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Abstract | This study aimed to profile the ileal microbial community of commercial broilers using long-read 16S 
rRNA metabarcoding, isolate and molecularly characterize native lactic acid bacteria (LAB) with potent antimicrobial 
activity against Escherichia coli and Salmonella sp., and chemically resolve their cell-free supernatant metabolome via 
LC-HRMS to evaluate their potential as postbiotic alternatives to antibiotic growth promoters (AGPs). Using Oxford 
Nanopore 16S rRNA metabarcoding, the donor ileal microbiota was dominated by Bacillota (94.49%) and Lactobacillus 
johnsonii (31.28%). Four native LAB were isolated, and their cell-free supernatants (CFS) were evaluated across 24, 48, 
and 72 h fermentations. Well diffusion assays and Nested ANOVA demonstrated maximal antimicrobial activity at 
72 h. Isolate A exhibited the highest antimicrobial activity, producing inhibition zones of 6.23 mm against Escherichia 
coli and 6.13 mm against Salmonella sp. Sanger sequencing and Neighbor-Joining phylogenetics positioned Isolate A 
within the Enterococcus genus, clustering with Enterococcus faecium (76% bootstrap). Untargeted LC-HRMS profiling 
of the 72-h CFS identified 19 compounds, including indole derivatives, diketopiperazines, phenolic compounds, and 
organic acids. These host-derived constituents may contribute to the multi-target antimicrobial activity of Enterococcus 
sp. Isolate A, supporting its potential as a postbiotic candidate for sustainable poultry production.
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INTRODUCTION

The long-term use of antibiotic growth promoters 
(AGPs) in broiler production has raised serious 

concerns due to their contribution to antimicrobial 
resistance (AMR) and disruption of intestinal microbial 
balance (Hermanto et al., 2024). Although AGPs have 
been widely used to improve growth performance, feed 
efficiency, and disease control, continuous exposure to 
subtherapeutic antibiotics may promote the enrichment of 
resistant bacteria in the poultry gut and increase the risk of 

AMR transmission through poultry products consumed by 
humans (Murray et al., 2022). Continuous AGP exposure 
has been mechanistically linked to enrichment of resistance 
determinants within the poultry gut resistome and to 
their bidirectional dissemination toward human-relevant 
Enterobacteriaceae through farm-to-fork transmission 
pathways (Froebel et al., 2019; Koorakula et al., 2022). In 
response to these convergent biosafety and public health 
concerns, the Indonesian government formally proscribed 
AGP inclusion in livestock feed through Ministry 
of Agriculture Regulation No. 14/2017, paralleling 
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restrictions implemented earlier within the European 
Union (Regulation EC No. 1831/2003). This regulatory 
landscape has generated an urgent technical imperative for 
biologically safe, mechanistically defined, and operationally 
robust feed additives capable of fulfilling the productivity-
enhancing role historically occupied by AGPs.

Among the AGP-replacement strategies under active 
investigation, probiotics live microorganisms conferring 
measurable health benefits at adequate doses have 
demonstrated capacity to enhance feed efficiency, 
reinforce gut barrier function, and competitively 
exclude enteropathogens in broilers (Deng et al., 2021). 
Nevertheless, their commercial deployment remains 
constrained by viability losses during feed pelleting, 
gastric transit, and prolonged storage, which collectively 
undermine dose-effect reproducibility (Ismail et al., 2023).

To circumvent these limitations, the concept of postbiotics - 
formally codified by the International Scientific Association 
for Probiotics and Prebiotics (ISAPP) as “preparations 
of inanimate microorganisms and/or their components 
that confer a health benefit on the host” (Salminen et al., 
2021; Vinderola et al., 2022; Nuningtyas et al., 2026) has 
emerged as a mechanistically and operationally superior 
alternative. Postbiotic preparations encompass structural 
cellular components, exopolysaccharides, organic acids, 
bacteriocins, and a chemically diverse repertoire of 
low-molecular-weight bioactive metabolites that exert 
antimicrobial, immunomodulatory, antioxidant, and 
epithelial barrier-fortifying activities independently of cell 
viability (Aguilar-Toalá et al., 2018).

The dissociation of bioactivity from microbial viability 
translates directly into enhanced thermal and shelf stability 
under feed-manufacturing conditions, predictable dosing 
kinetics, and elimination of risks associated with horizontal 
gene transfer or opportunistic translocation properties that 
position postbiotics as particularly suited to industrial-
scale poultry nutrition.

