisms which confer wide range of nutritional 
and health benefits in animals when administered in sufficient amount. Probiotics ameliorate enteric infections 
through competitive exclusion of pathogens, and chronic inflammatory and allergic diseases, as well as immu-
nomodulation and immune-stimulation, increased digestibility and nutrients assimilation in their  host10–13.

The regular inclusion of probiotics in poultry diets may both minimize the risk of infections with pathogens 
such as P. multocida, E. coli, Campylobacter spp., Listeria monocytogenes and Salmonella as well as improving 
growth performance in  birds14. This would significantly decrease the risks associated with poultry and poultry 
product contamination with animal pathogens of public health concern, hence reducing human spread as well 
as safeguarding the environment.

Recently, several successful reports have emerged on the treatment of poultry infections and multidrug resist-
ant bacterial pathogens using probiotic  strains13–18. Up to date, apart from few field studies on the effectiveness 
of antibiotic alternatives such as bacteriophages, vaccines, β-glucan, and certain proteins against P. multocida 
 infections19–23, no study has evaluated the effectiveness of probiotics in ameliorating infections caused by P. mul-
tocida in poultry despite its devastating effects in the poultry industry. Being known as an ‘inscrutable’ pathogen, 
some strains of P. multocida have the potential of colonizing the nasopharynx, respiratory and the gastrointestinal 
tracts of animals including poultry thereby inducing severe disease. The use of probiotics in mitigating infection 
caused by P. multocida, which is rarely regarded as a gut-associated pathogen, would further aid in reducing the 
intestinal colonization and/or severity infection by other gut-associated and opportunistic pathogens.

In our previous studies, strains of LAB (lactic acid bacteria) were isolated, characterized and evaluated for 
antagonistic activity against poultry pathogens and in vitro probiotic  properties17,18. We hypothesized that dietary 
multi-strains probiotic supplementation would improve the growth performance, modulate intestinal microflora 
and haemato-biochemical parameters as well as ameliorate P. multocida infection in broiler chickens. This study 
aimed to investigate the effect of dietary supplementation with novel multi-strain probiotic (consisting of Lacto-
bacillus plantarum, L. fermentum, Pediococcus acidilactici, Enterococcus faecium and Saccharomyces cerevisiae) 
on the growth performance, intestinal microflora, haemato-biochemical parameters and anti-inflammatory 
properties on P. multocida infection in broilers.

Results
Growth performance. From the beginning of this experimental trial, i.e., days 1 to 14, no statistically 
significant (P > 0.05) differences were recorded in the body weight (BW), body weight gain (BWG), feed intake 
(FI) and feed conversion ratio (FCR) among all the treatments. The FCR differs significant (P < 0.05) between 
the probiotic supplemented groups (Pro− and Pro+) when compared with the with the NC− while other groups 
showed non-significantly higher values (Table  1). During the post—P. multocida challenge period, i.e., days 
14 to 28, probiotics supplementation significantly (P < 0.05) affected growth performance and feed utilization 
(Table 1). There was severe depression in the growth, FI and FCR in the NC+ and PC+ treatments in the first- 
and second-week post infection compared with other treatments. In general, probiotics supplemented groups, 
with or without P. multocida challenged showed significantly (P < 0.05) higher BW and BWG with feed efficiency 
than other treatments at the end of the experiment. Birds in the challenged positive control (PC+) and the chal-
lenged negative control (NC+) treatments had the worse BW, BWG and FCR compared to others from day 21 
onwards (Table 1).

Clinical signs and mortality. In a pilot study to determine the infectivity, broilers were challenged with P. 
multocida and the clinical signs and death due to P. multocida were recorded (data not shown). Severe pasteur-
ellosis due to the experimental inoculation of birds with P. multocida was initially induced in the NC+ group 
and later in the PC+ group about 12 and 24 h post-challenged (Fig. 1). Clinical signs manifested in challenged 
birds included diarrhoea, depression, severe weakness, nasal discharge, isolation, reduction in feed and water 
consumption, ruffled feathers, immobility and lameness which are the characteristics of P. multocida infection in 
poultry (Fig. 1). Although the most severe clinical manifestations recorded in this study were observed between 
24 to 94 h post-infection, mild to moderate clinical signs persist in the challenged groups (PC+ and NC+) until 
the end of the experiment while no obvious clinical signs were observed in challenged probiotic (Prob+) group 
(Fig. 1). At the end of the trial, mortality rates attributed to P. multocida infection were 5.00, 60.00 and 65.00% for 
Pro+, PC+ and NC+ treatments respectively (Table 2). Mortality was significantly higher (P < 0.05) in birds in the 
PC+ and NC+ groups when compared with the Pro+ group. Similarly, the highest mortality recorded due to P. 
multocida occurred during the first 72 h post-infection, with 10 and 8 mortalities in PC+ and NC+ groups while 
the lone mortality recorded in Prob+ throughout the entire study occurred on 72 h post infection (Table 2). 

Carcass and visceral organs weight. On day 21 of the experiment, the relative weight of the Bursa in 
the probiotics supplemented birds (Pro− and Pro+) were significantly (P < 0.05) higher when compares to birds 
in other treatments, with the NC+ having the least weight of 0.09 g as recorded. Similarly, the relative weight of 
ileum in Prob+ group differed significantly (P < 0.05) when compared with other P. multocida challenged groups 
(PC+ and NC+), and non challenged groups (PC− and NC−) (Table 3). The relative weights of the wing and 
dressing carcass recorded from birds in Pro− and Pro+ groups were significantly (P < 0.05) higher than NC+. 
Furthermore, whereas the relative weight of the liver from birds in Pro− group was significantly higher than birds 
from all the groups except Pro+ (which was numerically higher) on day 28, the relative weight of the spleen in 
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Table 1.  Effects of probiotics supplementation on growth performance of Pasteurella multocida challenged 
broiler chickens. Values are means of two replicates and standard errors of means. Within each variable, 
values with the same superscript letter are not significantly different according to Duncan’s multiple range 
test (P > 0.05). NC−: unchallenged negative control; PC−: unchallenged positive control; Pro−: unchallenged 
probiotics control; Pro+: challenged probiotic control; PC+: challenged positive control; NC+: challenged 
negative control, BW−: body weight; BWG−: body weight gain; F−: feed intake; FCR: feed conversion ration.

Growth performance

Treatment

NC− PC− Pro− Pro+ PC+ NC+ SEM P value

BW 1 (g) 47.00a 46.86a 46.55a 46.95a 47.05a 46.75a 0.145 0.071

BW 7 (g) 143.85a 139.05a 145.7a 141.1a 142.7a 142.65a 0.931 0.087

BWG (g) 96.85a 92.45a 99.15a 94.15a 95.25a 96.1a 0.941 0.999

FI (g) 231a 239.2a 234.45a 238.15a 253.7a 230.1a 3.520 0.105

FCR 2.385a 2.587a 2.365a 2.529a 2.664a 2.394a 0.051 0.083

BW 14 (g) 324.2b 329.95b 356.45ab 352.1ab 338.7b 320.7b 6.024 0.041

BWG (g) 277.2a 283.67a 309.9ab 305.15ab 291.25a 274.15a 6.005 0.050

FI (g) 435.5ab 405ac 410.5ab 401.4ad 400.6ae 397.8aef 5.694 0.012

FCR 1.571a 1.428ab 1.325b 1.315b 1.375b 1.451ab 0.039 0.031

BW 21 (g) 621.65c 631.69c 687.2a 651.26b 426.36d 414.89d 48.811 0.015

BWG (g) 574.65c 585.11c 640.65a 604.21b 379.81d 368.11d 48.792 0.032

FI (g) 957.00a 903.58d 804.07c 701.11d 641.73e 662.44f 53.643 0.029

FCR 1.665b 1.544c 1.255d 1.160d 1.690b 1.799a 0.105 0.044

BW 28 (g) 989.22c 942.18d 1201.72a 1195.71b 612.38e 582.57f 110.928 0.009

BWG (g) 942.22c 895.58d 1155.17a 1148.76b 564.93e 536.02f 110.969 0.010

FI (g) 1139.55a 993.55b 1096.53b 999.05b 865.17c 699.46d 65.883 0.011

FCR 1.209c 1.109d 0.949e 0.870f 1.531a 1.305b 0.099 0.025

Figure 1.  Symptoms in Pasteurella multocida challenged groups supplemented with antibiotic (PC+) and 
control (NC+); (A) Yellowish-grey diarrhoea appeared on the cloaca, (B) Yellowish-grey diarrhoea appeared on 
the cloaca and littered, (C) Depression and isolation, (D) Moribund, lameness and ruffled feathers, (E) Healthy 
and active probiotics supplemented broilers challenged with Pasteurella multocida (Pro+), (F) Healthy and 
active probiotics supplemented broilers challenged with Pasteurella multocida (Pro+).
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the NC+ and PC− groups were significantly lower when compared with other groups. Also, although the dress-
ing carcass of the PC− group was significantly (P < 0.05) higher than all other groups (except Pro+), the dressing 
carcass of birds in the Pro+ group similarly had significantly (P < 0.05) higher relative weight when compared 
with other challenged groups (PC+ and NC+) (Table 3). The relatively weights of carcass and visceral organs 
from the P. multocida challenged groups generally had the least values especially from birds in the NC+ group.

Enumeration of intestinal digesta intestinal bacteria, yeast and P. multocida. There was no 
significant (P > 0.05) differences in the numbers of total aerobes from the ileal and caecal contents on day 21 of 
the trial among all the treatments. However, the LAB counts in the gizzard contents of probiotics supplemented 
birds (groups Pro− and Pro+) was significant (P < 0.05) higher on day 28 when compared with other groups 
(Table  4). Also, the LAB counts in the ileum and caecum of birds from PC+ and NC+ were lower (P < 0.05) 
than probiotics supplemented birds (groups Pro− and Pro+). The numbers of enterobacteria recorded from the 
gizzard, ileum and caecum on day 21 of the trial were significantly (P < 0.05) higher in P. multocida challenged 
groups, PC+ and NC+ , when compared with other treatments, and this trend persist till the end of the trial. The 
numbers of yeast cells tended to be higher in the ileum and caecum of birds supplemented probiotics than other 
groups. However, the least yeast counts were recorded from the gizzards of all the birds across the treatments 
with birds in PC+ and NC+ groups having a significantly (P < 0.05) lowered counts on day 21.

Throughout this experimental trial, birds in the probiotic control, Pro+ treatment had significantly (P < 0.05) 
lowered counts of P. multocida in their gizzards, ilea and caeca when compared with those of birds in the other 
challenged treatments, PC+ and NC+ respectively (Table 4). Whereas the gizzards of birds in the probiotic control 
treatment, Prob+ had the least counts of P. multocida, 0.50  log10CFU/g on day 21, significantly higher counts of 
P. multocida ranging between 6.62 and 7.01  log10CFU/g were recorded from the ilea and caeca of birds in the 
PC+ and NC+ treatments on day 28 of the trial. The numbers of P. multocida in the ileal and caecal contents were 
significantly (P < 0.05) reduced in Pro+ group when compared with other challenged groups, PC+ and NC+ on 
days 21 and 28 (i.e., 7 and 14 days post-challenged) respectively. Birds from all the treatments were confirmed 
to be culture-negative for Pasteurella before inoculation with P. multocida on day 14 of the experiment. Also, 
the non-P. multocida challenged treatments (i.e., NC−, PC− and Pro−) were Pasteurella negative throughout the 
experimental period.

Intestinal digesta pH. Generally, this study recorded an increasing pH concentration from acidity to neu-
trality with the gizzard digesta of birds having the lowest pH levels followed by the ileal and then the caecal con-
tents respectively (Table 5). The pH of the ileal contents from birds in PC+ groups were significantly (P < 0.05) 
lowered when compared with other challenged groups, PC+ and NC+ on days 21 and 28 respectively.

Haemato‑biochemical parameters. The total cholesterol concentration in birds from the probiotics 
supplemented groups, Pro− and Pro+ were significantly (P < 0.05) lower than P. multocida challenged groups, 
PC+ and NC+ on days 21 and 28 of the experiment. Nevertheless, there was no significant (P > 0.05) difference 
in the HDL cholesterol and LDL cholesterol concentrations across the treatment all through the experiment. On 
day 28, while triglyceride levels were reduced (P > 0.05) in probiotics supplemented groups but higher (P < 0.05) 

Table 2.  Mortality rate of broiler chickens supplemented with probiotics and challenged with Pasteurella 
multocida. Within each variable, values with the same superscript letter are not significantly different according 
to Duncan’s multiple range test (P > 0.05). NC−: unchallenged negative control; PC−: unchallenged positive 
control; Prob−: unchallenged probiotics control; Pro+: challenged probiotic control; PC+: challenged positive 
control; NC+: challenged negative control.

Days NC− PC− Pro− Pro+ PC+ NC+ 

1 0 0 0 0 0 0

2 0 0 0 0 2 3

3 0 0 0 0 4 2

4 0 0 0 1 4 3

5 0 0 0 0 0 3

6 0 0 0 0 1 1

7 0 0 0 0 0 0

8 0 0 0 0 0 0

9 0 0 0 0 0 0

10 0 0 0 0 0 0

11 0 0 0 0 1 0

12 0 0 0 0 0 0

13 0 0 0 0 0 1

14 0 0 0 0 0 0

Total 0 0 0 1 12 13

% mortality 0c 0c 0c 5b 60a 65a
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in NC−, glucose levels were significantly(P < 0.05) reduced in the same groups. Similarly, protein levels were 
significantly (P < 0.05) higher in probiotics supplemented groups when compared with other groups on day 28 
(Table 6).

The results of the haematogical parameters analyzed are shown in Table 7. Whereas no difference (P > 0.05) 
was recorded in total RBC, haemoglobin, ESR, PCV, basophiles, monocytes, total platelet count and MPV across 
the treatments on day 21, statistical difference were recorded for total WBC and neutrophils between the pro-
biotics supplemented groups when compared with other treatments. Nevertheless, on day 28 of the experiment 
MCV and RDW were significantly (P > 0.05) higher in probiotics supplemented groups Pro– and Pro+ when 
compared with non-P. multocida challenged negative control group, NC−. Also, probiotics supplemented birds 
with or without P. multocida challenge significantly (P < 0.05) increased total WBC counts at the end of the trial. 
Also, the concentrations of lymphocytes and monocytes were higher in probiotics supplemented groups while 
PC− and Prob− had higher (P > 0.05) total platelet counts on day 28 of the experiment.

Anti‑inflammatory gene expression. On 14-day post P. multocida challenged, dietary supplementa-
tion of birds with probiotics significantly (P < 0.05) upregulated the mRNA profiles of anti-inflammatory genes 
including HIF1A (hypoxia inducible factor 1 alpha) and TSG-6 (Tumor necrosis factor- (TNF) stimulated gene-
6) on the caecal mucosa when compared to the birds in the control group (Table 8). However, when both anti-
inflammatory genes are compared, probiotic effect in the upregulating the expression of HIF1A was higher than 
for PTGER2. There was no difference in the expression of both anti-inflammatory genes in birds supplemented 
with antibiotic and the negative control except for TSG-6 (Table 8).