The bioactivity spectrum of any given postbiotic 
preparation is fundamentally dictated by the genomic, 
metabolic, and ecological characteristics of its parent 
strain. Lactic acid bacteria (LAB) isolated from the 
host’s own gastrointestinal tract are increasingly favored 
over allochthonous commercial strains because their 
evolutionary adaptation to host-specific intestinal milieus 
typically translates into superior colonization competence, 
niche-relevant bioactive metabolite repertoires, and tightly 
coevolved molecular dialogue with the host epithelium 
and mucosal immune system (Sharma et al., 2025). 
Characterizing LAB specifically from the intestinal tract 
of healthy commercial broilers is scientifically paramount; 
these indigenous strains have undergone intensive selective 

pressure within high-density farming environments, 
rendering them ecologically adapted to survive and thrive 
amidst modern poultry physiological stresses (Carvajal et 
al., 2023). Recent studies indicate that such host-derived 
broiler LAB exhibit robust cell-surface hydrophobicity 
and produce tailored antimicrobial peptides (bacteriocins) 
and organic acids that are highly effective at suppressing 
targeted avian pathogens like Salmonella and Escherichia 
coli (Hage et al., 2022). Utilizing these broiler-sourced 
strains as postbiotics ensures that the derived bioactive 
compounds possess specific, niche-optimized efficacy 
capable of directly stabilizing the fragile gut ecosystems 
of intensively raised commercial flocks. Nevertheless, 
classical cultivation strategies are estimated to capture only 
a fraction of the autochthonous gut microbial community, 
leaving substantial functional diversity unexplored. The 
maturation of long-read third-generation amplicon 
sequencing notably the Oxford Nanopore Technologies 
PromethION platform, capable of full-length 16S rRNA 
gene reads now enables species-level taxonomic resolution 
that exceeds the discriminatory ceiling of conventional 
short-read platforms, thereby providing an evidence-based 
framework for targeted isolation of functionally promising 
native LAB candidates.

Despite an expanding literature on individual aspects of 
LAB-derived postbiotics, integrated investigations that 
simultaneously characterize the ecological background of 
source isolates (metagenomics), confirm their molecular 
identity (16S rRNA sequencing and phylogenetics), 
validate antimicrobial efficacy against clinically relevant 
enteropathogens, and chemically resolve the bioactive 
constituents responsible for that efficacy (untargeted 
metabolomics) remain conspicuously scarce particularly 
for indigenous LAB derived from tropical commercial 
broiler systems. Resolving this empirical gap is critical 
to move away from generic, trial-and-error additive 
screening toward a precise, data-driven framework for 
sustainable poultry business development. Such multi-
layered characterization is critical to rationalize candidate 
selection and to mechanistically link strain identity with 
downstream bioactivity. Accordingly, the present study 
aimed to (i) profile the ileal microbial community of 
healthy commercial broilers through long-read 16S rRNA 
metabarcoding, (ii) isolate native LAB candidates and 
quantify their antimicrobial activity against Escherichia 
coli and Salmonella sp. across an optimized fermentation 
timeline, (iii) molecularly characterize the most active 
isolate through 16S rRNA sequencing and Neighbor-
Joining phylogenetic reconstruction, and (iv) chemically 
resolve its cell-free supernatant metabolome via LC-
HRMS to identify the bioactive constituents underpinning 
its antimicrobial action collectively positioning the 
candidate within the broader landscape of postbiotic-
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based AGP replacement strategies for sustainable poultry 
production.

MATERIALS AND METHODS

Research materials
The research sample consisted of ileal digesta collected in 
August 2026 from 35-day-old COBB 707 broiler chickens 
raised at a farm in Nogosari Village, Trawas, Mojokerto, 
Indonesia, without antibiotic administration during the 
rearing period. Pathogenic indicator bacteria used included 
Escherichia coli and Salmonella sp. Growth media used were 
de Man Rogosa and Sharpe Agar/Broth (MRSA/MRSB) 
(Merck, Germany) for lactic acid bacteria; Nutrient 
Agar (NA), Eosin Methylene Blue Agar (EMBA), and 
Salmonella Shigella Agar (SSA) for pathogenic bacteria 
(Richards-rios et al., 2020). Materials for molecular 
analysis included the ZymoBIOMICS™ DNA Miniprep 
Kit, universal 16S rRNA primers (27F and 1492R), GoTaq 
Green Master Mix, nuclease-free water, TBE buffer, 
agarose, DNA staining dye, loading dye, and a DNA 
ladder. Equipment included a micropipette, vortex mixer, 
microcentrifuge, thermal cycler, electrophoresis apparatus, 
UV/blue light transilluminator, gel documentation system, 
and BioDrop spectrophotometer. For metagenomic 
analysis, materials included the ZymoBIOMICS™ DNA 
Miniprep Kit, Equalbit 1× dsDNA HS Assay Kit, Native 
Barcoding Kit 24 (SQK-NBD114-96), and R10.4.1 
flow cell from Oxford Nanopore Technologies (ONT). 
Equipment included a bead beater, Qubit™ Fluorometer, 
Oxford Nanopore PromethION 24, MinKNOW software, 
and the Dorado basecall server.