Table 3.  Relative weights (% BW) of organs from broilers supplemented with probiotics and challenged with 
Pasteurella multocida. Values are means of two replicates and standard errors of means. Within each variable, 
values with the same superscript letter are not significantly different according to Duncan’s multiple range 
test (P > 0.05). NC−: unchallenged negative control; PC−: unchallenged positive control; Pro−: unchallenged 
probiotics control; Pro+: challenged probiotic control; PC+: challenged positive control; NC+: challenged 
negative control.

Organ

Treatment

P valueNC− PC− Pro − Pro+ PC+ NC+ SEM

Day 21

Heart 0.74a 0.54a 0.74a 0.72a 0.69a 0.53a 0.040 0.298

Liver 2.083a 2.36a 2.99a 3.29a 2.77a 2.53a 0.179 0.107

Spleen 0.11a 0.17a 0.25a 0.19a 0.13a 0.09a 0.013 0.929

Bursa 0.12c 0.13c 0.30ab 0.35a 0.18bc 0.09c 0.043 0.021

Gizzard 3.46a 3.11a 3.54a 3.82a 3.50a 3.61a 0.094 0.183

Ileum 2.09b 2.24b 2.57b 3.53a 2.75b 2.73b 0.207 0.021

Caecum 0.57a 0.46a 0.58a 0.71a 0.63a 0.38a 0.048 0.092

Thigh 4.77a 4.02a 4.07a 4.28a 4.42a 4.25a 0.111 0.202

Drumstick 4.34a 3.63a 3.86a 3.58a 3.34a 3.41a 0.149 0.075

Breast 19.57ab 20.15ab 21.98a 19.60ab 17.30bc 13.75c 1.060 0.041

Wing 2.13ab 1.81ab 2.67a 2.02ab 1.90ab 1.56b 0.096 0.012

Dressing 55.07ab 54.62ab 61.47a 57.53ab 45.22bc 41.37c 1.720 0.023

Day 28

Heart 0.55a 0.43a 0.61a 0.63a 0.63a 0.63a 0.032 0.081

Liver 2.61b 2.54b 4.45a 3.59ab 2.60b 2.63b 0.108 0.016

Spleen 0.13ab 0.02c 0.17a 0.18a 0.15a 0.07bc 0.024 0.028

Bursa 0.46ab 0.45ab 0.94a 0.75ab 0.33b 0.40ab 0.036 0.011

Gizzard 2.92a 2.69a 2.43a 2.83a 3.61a 3.33a 0.175 0.083

Ileum 3.10a 2.29bc 3.44a 2.89ab 2.71ab 1.88c 0.195 0.001

Caecum 0.65ab 0.46b 0.77ab 1.07a 1.02ab 0.52ab 0.103 0.031

Thigh 4.92a 4.56a 4.90a 4.28ab 3.18c 3.48bc 0.279 0.012

Drumstick 4.35ab 4.16ab 4.93a 4.24ab 3.38b 3.11b 0.138 0.031

Breast 19.83ab 18.05ab 21.25a 18.59ab 16.72ab 15.03b 0.900 0.007

Wing 2.62ab 2.56ab 2.16a 2.57ab 2.75a 2.46ab 0.082 0.039

Dressing 56.27bc 56.58bc 66.30a 64.64ab 49.00c 47.65c 2.593 0.011



6

Vol:.(1234567890)

Scientific Reports |         (2021) 11:8885  | https://doi.org/10.1038/s41598-021-88299-0

www.nature.com/scientificreports/

Discussion
Avian cholera caused by P. multocida is a highly contagious poultry disease of global concern, causing significant 
ecological and economic challenges to the poultry industry each  year3,24,25. The ability of P. multocida to survive 
asymptomatically in carrier birds for a longer period of time even after the disappearance of clinical signs have 
often led to frequent recurrence of P. multocida outbreaks with high  mortality4,25. Also, P. multocida has been 
reported to persist for several months in the environment, water supplies, and  insects24,26,27. In this study, we 
proposed that the supplementation of poultry with multistrain probiotics containing L. plantarum, L. fermen-
tum, P. acidilactici, E. faecium and S. cerevisiae can control P. multocida infection in broiler chickens through 
mitigating the manifestation of clinical signs and the reduction of mortality associated with P. multocida while 
improving the overall performance.

Table 4.  Microbial counts  (Log10 cfu/g) in the digesta of chickens supplemented with probiotics and 
challenged with Pasteurella multocida. Values are means of two replicates and standard errors of means. Within 
each variable, values with the same superscript letter are not significantly different according to Duncan’s 
multiple range test (P > 0.05). NC−: unchallenged negative control; PC−: unchallenged positive control; Pro−: 
unchallenged probiotics control; Pro+: challenged probiotic control; PC+: challenged positive control; NC+: 
challenged negative control.

Content

Treatment

P-valueNC− PC− Pro− Pro+ PC+ NC+ SEM

Day 21

Gizzard

 Total aerobes 8.45ab 6.87c 8.53ab 9.39a 7.91bc 8.47ab 0.345 0.008

 Enterobacteria 4.80ab 4.74ab 3.54b 3.54b 5.19a 5.30a 0.329 0.017

 LAB 7.55a 7.37a 8.11a 8.48a 7.39a 7.91a 0.181 0.205

 Yeast 6.48a 6.73a 6.65a 6.66a 5.70b 5.60b 0.210 0.018

 P. multocida 0.00b 0.00b 0.00b 0.50b 5.54a 5.20a 1.109 0.001

Ileum

 Total aerobes 8.78a 7.77a 9.06a 8.95a 8.35a 8.46a 0.194 0.402

 Enterobacteria 5.64a 5.73a 3.99b 3.48b 5.40a 5.86a 0.379 0.020

 LAB 8.25ab 7.75b 9.35a 9.11ab 7.87ab 8.07ab 0.273 0.015

 Yeast 7.66a 8.22a 8.85a 8.41a 7.87a 7.90a 0.177 0.082

 P. multocida 0.00c 0.00c 0.00c 2.54b 5.85a 5.87a 1.172 0.000

Caecum

 Total aerobes 9.55a 9.00a 9.67a 9.08a 8.69a 9.09a 0.149 0.087

 Enterobacteria 5.84a 6.29a 3.06b 3.33b 6.22a 6.51a 0.438 0.017

 LAB 8.54b 8.99ab 9.69a 9.28ab 8.65b 8.59b 0.187 0.014

 Yeast 8.54c 8.99bc 9.68a 9.26ab 7.15d 7.61d 0.403 0.001

 P. multocida 0.00c 0.00c 0.00c 3.65b 6.86a 6.40a 1.338 0.010

Day 28

Gizzard

 Total aerobes 8.34ab 7.37b 9.45a 9.44a 8.22ab 9.20a 0.341 0.041

 Enterobacteria 4.80b 4.89b 3.03c 2.98c 5.45ab 5.92a 0.415 0.025

 LAB 8.45bc 7.83c 8.93b 9.96a 7.77c 8.36bc 0.331 0.012

 Yeast 7.26a 7.13a 7.29a 7.00a 6.00a 7.20a 0.201 0.218

 P. multocida 0.00c 0.00c 0.00c 1.50b 4.65a 4.74a 0.941 0.013

Ileum

 Total aerobes 8.26ab 7.74b 9.31a 9.55a 8.23ab 8.75ab 0.283 0.041

 Enterobacteria 6.22b 6.34ab 2.41c 3.06c 6.60ab 7.04a 0.448 0.000

 LAB 7.75c 8.25abc 9.35a 9.14ab 8.18bc 8.20bc 0.253 0.002

 Yeast 8.22b 7.69b 9.47a 8.23b 7.15b 7.69b 0.324 0.040

 P. multocida 0.00c 0.00c 0.00C 2.65b 6.72a 7.01a 1.126 0.001

Caecum

 Total aerobes 9.35b 9.00c 9.89a 9.67a 9.10c 8.62d 0.193 0.042

 Enterobacteria 6.81ab 6.17b 3.13c 3.52c 7.13ab 7.81a 0.514 0.007

 LAB 8.54b 8.48b 9.84a 9.69a 8.92b 8.47b 0.254 0.039

 Yeast 7.75b 8.33b 9.93a 8.70ab 7.61a 7.75a 0.359 0.043

 P. multocida 0.00c 0.00c 0.00c 3.28b 6.53a 6.62a 1.332 0.006



7

Vol.:(0123456789)

Scientific Reports |         (2021) 11:8885  | https://doi.org/10.1038/s41598-021-88299-0

www.nature.com/scientificreports/

Although some studies have previously tried the effectiveness of vaccines as antibiotic alternatives in the 
control of P. multocida in poultry, studies evaluating the possible role of probiotics in the control of P. multo-
cida colonization and infections in poultry production are lacking. With the successful reports of probiotics 
effectiveness in the control and mitigation of the colonization and infection by poultry pathogens including 
Salmonella14,28,29,  Campylobacter15,30,31, E. coli32,33, Eimeria spp.34,35, L. monocytogenes36–38 and Clostridium per-
fringens39,40, the trial of probiotics in the control of P. multocida would further unravel probiotics effectiveness 
against this devastating poultry pathogen.

Generally, the dietary supplementation of probiotics has been reported to positively influence animal health 
and productivity. The results obtained from this study shows that dietary inclusion of probiotics significantly 
improved the performance and feed efficiency in broiler chickens with beneficial impact on the intestinal micro-
biota composition and health, hence decreasing the severity of the FC in birds. The significant improvement 
in BW, BWG and FCR recorded among broilers supplemented with probiotics in comparison with the controls 
from this study confirmed the positive impact of probiotics supplementation on the performance of broilers. This 
finding is significant not only to confirm the improvement of intestinal health after probiotic supplementation, 
but also to mitigate the economic losses due to P. multocida infections in poultry production. Our results agreed 
with the findings of Smialek et al., Massacci et al., Mountzouris et al., Olnood et al. who reported significantly 
improved growth performance and feed efficiency of probiotics supplemented broilers challenged with either 

Table 5.  Effects of supplementation with probiotics and challenged with Pasteurella multocida on pH of GIT 
of broilers. Values are means of two replicates and standard errors of means. Within each variable, values with 
the same superscript letter are not significantly different according to Duncan’s multiple range test (P > 0.05). 
NC−: unchallenged negative control; PC−: unchallenged positive control; Pro−: unchallenged probiotics 
control; Pro+: challenged probiotic control; PC: challenged positive control; NC+: challenged negative control.

pH NC − PC − Pro − Pro+ PC+ NC+ SEM P-value

Day 21

Gizzard 3.53ab 3.84ab 3.18b 3.38b 3.75ab 4.1b 0.137 0.057

Ileum 5.62a 5.83a 4.71bc 3.93c 5.7a 5.61ba 0.298 0.021

Caecum 6.47a 6.14a 6.17a 5.89a 6.04a 6.27a 0.139 0.287

Day28

Gizzard 3.63a 3.80a 3.01a 2.95a 3.76a 3.65a 0.155 0.093

Ileum 5.73ab 5.97a 5.36ab 5.09b 5.71ab 6.05a 0.119 0.026

Caecum 7.15a 6.72a 6.43a 6.31a 6.64a 6.65a 0.115 0.105

Table 6.  Effects of probiotics supplementation on biochemical parameters of Pasteurella multocida challenged 
broiler chickens. Values are means of two replicates and standard errors of means. Within each variable, 
values with the same superscript letter are not significantly different according to Duncan’s multiple range 
test (P > 0.05). NC−: unchallenged negative control; PC−: unchallenged positive control; Pro−: unchallenged 
probiotics control; Pro+: challenged probiotic control; PC+: challenged positive control; NC+: challenged 
negative control. HDL high density lipid, LDL low density lipid, RISK total cholesterol-HDL ratio.

Parameter

Treatment

P valueNC− PC− Pro− Pro+ PC+ NC+ SEM

Day 21

Total cholesterol (mg/dL) 92ab 94.04ab 74.00b 81.5b 111a 108a 4.333 0.024

HDL cholesterol (mg/dL) 76a 74a 72.5a 82.5a 91a 93a 4.197 0.095

LDL cholesterol (mg/dL) 26a 20.5a 24.5a 22a 24a 25.5a 0.864 0.217

Triglyceride (mg/dL) 56.5a 60a 54.5a 52a 70a 60a 3.829 0.089

Total cholesterol-HDL ratio 1.18a 1.25a 1.23a 1.23a 1.22a 1.16a 0.014 0.101

Total protein (g/dl) 2.53bc 2.8abc 3.26a 2.95ab 2.52bc 2.25c 0.114 0.021

Glucose (mmol/L) 12.34a 13.65a 11.12a 11.38a 14.18a 13.64a 0.386 0.082

Day 28

Total cholesterol (mg/dL) 100.5a 110.5a 76.5b 79b 105.5a 107a 5.581 0.031

HDL cholesterol (mg/dL) 66a 91a 68a 73.5a 73a 86a 4.098 0.097

LDL cholesterol (mg/dL) 28.6a 30.5a 20.7a 27a 37.5a 31.5a 2.260 0.310

Triglyceride (mg/dL) 113.5a 111.5ab 71.5b 91ab 103ab 105ab 9.681 0.021

Total cholesterol-HDL ratio 1.27a 1.21a 1.09a 1.20a 1.27a 1.26a 0.027 0.472

Total protein (g/dL) 2.81bc 2.89bc 3.64a 3.51ab 2.25c 2.38c 0.232 0.009

Glucose (mmol/L) 12.21a 15.05a 9.04b 8.17b 13.87a 12.22a 0.434 0.026
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Campylobacter and Salmonella  respectively14,15,28,30. Furthermore, apart from the adoption of biosecurity meas-
ures and vaccination (which are most potent preventive measures) in endemic regions of the world, the routine 
use of probiotics in the control and prevention of enteric infections in poultry production could further help in 
reducing the severity of cases of fowl cholera hence, diminishing the spread of the pathogen.

Changes in the relative weight of visceral organs and carcass in broilers is one principal effect mostly attrib-
uted to probiotic supplementation in poultry. The symptoms of pasteurellosis in the P. multocida challenged 
positive control (PC+) and negative control (NC+) were accompanied by decrease in the live BW of birds, 
visceral organs and dressing carcass in these treatments with higher increase in gizzard weights on day 28 of the 
experiment. These trends were similarly reported previously by Olnood et al., and Park and Kim, after experi-
mentally infecting broiler chickens with Salmonella spp.41,42. The improved growth performance of birds due to 

Table 7.  Effects of probiotics supplementation on haematological parameters of Pasteurella multocida 
challenged broiler chickens. Values are means of two replicates and standard errors of means. Within 
each variable, values with the same superscript letter are not significantly different according to Duncan’s 
multiple range test (P > 0.05). NC−: unchallenged negative control; PC−: unchallenged positive control; 
Pro−: unchallenged probiotics control; Pro+: challenged probiotic control; PC+: challenged positive control; 
NC+: challenged negative control. MPV mean platelets volume, MVC mean corpuscular volume, MCH mean 
corpuscular haemoglobin, MCHC mean corpuscular haemoglobin concentration, RDW RBC distribution 
width, ESR erythrocyte sedimentation rate.