Metagenomic analysis of the gut microbiome 
community
Genomic DNA from ileal samples was extracted using 
the ZymoBIOMICS DNA Miniprep Kit via the 
bead-beating method, followed by purification and 
DNA concentration measurement using the Qubit™ 
Fluorometer. The 16S rRNA gene was amplified using 
universal primers 27F and 1492R under PCR conditions 
consisting of 35 cycles. PCR products were prepared 
using the Native Barcoding Kit 24 (SQK-NBD114-96), 
including end-labeling, barcode ligation, sample pooling, 
adapter ligation, and selection of target fragments around 
1,500 bp. The DNA library was sequenced using the 
ONT PromethION 24 platform with the R10.4.1 flow 
cell, with real-time data acquisition via MinKNOW 
software. Sequence data were bioinformatically analyzed 
using the Dorado v7.9.8 basecall server with a super-
high-accuracy model, filtered at a minimum Q-score of 
10, and subjected to taxonomic identification using the 
EPI2ME wf-16s pipeline with the NCBI 16S/18S/
ITS/28S database (Bertolo et al., 2024).

Isolation and identification of lactic acid 
bacteria
The LAB isolates used in this study were originally obtained 
from a previous isolation procedure reported by Alfariza 
et al. (2026) and were directly applied for downstream 
analyses in the present work.

In the original study, 1 mL of chicken intestinal content 
was homogenized in 9 mL of bacteriological peptone (10⁻¹ 
dilution) and subjected to serial dilutions up to 10⁻⁷. An 
aliquot (1 mL) of the final dilution was plated on de Man, 
Rogosa and Sharpe (MRS) agar and incubated at 37 °C 
for 24 h under anaerobic conditions. Colonies exhibiting 
clear halo formation were purified using the streak-plate 
method, yielding four dominant isolates (A–D), which 
were preliminarily characterized by Gram staining.

All procedures related to isolation and phenotypic 
characterization are attributed to Alfariza et al. (2026) and 
are not reproduced in this study. The present work focuses 
exclusively on newly generated datasets, including ileal 
microbiome profiling via long-read 16S rRNA sequencing, 
antimicrobial activity assays of LAB isolates, molecular 
identification and phylogenetic analysis, and LC-HRMS-
based metabolomic profiling of cell-free supernatants. 
This distinction ensures methodological transparency and 
prevents data redundancy between publications.

Isolation and identification of indicator 
pathogenic bacteria
Escherichia coli and Salmonella sp. were isolated from fresh 
broiler chicken fecal samples suspended in Peptone Water 
(PW) and inoculated onto EMBA and SSA, which were 
incubated at 37 °C for 24 hours. Colonies with characteristic 
morphology (metallic green sheen with black center for 
E. coli; pink colonies for Salmonella sp.) were selected and 
verified via Gram staining to confirm Gram-negative rod 
morphology (Tian et al., 2024).

Postbiotic production (cell-free supernatant)
A 24-hour-old pure LAB suspension was prepared to 
McFarland 0.5 (1.5 × 10⁸ CFU/mL) (Keeratikunakorn et 
al., 2023). One mL was inoculated into 10 mL MRS Broth 
and incubated in a water bath shaker at 37 °C, 100–150 
rpm for 24, 48, and 72 hours. The culture was centrifuged 
at 2500 rpm for 15 minutes and the resulting clear 
supernatant (Cell-Free Supernatant, CFS) was aseptically 
collected for further analysis.

Bacterial growth curve assay
At each fermentation time point (24, 48, and 72 hours), a 
5 µL aliquot of culture suspension was mixed with crystal 
violet and loaded into a hemocytometer chamber. Cells were 
counted under a light microscope at 400× magnification 
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across five fields (four corner fields and one central field). 
Data were used to determine bacterial cell density and 
construct a growth curve based on fermentation duration 
(Mira et al., 2022). 

Antimicrobial testing
Antimicrobial activity was tested using the well diffusion 
method. Pathogenic bacteria (E. coli and Salmonella sp.) 
were standardized to McFarland 0.5 (1.5 × 10⁸ CFU/
mL) and spread onto Nutrient Agar (NA). Wells (6.5 
mm diameter) were made using a cork borer, and 100 µL 
of CFS was added to each well. A 2% chloramphenicol 
solution served as positive control and sterile MRSB 
medium as negative control. Plates were incubated at 
37°C for 24 hours. Inhibition zone diameter was measured 
using a vernier caliper (0.05 mm accuracy) by averaging 
vertical and horizontal diameters (Kaewchomphunuch et 
al., 2022).