Parameter

Treatment

P valueNC− PC− Pro− Pro+ PC+ NC+ SEM

Day 21

RBC

 Total RBC (mil/Cmm) 1.68a 2.59a 2.71a 2.48a 2.62a 2.17a 0.158 0.310

 Haemoglobin (g/dL) 6.65a 7.58a 7.45a 7.62a 7.3a 6.75a 0.318 0.092

 ESR (mm/1 h) 3a 2a 3a 4a 2a 3.5a 0.327 0.420

 PCV (%) 22.15a 33.4a 36.7a 34.3a 35.4a 29a 2.212 0.198

 MCV (fl) 130.4bc 129.2c 142.1ab 144.25a 135.45abc 134.05abc 2.677 0.032

 MCH (pg) 34.15a 30.2bc 32.4ab 33ab 28.05c 31.1abc 0.891 0.024

 MCHC (g/dL) 26.25a 23.35ab 22.45b 22.9a 20.65b 23.2ab 0.741 0.040

 RDW (%) 9.35c 9.35c 11.85b 10.15c 12.95a 9.75c 0.609 0.022

WBC

 Total WBC (C/mm) 63845c 171760abc 233860ab 266850a 123320bc 110985bc 19,785.52 0.001

 Neutrophils (%) 40.5a 36.5a 34ab 32.00ab 23.5b 36a 5.567 0.013

 Lymphocytes (%) 57b 59.5b 80ab 91.8a 73ab 58.4b 6.167 0.036

 Monocytes (%) 1a 0.5a 2a 2.5a 1a 1a 0.307 0.415

 Basophiles (%) 0.5a 0.5a 0.67a 1.27a 0.75a 0.78a 0.196 0.172

Platelets

 Total platelet count (C/mm) 3500a 2500a 2350a 2200a 2000a 2500a 202.76 0.113

 MPV (fl) 8.9a 7.9a 10.8a 11.45a 11.65a 10.55a 0.609 0.081

Day 28

RBC

 Total RBC (mil/Cmm) 2.08a 3.07a 3.08a 2.78a 2.615a 2.66a 0.150 0.107

 Haemoglobin (g/dL) 6.51ab 6.65ab 8.78a 7.77ab 6.58ab 6.22b 0.230 0.035

 ESR (mm/1 h) 3a 2a 3a 4a 2a 3.5a 0.327 0.195

 PCV (%) 28.15c 30.4bc 36.7c 34.05ab 31.25abc 25.63c 1.383 0.004

 MCV (fl) 129.8c 135.15bc 148.20a 141.80ab 135.59bc 126.9c 3.312 0.026

 MCH (pg) 32.75a 29.3a 31.26a 33.2a 27.04a 30.16a 0.938 0.387

 MCHC (g/dL) 23.45a 23.19a 22.75a 24.1a 24a 23.26a 0.210 0.410

 RDW (%) 8.97b 10.61ab 10.98ab 11.38a 11.70a 9.54ab 0.437 0.031

WBC

 Total WBC (C/mm) 172070c 202866c 302440ab 346652a 235780bc 223933bc 26,314.05 0.001

 Neutrophils (%) 39a 39.5a 35a 37a 31.5a 38.5a 1.243 0.201

 Lymphocytes (%) 52.5b 57.7b 88.6a 93.5a 67ab 55.75b 7.566 0.021

 Monocytes (%) 0.75b 1b 2.5a 3.5a 1.25b 0.75b 0.338 0.023

 Basophiles (%) 1a 0.5a 1.25a 1.02a 1a 0.75a 0.106 0.719

Platelets

 Total platelet count (C/mm) 4000ab 5500ab 7500a 5250ab 3750b 2750b 681.35 0.019

 MPV (fl) 11.25a 9.1a 9.95a 10.85a 11.15a 11.95a 0.417 0.231
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probiotic supplementation as observed in the current study was also reported by other researchers after chal-
lenging broilers with different pathogens. The dietary supplementation of broilers with B. subtilis as probiotic 
significantly increased the relative weight of spleen by 3.8% without significantly affecting the relative weights 
of liver and bursa of  Fabricius43. In agreement with our study, Pedroso et al. reported that the dietary inclusion 
of Lactobacillus reuteri and L. johnsonii as probiotics significantly increased intestinal weight in 21-day old 
 broilers44. Probiotics effect on the weight of visceral organs and intestines of animals is inexplicit, and can also be 
determined by the nature and amount of microbial strains used as probiotics. It has been reported that probiot-
ics consistently influence the intestinal morphology and micro-structure which often increases the absorptive 
function of the  ileum14,45. Also, Pelicano et al. reported significant improvement in the leg yield and breast of 
birds fed with  probiotics46.

A significantly higher mortality was recorded in P. multocida challenged birds supplemented with antibiotic 
and challenged negative control when compared with the P. multocida challenged birds supplemented with 
probiotic. The change in behavior and the manifestation of clinical signs in the control groups were consistent 
with the reported signs characterizing fowl cholera in poultry such as diarrhoea, depression, listlessness, severe 
weakness, nasal discharge, recumbency and moribund status, isolation, anorexia combined with reduction in 
feed and water consumption, ruffled feathers, immobility and  lameness4,22,23. Within 24 h post-P. multocida infec-
tion, birds in the control groups showed mild to moderate signs with mortality which increased in severity till 
about 92 h post infection. A similar trend was reported in experimental birds challenged with P. multocida25,47,48. 
Depending on the strain, the incubation period of P. multocida usually varied between 12 and 48 h with 100% 
mortality majorly between 24 and 72 h post  infection49. There is generally limited information about the clinical 
pathology of pasteurellosis in poultry. Also, Wilkie et al. reported that broiler chickens experimentally challenged 
with P. multocida died within 22–72 h post  infection2. Furthermore, the rapid death of the host animal including 
broilers due to acute form of fowl cholera is a characteristic of septicaemia induced by P. multocida47. The persis-
tence of P. multocida strains at the site of infection as well as their migration to other host tissues and organs, and 
the eventual time of the host death depend primarily on the host immune response and the characteristics of P. 
multocida strain causing the infection which may also influence the shedding and isolation of the  pathogen2,47,50. 
The inhibitory effect of each of the probiotic strain i.e. L. plantarum, L. fermentum, P. acidilactici, E. faecium and 
S. cerevisiae (used in this study) against P. multocida and other poultry pathogens have been evaluated previously 
and their probiotic potentials  elucidated17,18.