Molecular identification
Genomic DNA was extracted using the ZymoBIOMICS™ 
DNA Miniprep Kit via bead-based cell lysis followed by 
centrifugation column purification. DNA concentration 
and purity were measured using BioDrop. The 16S rRNA 
gene was amplified using primers 27F and 1492R with 
GoTaq Green Master Mix through pre-denaturation, 
denaturation, annealing, extension, and post-extension 
cycles. PCR products were visualized using 1.5% agarose 
gel electrophoresis in TBE buffer at 100 V for 25–30 
minutes and documented using a gel imaging system. 
Confirmed products (~1,500 bp) were submitted for 
Sanger sequencing and analyzed using BLAST against 
the NCBI GenBank database (Winand et al., 2019). 
Sequence similarity ≥97% was interpreted as species-level; 
<97% as genus-level relatedness. Phylogenetic analysis was 
performed using the Neighbor-Joining method in MEGA 
12 software with 1,000 bootstrap replicates.

Metabolomics
Metabolite screening was performed using High 
Resolution Liquid Chromatography Mass Spectrometry 
(LC-HRMS). Samples were diluted using a polar solvent 
to a final volume of 1500 µL, homogenized by vortexing 
at 2000 rpm for 2 minutes, and centrifuged at 6000 rpm 
for 2 minutes. The supernatant was filtered through a 0.22 
µm syringe filter and transferred into an autosampler vial 
for injection into the Ultimate 3000 UHPLC system 
coupled to a high-resolution mass spectrometer (Marchei 
et al., 2021). Chromatographic separation was achieved 
on a Hypersil GOLD C18 column (100 × 2.1 mm, 1.9 
µm particle size; Thermo Scientific) maintained at 40 °C. 
The mobile phase consisted of 0.1% formic acid in water 
(Phase A) and 0.1% formic acid in acetonitrile (Phase B), 
delivered at a flow rate of 0.3 mL/min under the following 
optimized gradient profile: 0–2 min, 5% B; 2–15 min, 

5% to 95% B; 15–18 min, 95% B; and 18–20 min, re-
equilibration at 5% B. Mass spectrometric detection was 
operated using an electrospray ionization (ESI) source in 
both positive and negative ionization modes. The source 
parameters were configured as follows: spray voltage, 3.5 
kV (+)/3.0 kV (-); capillary temperature, 320°C; sheath 
gas flow rate, 40 arbitrary units; and aux gas flow rate, 10 
arbitrary units. High-resolution MS spectra were acquired 
in data-dependent acquisition (DDA) mode spanning a 
mass range of m/z 67–1000. Raw data processing, peak 
alignment, and metabolite identification were executed 
using Thermo Scientific Compound Discoverer software 
(v3.3). Automated compound annotation was performed 
by matching accurate mass-to-charge ratios (m/z) and 
MS/MS fragmentation patterns against the mzCloud, 
ChemSpider, and KEGG reference databases, applying 
a mass tolerance threshold of ≤ 5 ppm and a minimum 
metabolomics standards initiative (MSI) confidence Level 
2 (Chernonosov et al., 2024).

Data analysis
Metagenomic sequence datasets were analyzed 
descriptively to evaluate taxonomy-based microbial 
community composition and relative abundance at the 
phylum, family and species levels. To determine the 
superior native LAB isolate based on the largest pathogen 
inhibition zone, antimicrobial data were evaluated using a 
Nested Completely Randomized Design (Nested CRD). 
In this framework, the four distinct native LAB isolates 
were hierarchically nested within each fermentation 
duration (24, 48, and 72 hours) to accurately account for 
strain-specific metabolite accumulation profiles over time. 
Significant differences among the nested treatment means 
were resolved via Duncan’s Multiple Range Test (DMRT) 
at a 95% confidence level (P < 0.05) implemented via SPSS 
software (v26.0, IBM Corp.). For molecular taxonomic 
validation, 16S rRNA gene sequences were evaluated using 
the Basic Local Alignment Search Tool (BLAST) against 
the NCBI database, applying query coverage, percentage 
identity, and E-value as stringent selection criteria. High-
resolution metabolomic profiles were processed, aligned, 
and annotated using Thermo Scientific Compound 
Discoverer software (v3.3) through automated spectral 
matching against the mzCloud and ChemSpider reference 
databases.

RESULTS AND DISCUSSION

Ileal microbiota architecture rationalizes 
selection of native lab candidates
Long-read 16S rRNA metabarcoding of ileal digesta from 
healthy unmedicated broilers yielded a microbial community 
structure dominated, at the phylum level, by Bacillota 
(94.49%), followed distantly by Pseudomonadota (5.45%), 
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while Chloroflexota, Actinomycetota, Thermodesulfobacteriota, 
and Acidobacteriota were each represented at minor relative 
abundances of less than 0.05% (Figure 1A). This Bacillota-
centric architecture is consistent with reference profiles of 
clinically healthy broilers and reflects the established role of 
this phylum in luminal fermentation, mucosal homeostasis, 
and short-chain fatty acid (SCFA) generation that 
energetically supports the intestinal epithelium (Rychlik et 
al., 2023).

Figure 1: Relative abundance of bacterial taxa in the 
intestines of healthy chickens at the phylum (A), family (B), 
and species (C) levels based on 16S rRNA metabarcoding 
analysis using the Oxford Nanopore PromethION 24 
platform.

At the family level (Figure 1B), Lactobacillaceae 
predominated (56.81%), followed by Peptostreptococcaceae 

(26.89%) and Streptococcaceae (9.05%), while 
Enterobacteriaceae and Enterococcaceae accounted for 5.27% 
and 1.48%, respectively. The pronounced Lactobacillaceae 
dominance is mechanistically meaningful: this family 
encompasses the principal producers of host-relevant 
antimicrobial and immunomodulatory metabolites within 
the avian ileum and is consistently associated with stable, 
eubiotic microbiota states (Wiersema et al., 2020).

Species-level resolution enabled by full-length 16S 
rRNA reads from the Oxford Nanopore platform 
revealed Lactobacillus johnsonii as the most abundant 
taxon (31.28%), followed by Romboutsia timonensis 
(26.32%), Ligilactobacillus salivarius (11.06%), Streptococcus 
alactolyticus (8.94%), Ligilactobacillus aviarius (4.72%), and 
Lactobacillus hamsteri (4.53%) (Figure 1C). Sub-dominant 
taxa included Lactobacillus crispatus, Shimwellia blattae, 
Citrobacter koseri, and Enterococcus ratti (each <5%). The 
concomitantly high abundances of Lactobacillus johnsonii 
and Lactobacillus salivarius are particularly relevant from 
a functional perspective, since these species have been 
independently documented to enhance villus-to-crypt 
ratios, upregulate mucin-2 expression, and modulate 
broiler cecal microbial succession (Koorakula et al., 2022). 
The notable representation of Romboutsia timonensis a 
complex polysaccharide fermenter further reinforces the 
SCFA-generating capacity of the community (Shang et 
al., 2018). Collectively, this multi-level taxonomic profile 
justifies the rationale of selecting native LAB from the 
same host ileum for postbiotic development: the resident 
community is intrinsically enriched in functionally 
validated bioactive-producing taxa, providing a higher 
probability of recovering isolates whose secretome aligns 
with host physiology relative to allochthonous commercial 
reference strains.

Stationary-phase metabolite accumulation 
defines the optimal postbiotic harvest window
Cellular growth kinetics were characterized across 24, 48, 
and 72 hours of fermentation to identify the physiological 
window most permissive to bioactive metabolite 
accumulation (Figure 2). Growth kinetic analysis revealed 
distinct, strain-specific proliferation profiles among the 
four LAB isolates, rather than a uniform population 
dynamic. Isolates A and B exhibited a canonical biphasic 
growth trajectory, characterized by an ascending cell 
density between 24 and 48 hours before entering a 
measurable decline at 72 hours, consistent with a standard 
transition from the logarithmic phase into late stationarity. 
Conversely, Isolate C demonstrated a continuous, 
monotonic decline in viability across the 24, 48, and 72-
hour intervals, suggesting an accelerated onset of the death 
phase under the evaluated culture conditions. Meanwhile, 
Isolate D displayed a unique fluctuating pattern, marked 
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by an initial reduction in cell density from 24 to 48 hours, 
followed by a partial population recovery at 72 hours, a 
phenomenon potentially linked to cryptic growth or late-
stage metabolic adaptation to secondary metabolites.

Figure 2: Growth curves of isolates A, B, C, and D in MRS 
broth measured at 24, 48, and 72 hours of fermentation, 
expressed as log CFU/mL.

Isolate B reached the highest peak density (8.48 log 
cell/mL at 48 hours), while Isolate D showing the most 
pronounced 48 hour decrement before partial recovery 
at 72 hours. The temporal disjunction observed between 
maximal biomass (48 hours) and maximal antimicrobial 
activity (72 hours, see Section 3.3) is biologically 
informative: it indicates that the bioactive output of LAB 
postbiotic preparations is not a passive function of cell 
number but rather a regulated, stationary-phase-induced 
phenotype driven by nutrient depletion, quorum sensing, 
and stringent-response signaling (Ughy et al., 2023). 
Under such conditions, LAB redirect metabolic flux from 
anabolic biomass synthesis toward production of secondary 
metabolites, exometabolites, organic acids, bacteriocins, 
and ribosomally synthesized antimicrobial peptides 
that operate as ecological-warfare effectors (Hug et al., 
2020; Jurášková et al., 2022). From a postbiotic process-
development perspective, this identifies 72 hours as the 
empirical harvest endpoint for CFS recovery and provides 
a translatable parameter for downstream industrial-scale 
optimization.