Information regarding in vivo antimicrobial activity of probiotics strains including LAB and Saccharomy-
ces against P. multocida and P. multocida infections are lacking. However, the inhibitory activity of probiotics 
consisting of strains of LAB and S. cerevisiae in broilers as recorded in this study indicates that these probiotic 
strains can be successfully used as alternatives for growth-promoting antibiotics in poultry production. The 
numbers of enterobacteria in the P. multocida challenged control groups were higher in the ileum and ceacum 
than the unchallenged groups both on days 21 and 28 of the experiment. Probiotic supplemented groups showed 
higher number of LAB and yeast in the gizzard, ileum and caecum which significantly decreased the numbers 
of P. multocida on both sampling days during the experiment. The reduction of enterobacteria by beneficial 
gut microflora may be attributed to the bacteriostatic effect of volatile fatty acids (VFA) secreted in the GIT 
of  birds14. In vitro evaluation has demonstrated that VFA inhibited enterobacterial growth at the pH of  651. 
Therefore, probiotics supplementation may have increased the concentration of VFA in the gut of the birds 
examined. This finding is in agreement with the results of Lan et al.52 who reported significant decrease in the 
number of enterobacteria after broiler chickens were supplemented with multi-strain probiotics containing a 
mixture of L. agilis, L. acidophilus/gallinarum and L. salivarius. The inclusion of strains of Bacillus, Clostridium 
and Lactobacillus as multi-strain probiotics at the level of  106 to  109 CFU/kg of diet reportedly suppressed the 
growth of  enterobacteria53–55. Also, probiotics’ antimicrobial effects come from their secretion of antimicrobial 
compounds including bacteriocins, organic acids (acetic, lactic, propionic, succinic acid, etc.), short-chain fatty 
acids, hydrogen peroxide and other low molecular weight  substances56. The combination of the strains of LAB 
and yeast used as multi-strain probiotic in this study possibly synergized to form a robust antimicrobial activity 
against P. multocida and enterobacteria in the gut of the birds supplemented with the study probiotics.

Table 8.  Effect of probiotics supplementation on anti-inflammatory gene expression in caecal mucosa of 
Pasteurella multocida challenged broilers. Values are means of two replicates and standard errors of means. 
Within each variable, values with the same superscript letter are not significantly different according to 
Duncan’s multiple range test (P > 0.05). Pro+: challenged probiotic control; PC+: challenged positive control; 
NC+: challenged negative control. HIF1A hypoxia inducible factor 1 alpha, PTGER2 prostaglandin E receptor 
2, TSG-6 tumor necrosis factor- (TNF) stimulated gene-6, Pro+ challenged probiotic, PC+ challenged 
antibiotic; NC+ challenged control.

Anti-inflammatory gene

Pasteurella multocida infection

P value

Treatment

Prob+ PC+ NC+ SEM

14 days post challenged (2−ΔΔCt)

PTGER2 1.13a 0.75a 1.02a 0.113 0.884

HIF1A 134.58a 36.82b 13.23b 37.148 0.011

TSG-6 13.71a 9.86b 1.05c 3.747 0.003
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Furthermore, these probiotic strains are able to competitively exclude pathogens, hence preventing their 
attachment to intestinal walls thereby improving intestinal microbial balance. In agreement with Olnood et al. 
there was a gradual increase in pH concentration from the proximal to the distal GIT regions with probiotic 
supplemented birds having a more lowered pH level especially in the  gizzards14,41. The reduced pH among 
probiotic supplemented broiler chickens also contributed in the reduction of the numbers of P. multocida and 
enterobacteria.

Dietary conditions and pathological stress commonly determine the haematological changes and health 
status of  birds57. The reduction in major haematological parameters including Hb, PCV, ESR and total RBC in 
P. multocida challenged control groups clearly depicts the onset of anaemia. The occurrence of anaemia in avian 
cholera infection in poultry has been properly  reported48. The cause of anaemia in P. multocida challenged birds 
as recorded in this study may be attributed to bacterial septicaemia. The concentration of total WBC and lympho-
cytes were also higher in probiotics supplemented birds. Probiotics are known to modulate host immune system 
response primarily through balance between anti-inflammatory and proinflammatory  cytokines36. Similarly, 
after dietary supplementation of B. subtilis-based probiotics, Park and Kim and Lee et al. showed the reduc-
tion of coccidiosis clinical signs and improved immune response in broiler chickens challenged with Eimeria 
maxima42,58. The improvement of gut health through the modulation of gut microflora and the modulation 
of intestinal inflammatory and immune response may significantly inhibit the P. multocida colonization and 
proliferation within the gut hence influencing haptoglobin concentration. The dietary inclusion of probiotics 
positively influenced haematopoiesis which among others increase the WBC counts, hence enhancing immune 
cells synthesis which further protects the host against invading  pathogens59,60. The presence of congested blood 
vessels and haemorrhages observed in the lungs, livers, hearts and intestines of P. multocida infected birds as a 
result of fowl cholera is similar to the findings of Shivachandra et al. and Sonone et al.9,48. The supplementation 
of probiotics as revealed in this study significantly reduced the severity of P. multocida infection throughout the 
experiment, hence, reflecting in the improved haematological parameters as clearly shown.

The reduction in the concentration of total cholesterol, triglycerides, glucose and LDL cholesterol which are 
major biochemical parameters as reported in our study due to probiotic supplementation agrees with the report 
of Arun et al. and Al-Kassie et al. who separately reported a significant reduction in total cholesterol, triglycerides 
and glucose by dietary inclusion of 100 mg/kg diet of L. sporogene probiotic and the combination of probiotic 
(Aspergillus niger) and prebiotic (Taraxacum officinale) in  broilers61,62. Total cholesterol reduction in probiotic 
supplemented birds could be as a result of direct assimilation of cholesterol by bacterial cells (which causes 
reduction in the cholesterol absorption and synthesis in the GIT), 3-hydroxy-3-methyl-glutaryl-CoA reductase 
inhibition and bile salt  hydrolysis63,64. Furthermore, triglyceride reduction in probiotic treated birds may be as a 
result of increased hydrolysis of bile salt which causes inadequate lipid absorption in the small  intestine10. Strains 
of Lactobacillus are known to show high hydrolytic activity on bile salt which consequently leads to bile salts 
deconjugation within the  GIT65. Also, the concentration of total protein was significantly higher in probiotics 
fed birds. This corroborated with the findings of Dimcho et al. and Alkhalf et al. who reported probiotic effects 
on total protein concentration in  chickens10,66.

Maintaining intestinal health and the integrity of intestinal barrier function is essential for the growth and 
wellbeing of animals. Several pathogenic factors such as stress and pathogenic bacteria challenges can cause 
inflammation and damage to the intestinal  barrier67. On day 14 post P. multocida challenge, greater effects were 
found for probiotic supplementation on HIF1A, and TSG-6 (P < 0.05). The data obtained from this study implies 
that probiotics supplementation can attenuate inflammatory reactions through the upregulation of the secretion 
of anti-inflammatory factors.

In the gut of animals, pathogens including P. multocida readily cause different degree of inflammatory damage 
of intestinal epithelial cells by establishing hypoxic  microenvironments68. One of the major transcriptional factors 
that dampen hypoxia-induced inflammation in the gut is HIF1A. HIF1A enhances the synthesis and signaling 
effects of anti-inflammatory signaling  molecules69. TSG-6 is multifunctional protein that has been implicated 
as having important anti-inflammatory and tissue protective  properties70. From this study, HIF1A and TSG-6 
in the control treatment with P. multocida infection expressed the lowest mRNA profiles, whereas they were 
upregulated with probiotics supplementation, depicting that these 2 genes are collaboratively associated with 
either P. multocida or probiotics. This is the first work that assessed the expression of these 2 genes on probiotics 
supplemented chickens infected with P. multocida. Unfortunately, no information exists about the expression of 
these genes in the presence of probiotics and P. multocida. However, in a recent work Deng et al. reported the 
upregulation of HIF1A in probiotic supplemented chickens infected with Listeria monocytogenes36. Therefore, 
further study on the mechanisms responsible for the dampening of inflammation and the upregulation of anti-
inflammatory factors, HIF1A and TSG-6 in probiotics supplemented birds is needed. The higher population of 
Enterobacteria and P. multocida in the control group could be associated with the invasion of these bacteria and 
the pathogenesis of P. multocida resulting in the clinical manifestation of P. multocida infection and high mortal-
ity. A pool of P. multocida strains could be evaluated to determine their persistence, spread and multiplication 
in host tissues and shedding in future research.

Materials and methods
Ethical approval of the study. The field trial was approved by the Animal Care and Use Committee of the 
Faculty of Biological Science and Technology, Jashore University of Science and Technology, Jashore, Bangladesh 
(certification number: ERC/FBST/JUST/2019-32). The health status of birds in the field were routinely moni-
tored by a veterinarian. The birds were kept under controlled environmental conditions in the animal house 
of Jashore University of Science and Technology, Jashore, Bangladesh, throughout the experimental period. 
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Authors confirmed that all experiments were performed in accordance with relevant guidelines and regulations 
and in compliance with the Animal Research: Reporting of in vivo Experiments (ARRIVE) guidelines.

Strains used for the study and diets. Five potential probiotic strains previously isolated from broiler 
chicken and raw milk, and identified using 16S rRNA sequencing as Lactobacillus plantarum, L. fermentum, 
Pediococcus acidilactici, Enterococcus faecium and Saccharomyces cerevisiae with suitable probiotic properties 
including antagonistic activity against broad range of poultry pathogens including P. multocida, survivability in 
simulated gastric juice, bile salts and phenol tolerance, adhesion to ileum epithelial cells, aggregation and hydro-
phobicity abilities, α-glucosidase inhibitory activity, and competitive exclusion of pathogens were selected for 
this field  trial17,18. Basal diets (starter and grower/finisher) formulated in our laboratory were provided as pellets 
all through the trial and were based on wheat, soybean meal and corn as shown in Table 9. The five probiotic 
strains were mixed at equal ratio and added into respective experimental treatments at dose of  108 CFU/kg of 
diet.

Experimental design and treatments. A total of 120 one-day-old Cobb 500 broiler mixed-sex chicks 
were purchased from a commercial hatchery (NOURISH FARMS, DHAKA, BANGLADESH), weighed indi-
vidually and randomly assigned to 6 experimental treatments with 2 replicate groups containing 10 chicks each 
after they were allowed to acclimatize for 2 days. Birds in each treatment were housed in a floor pen contain-
ing sawdust litter. Twenty-three hours of light was provided during the first week and then reduced to 18 h 
throughout the 28 days of the experiment. The 6 experimental treatments adopted in this trial included: (1) 
negative control (NC−), non-probiotic and unchallenged with P. multocida; (2) positive control (PC−), sup-
plemented with doxycycline HCL (0.5 g/mL), non-probiotic and unchallenged with P. multocida; (3) probiotic 
control (Pro−), probiotics supplemented and unchallenged with P. multocida; (4) probiotic challenged (Pro+), as 
probiotics supplemented and challenged with P. multocida; (5) positive challenged (PC+), as doxycycline HCl, 
supplemented and P. multocida challenged; and (6) negative challenge (NC+), as non-antibiotic, non-probiotic 
and challenged with P. multocida. In all the treatments, feed and water were provided ad libitum according to 
the experimental design. Birds in the antibiotic treatments were administered 1 g/L of the doxycycline HCL fol-
lowing the manufacturer’s instructions. Both probiotics and antibiotic were administered between days 3–21 of 
the experiment (Fig. 2).

Pathogen challenge. For the pathogen challenge experiment, strain P-931of P. multocida subsp. Multocida 
ATCC 12945 (capsular Type A) isolated from fowl and known to cause fowl cholera was obtained and used for 
the experimental infection of birds. Stock culture of P. multocida stored at − 80 °C was revived and grown over-
night at 37 °C in brain heart infusion broth (LIOFICHEM, ABRUZZI, ITALY) with shaking at 150 rpm. Cells 
were harvested by washing (8000×g, 10 min) three times with sterile PBS and finally reconstituted in PBS to 

Table 9.  Ingredient composition and calculated nutrient of basal diet used for the study. *Nutrition value per 
Kg of vitamin and mineral premix contains 140,000 IU of vitamin A, 70 mg of vitamin E, 3000 IU of vitamin 
D3, 4 mg of vitamin K, 3 mg of thiamine, 10 mg of vitaminB2, 8 mg of vitamin B6, 0.04 mg of vitamin B12, 
48 mg of niacin, 20 mg of calcium d-pantothenate, 500 mg of choline chloride, 0.20 mg of biotin, 1.8 mg 
of folic acid, 80 mg of manganese, 70 mg of zinc, 50 mg of iron, 10 mg of copper, 3 mg of iodine, 0.4 mg of 
selenium, and 0.2 mg of cobalt.

Item Starter Finisher

Ingredient, g/kg

Wheat (26.00%) 262.00 214.00

Sorghum (15.5%) 350.25 400.00

Mung beans 100.00 100.00

Soybean meal (46%) 157.00 81.50

Limestone 15.50 16.00

Salt 1.75 1.50

Soybean oil 2.00 2.50

Moisture 8.00 6.70

Ash 7.60 6.00

Dicalcium phosphate 1.50 1.50

Lysine 2.10 0.40

Methionine 2.10 1.30

Threonine 0.20 0.15

Vitamin and mineral premix* 2.50 2.50

Crude protein 200.00 190.00

Crude fibre 35.17 43.14

Crude fat 52.16 54.47
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 108 CFU/mL4. At day 14 of the trial, each bird in experimental challenged treatments was orally inoculated with 
1 mL of  108 CFU of P. multocida as previously  described2. Birds were examined at 12 h intervals for typical clini-
cal manifestations of fowl cholera until the end of the experiment. Clinical signs and mortality were recorded 
accordingly. Major clinical signs and symptoms characterizing fowl cholera that were examined included nasal 
discharge, diarrhoea, lameness, weakness, moribund state, reduced activity, reduced water and feed intake, ruf-
fled feathers and rapid  breathing4,49.

Sample collection and processing. The individual weight of all the chickens were measured before 
grouping them into respective treatment pens. Individual bird and leftover feed from each treatment were 
weighed weekly and the feed intake (FI) and body weight gain (BWG) recorded. Also, feed conversion ratio 
(FCR; feed intake/weight gain) and mortality (when it occurred) for each treatment were also  calculated41,71.

On days 21 and 28 of the experiment, four birds from each pen were selected at random and sacrificed by 
cervical dislocation after exposing them to overdose of isoflurane anesthesia. All efforts were made to minimize 
suffering. Visceral organs of each of the sacrificed bird were carefully removed and weighed after opening the 
abdominal cavity. After emptying the contents into sterile plastic containers, the weight of gizzard, ileum and 
caecum were recorded. Also, the weight of heart, liver, bursa, spleen, thigh, drumstick, breast, wing and dressing 
were recorded and expressed as the percentage of the body  weight43.