Antimicrobial performance establishes 
functional efficacy against enteropathogens
The well-diffusion assay was deployed against Escherichia 
coli and Salmonella sp. two of the most economically and 
zoonotically significant enteropathogens in commercial 
poultry production. The antimicrobial activity of CFS 
against Escherichia coli bacteria showed variations in 
inhibition influenced by the type of isolate and fermentation 
duration (Figures 3 and 4). At a fermentation duration of 
24 hours, all isolates (A, B, C, and D) did not show an 
inhibition zone (0 mm), indicating that the antimicrobial 

compound had not accumulated in the early growth phase. 
A significant increase in the diameter of the inhibition 
zone began to be observed at a fermentation duration of 
48 hours, with Isolate B producing the highest average 
inhibition zone of 2.25 mm, followed by Isolate C (2.13 
mm), Isolate D (1.67 mm), and Isolate A (1.53 mm). 
The most optimal antimicrobial activity was achieved at 
a fermentation duration of 72 hours coinciding with the 
transition of bacteria to the final stationary phase. At 
this phase, Isolate A produced the largest increase in the 
diameter of the inhibition zone, namely 6.23 mm.

Figure 3: Mean inhibition zone area (mm) of postbiotic 
preparations from four native LAB isolates (A, B, C, D) 
at 24, 48, and 72 hours of fermentation against Escherichia 
coli. Different letters within the same incubation time 
indicate significant differences (P < 0.05) based on 
Duncan’s Multiple Range Test (DMRT).

Figure 4: Representative agar diffusion plates showing 
inhibition zones against pathogenic Escherichia coli 
elicited by postbiotics after 72 hours of fermentation. Well 
notation: e (E. coli), A, B, C, D (microbial isolate variants), 
72 (fermentation duration in hours).

The antimicrobial activity of CFS against the growth of 
Salmonella sp. bacteria showed a varying increase pattern 
depending on the fermentation duration (Figures 5 and 
6). At the initial fermentation duration (24 hours), all test 
isolates had not formed a clear zone (0 mm), indicating 
that the concentration of antimicrobial compounds in 
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the media had not reached the minimum inhibition 
threshold. After entering the 48-hour fermentation 
period, the accumulation of bioactive metabolites began 
to show significant inhibitory activity. Isolate C produced 
the highest average inhibition zone diameter of 3.53 mm, 
followed by Isolate B (2.17 mm), Isolate D (1.80 mm), 
and Isolate A (0.87 mm). The most optimal antimicrobial 
effectiveness against Salmonella sp. was achieved 
significantly at a fermentation period of 72 hours. In the 
stationary phase, Isolate A produced the largest inhibition 
zone, namely 6,13 mm.

Figure 5: Mean inhibition zone area (mm) of postbiotic 
preparations from four native LAB isolates (A, B, C, D) at 
24, 48, and 72 hours of fermentation against Salmonella sp. 
Different letters within the same incubation time indicate 
significant differences (P < 0.05) based on Duncan’s 
Multiple Range Test (DMRT).

Figure 6: Representative agar diffusion plates showing 
inhibition zones against pathogenic Salmonella sp. elicited 
by postbiotics after 72 hours of fermentation. Well 
notation: s (Salmonella sp.), A, B, C, D (microbial isolate 
variants), 72 (fermentation duration in hours).

Mechanistically, postbiotic inhibition of Gram-
negative enteropathogens proceeds through a cascade 
of complementary interactions. Lipophilic, protonated 
organic acids passively diffuse across the bacterial outer and 
cytoplasmic membranes, dissociate within the cytoplasm, 
and release H⁺ ions that acidify the intracellular milieu; 
the resulting collapse of the proton motive force forces an 
energetically costly proton-pump compensatory response 

that depletes ATP reserves and disrupts vital metabolism, 
protein synthesis, and membrane protein function (Singh 
and Koo, 2024). Bacteriocins act in a synergistic manner, 
forming pores in the cytoplasmic membrane that drive 
leakage of essential ions and intracellular molecules, while 
concomitantly impeding DNA replication and ribosomal 
protein synthesis (Soltani et al., 2022). This multi-pronged 
mode of action is intrinsically refractory to resistance 
development relative to single-target antibiotics, since 
simultaneous mutational evasion across multiple structural 
and metabolic targets imposes a substantially higher fitness 
cost on the pathogen a property of major translational 
relevance for the AGP-replacement agenda.

Molecular identification and safety-relevant 
taxonomic positioning of isolate a
Agarose gel electrophoresis of the 27F/1492R PCR 
amplicon from Isolate A yielded a single, sharply defined 
band at approximately 1500 bp (Figure 7), consistent 
with successful full-length 16S rRNA amplification 
and validating the product for Sanger sequencing and 
BLASTn homology analysis. Isolate A showed genetic 
similarity to the Enterococcus genus based on 16S rRNA 
gene analysis, with a Query Cover value of 98-99% and 
Percentage Identity ranging from 93.75% to 94.21%. This 
similarity value indicates that Isolate A can be classified 
at the genus level but has not yet met the threshold for 
identification. The results of this genetic similarity are 
clarified through the construction of a phylogenetic tree in 
Figure 8, which shows the position of Isolate A within the 
Enterococcus genus group and its kinship relationship with 
the closest reference strain.

Figure 7: Agarose gel electrophoresis profile of the 
amplified 16S rRNA gene from Isolate A showing a sharp, 
specific band at approximately 1500 bp relative to the 
DNA molecular weight ladder.
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Table 1: Top BLASTn hits obtained from comparison of the 16S rRNA gene sequence of Isolate A with sequences 
deposited in the NCBI GenBank database.
No Description Query 

cover
Indent Accession

1 Enterococcus faecium strain MKCTAK16 16S ribosomal RNA gene, partial sequence 98% 94.21% OQ629925.1
2 Enterococcus durans strain 023 16S ribosomal RNA gene, partial sequence 98% 94.09% JN560844.1
3 Enterococcus faecium strain DX5a 16S ribosomal RNA gene, partial sequence 98% 94.09% MN007103.1
4 Enterococcus faecium strain 27360 16S ribosomal RNA gene, partial sequence 98% 94.09% PV276750.1
5 Enterococcus faecium strain TSGB1181 16S ribosomal RNA gene, partial sequence 98% 94.09% MN250794.1
6 Enterococcus faecium strain T2 16S ribosomal RNA gene, partial sequence 98% 94.08% PX970210.1
7 Enterococcus durans strain CEMTC_3216 16S ribosomal RNA gene, partial sequence 98% 94.07% PV450713.1
8 Enterococcus durans strain ICMM6 16S ribosomal RNA gene, partial sequence 98% 94.07% MN945383.1
9 Enterococcus durans strain APED4 16S ribosomal RNA gene, partial sequence 99% 93.90% MN595072.1
10 Enterococcus durans strain TRM58258 16S ribosomal RNA gene, partial sequence 99% 93.75% PV383937.1

Figure 8: Phylogenetic tree showing the evolutionary 
relationship of Isolate A with related Enterococcus species 
based on 16S rRNA gene sequences, constructed using 
the Neighbor-Joining method. Staphylococcus aureus 
ATCC 12600 (NR_118997.2) was used as the outgroup. 
Numbers at nodes represent bootstrap percentages from 
1,000 replicates. GenBank accession numbers are indicated 
before species names.

Neighbor-Joining phylogenetic reconstruction (Figure 
8) corroborates the BLASTn results: Isolate A clustered 
within the Enterococcus genus and was most closely related 
to Enterococcus faecium strain MKCTAK16 with a bootstrap 
value of 76%, which then formed a group with Enterococcus 
durans strain CEMTC with a bootstrap value of 78% 
(Table 1). This bootstrap value represents the stability of 
the branching results from the replicate analysis, not the 
degree of sequence similarity.

Placement of the most active isolate within the genus 
Enterococcus carries non-trivial implications for translational 
deployment as a postbiotic. The genus occupies a contested 
taxonomic and safety position, encompassing species with 
documented food-fermentation and probiotic functions 
(notably E. faecium, E. lactis, and certain E. durans 
lineages) alongside opportunistic pathogens implicated 
in nosocomial bloodstream and urinary tract infections, 
most prominently E. faecalis and selected vancomycin-
resistant E. faecium clades (Hanchi et al., 2017; Krawczyk 
et al., 2021). Critically, however, the postbiotic paradigm 
structurally circumvents the most pressing safety concerns 

associated with live Enterococcus administration namely, 
the potential dissemination of transferable resistance 
determinants (e.g., vanA/vanB, aac(6’)-Ie-aph(2’’)-Ia) and 
virulence factors (e.g., esp, hyl, asa1, cylA) because cell-free 
supernatant preparations exclude viable microbial cells and 
their genomic content by design (Salminen et al., 2021). This 
functional dissociation between bioactivity and viability 
is the defining advantage of postbiotic over probiotic 
formats and is particularly consequential when working 
with taxonomically ambiguous genera. Nevertheless, prior 
to in vivo deployment of CFS from Isolate A, WGS-based 
genomic safety screening is recommended to definitively 
exclude transferable resistance and virulence determinants 
in accordance with EFSA QPS guidance principles for the 
genus (Rychen et al., 2018).