Figure 2.  Schematic illustration of the experimental design. Birds were fed basal diet all through the 
experiment. Treatment groups included: NC−: unchallenged negative control; PC−: unchallenged positive 
control; Pro−: unchallenged probiotics control; Pro+: challenged probiotic control; PC+: challenged positive 
control; NC+: challenged negative control. BWG body weight gain, FCR feed conversion ratio, FI feed intake, 
GCCA  gut content and carcass analysis, HBA haemato-biochemical analysis.
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Enumeration of intestinal bacteria, yeast and detection of P. multocida. For each bird sacri-
ficed, fresh gizzard, ileum and caecum digesta were immediately collected within 1 h for microbial enumera-
tion. Using 0.85% normal saline solution, approximately 1 g of the fresh digesta samples were serially diluted 
for the enumeration of total aerobes, enterobacteria (coliforms and lactose negative enterobacteria), lactic acid 
bacteria, total yeast and P. multocida by conventional microbiological techniques using selective media including 
nutrient agar (LIOFILCHEM, ITALY), MacConkey agar (LIOFILCHEM, ITALY), De Man, Rogosa and Sharpe 
(MRS) agar (LIOFILCHEM, ITALY), Sabouraud dextrose agar (LIOFILCHEM, ITALY) and 5% defibrinated 
sheep blood agar supplemented with amikacin (2 mg/L), vancomycin (4 mg/L), and amphotericin B (4 mg/L) 
 respectively72,73. Microbiota enumerations were conducted in duplicate and the average determined. Results of 
the bacterial counts obtained were expressed as  log10CFU/g (base-10 logarithm colony-forming units per gram) 
of gizzard, ileal and caecal digesta.

Determination of digesta pH. Exactly 1 g of fresh digesta samples from gizzard, ileum and caecum of 
each sacrificed bird on days 21 and 28 were transferred into 9 mL of distilled water in 15 mL tubes and vigorously 
mixed. After thorough stomaching, the suspension was mixed with a stirrer after which the pH was measured 
using glass electrode (HANNA INSTRUMENTS, INC., WOONSOCKET, RI, USA)74.

Haemato‑biochemical parameters. Complete blood counts and lipid profile determining the haemato-
biochemical parameters were carried out. Approximately 4 mL of blood samples from each bird sacrificed were 
collected from the jugular vein into plane tubes (for biochemical analyses) and anticoagulant tubes (for hae-
matological analysis) on days 21 and 28 of the trial. Haematological assays were conducted using automatic 
SYSAM-XN-1000, XN-550 AL Random Access Haematology Machine (SYSMEX CORPORATION, JAPAN) 
and checked manually while the biochemical analyses were carried out by Siemens Dimension RxL/Max/
Vitros350 Random Access Chemistry Analyzer (SIEMENS HEALTHCARE DIAGNOSTICS INC, USA) after 
obtaining the serum through centrifugation. The average of results obtained from the haemato-biochemical 
analyses per treatment were determined.

Total RNA extraction and mRNA quantification. Approximately 1 g of caecal mucosa was aseptically 
collected from each of the sacrificed bird for gene quantification. Total RNA was isolated from the caecal tissues 
samples using the DIRECT-ZOL RNA extraction Kits (ZYMO RESEARCH, IRVINE, USA), following the man-
ufacturer’s protocol, and finally using a Nanodrop 2000 spectrophotometer (THERMO SCIENTIFIC, WILM-
INGTON, DE), the concentration and purity of RNA were quantified. The purified RNA was converted into 
complementary DNA (cDNA) using ProtoScript II First Strand cDNA Synthesis Kit (NEW ENGLAND BIO-
LABS, INC., MASSACHUSETTS, USA) following procedure described by the manufacturer. Real-time qPCR 
was performed with the BIO-RAD CFX96 Real-time PCR system (BIO-RAD LABORATORIES, CA, USA). The 
target genes and primers  sequences36 are shown in Table 10. The PCR reaction was conducted using POWERUP 
SYBR Green Master Mix (THERMO FISHER SCIENTIFIC INC., MASSACHUSETTS, USA) consisting a total 
of 20 μL PCR reaction-mix containing 10 μL 2× SYBR Green PCR Master Mix, 2 μL primers (0.5 μM of 1 μL 
forward and 1 μL reverse primer) 6 μL template cDNA (~ 10 ng/μL) and 2 μL nuclease-free water. The qPCR 
cycling condition consisting of initial heat activation at 95 °C for 10 min, following by 40 cycles of denaturation 
at 95 °C for 15 s, annealing at 58 °C for 30 s and finally 30 s of extension at 72 °C. The optimum annealing tem-
perature of target and reference genes were determined by the gradient protocol of BIO-RAD CFX96 Real-time 
PCR System (BIO-RAD LABORATORIES, CA, USA). The procedure by Livak and  Schmittgen75 was used to 
determine the transcriptional profiles of specific gene of interest and were expressed as the relative expression to 
the housekeeping gene used  (2−ΔΔCt).

Statistical analysis. Data were collected and analyzed by analysis of variance as a completely randomized 
design using the GLM procedure as described by GRAPHPAD PRISM version 5.0 for Windows (GRAPHPAD 
SOFTWARE, SAN DIEGO, CA, USA) and SAS software (version 9.4, SAS Institute Inc., Cary, NC). Viable 
counts of the gizzard, ileum and caecum contents were subjected to logarithmic conversion  (Log10) before statis-

Table 10.  Primer sequences used for RT-qPCR. ACTB beta-actin, HIF1A hypoxia inducible factor 1 alpha, 
PTGER2 prostaglandin E receptor 2, TSG-6 tumor necrosis factor- (TNF) stimulated gene-6, F forward, R 
reverse.

Gene GenBank Sequence 5′ → 3′ Length (bp)

HIF1A NM_204297.1
F-CCA GCA GTT CCT CAT GCA AT

215
R-AAA TGC TGC TAG CCC TTC CC

PTGER2 NM_001083365.1
F-TTG CAC GTC ACC TTC TCG TT

235
R-TGA TGG TCA TGA TGG CGA GG

TSG-6 DQ275160.1
F-ATG GAC AGC GGA TTC ACC TC

219
R-TCT GAA ACC CAC CAG CAG TC

ACTB NM_205518.1
F-TTA CTC GCC TCT GTG AAG GC

228
R-TCC TAG ACT GTG GGG GAC TG
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tical analysis. All the results were presented as means of two independent experiments, and differences between 
treatment groups were determined using the Duncan’s multiple range test. Probability values less than 0.05 
(P < 0.05) was considered as significant.
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ABSTRACT

Globally, poultry production has been an integral part of human activities, providing a

major source of livelihood and food to humans. The continuous increase in the world

population with an attendant rise in the demand for safe poultry products requires a

global strategy for sustainable poultry production. With growing concerns over

antimicrobial resistance, abolition or reduction in the use of antibiotic growth

promoters (AGPs), and rising consumer demand for chemical or antibiotic-free

products, identifying and applying safe, natural and economical alternatives including

prebiotics, probiotics and postbiotics for sustainable poultry production has become
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imperative. The bene�cial e�ects of the dietary inclusion of prebiotics, probiotics and

postbiotics as AGP alternatives in poultry production include improved poultry health,

growth performance and feed e�ciency. Generally, the mechanisms through which

prebiotics, probiotics and postbiotics exert bene�cial e�ects on poultry include

competitive exclusion and antagonism of pathogens, modulation of intestinal

microbiota, production of antimicrobial substances, stimulation of immune system,

and enhancement of nutrient digestibility and intestinal morphology development.

The properties and bene�cial e�ects of these emerging alternatives suggest their

contribution to the improvement of poultry health, through the stimulation of diverse

physiological functions (although not entirely elucidated) with better growth

performance and feed e�ciency. This review discusses the concept, impacts and

mechanisms of the application of prebiotics, probiotics and postbiotics in sustainable

poultry production. Their general acceptance and application in the poultry industry

will undoubtedly result in more sustainable, safe and economic poultry production for

feeding the world.
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