Metabolomic architecture of the cell-
free supernatant underpins multi-target 
antimicrobial action
Untargeted LC-HRMS profiling of the 72-hour CFS 
from Enterococcus sp. Isolate A resolved 22 high-confidence 
metabolites distributed across five biochemically distinct 
classes (Table 2) free amino acids and derivatives, 
indole derivatives, diketopiperazines (DKPs), phenolic 
compounds, and organic acids. This chemical breadth 
provides the molecular substrate for the multi-target mode 
of antimicrobial action inferred from the bioactivity data 
and rationalizes the convergent efficacy observed against 
both E. coli and Salmonella sp.

Tryptophan-derived indole compounds emerged as a 
particularly relevant antibacterial axis. Indole-3-acetic acid 
(IAA), indole-3-lactic acid (ILA), and indole-3-acrylic 
acid, all produced through the bacterial L-tryptophan 
catabolic pathway, have been independently characterized 
as quorum sensing (QS) inhibitors of Enterobacteriaceae. 
IAA antagonizes the LsrR receptor of the autoinducer-2 
(AI-2) system in Salmonella enterica, thereby suppressing 
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Table 2: Chemical classification and biological relevance of metabolites identified from the Cell-Free Supernatant (CFS) 
of Enterococcus sp. Isolate A based on LC-HRMS analysis (ESI+/ESI−, mzCloud Best Match). 
No. Compound name Molecular formula RT (min) m/z Ion mode mzCloud (%)
Amino acids and derivatives
1 Isoleucine C6H13NO2 0.699 132.101 ESI+ 99.6
2 L-Phenylalanine C9H11NO2 5.814 166.086 ESI+ 99.3
3 L-Lysine C6H14N2O2 0.456 147.112 ESI+ 96.0
4 L-Histidine C6H9N3O2 0.455 156.076 ESI+ 97.6
5 L-(-)-Methionine C5H11NO2S 0.574 150.058 ESI+ 95.9
6 L-Tyrosine C9H11NO3 8.153 182.080 ESI+ 95.9
7 Proline C5H9NO2 7.382 116.070 ESI+ 83.2
8 Betaine C5H11NO2 0.543 118.086 ESI+ 98.2
9 D-(-)-Aspartic acid C4H7NO4 4.217 134.044 ESI+ 72.4
Indole derivatives
10 DL-Tryptophan C11H12N2O2 2.129 188.070 ESI+ 96.6
11 Indole-3-acetic acid (IAA) C10H9NO2 8.094 176.070 ESI+ 98.9
12 Indole-3-lactic acid (ILA) C11H11NO3 7.139 206.080 ESI+ 95.5
13 Indole-3-acrylic acid C11H9NO2 4.456 188.070 ESI+ 84.1
Diketopiperazines (DKPs)
14 cyclo(L-Pro-L-Val) C10H16N2O2 3.361/ 4.625 197.128 ESI+ 98.1/92.5
15 cyclo(L-Pro-L-Leu) C11H18N2O2 5.858 211.143 ESI+ 91.6
16 cyclo(L-Pro-L-Phe) C14H16N2O3 2.982 261.122 ESI+ 89.4
Phenolic compounds
17 8-Hydroxyquinoline C9H7NO 2.135 146.059 ESI+ /83.8
18 Vanillin C8H8O3 5.940 153.054 ESI+ 91.4
Organic acids
19 cis,cis-Muconic acid C6H6O4 1.682 143.033 ESI+ 93.1

RT= Retention Time; m/z= mass-to-charge ratio; mzCloud (%)= spectral similarity score.

collective virulence-gene activation; ILA directly impairs 
E. coli virulence through competitive inhibition of 
tryptophanase (Sinha et al., 2024); and indole-3-acrylic 
acid suppresses flagellar gene expression, attenuating 
motility, host-cell invasion, and biofilm maturation. By 
disabling QS-orchestrated virulence rather than killing 
the pathogen outright, these metabolites complement 
the bactericidal axis of organic acids and bacteriocins 
and confer an anti-virulence dimension that may slow 
resistance selection.

Cyclic dipeptides cyclo(L-Pro-L-Val), cyclo(L-Pro-L-
Phe), and cyclo(L-Pro-L-Leu) operate as additional 
QS co-inhibitors, disrupting acyl-homoserine lactone 
(AHL) signaling and destabilizing the outer-membrane 
integrity of Gram-negative bacteria. Phenolic compounds 
extend the mechanistic repertoire: 8-hydroxyquinoline 
chelates essential divalent metals (Fe²⁺, Zn²⁺) required 
for cytochrome-mediated anaerobic respiration, thereby 
suppressing pathogen bioenergetics (Bhagwat et al., 2024), 
whereas vanillin imposes a dual hit on E. coli, compromising 
LPS-membrane integrity and depleting cellular ATP 

via TCA cycle perturbation (Chen et al., 2023). Layered 
on this network, the identified organic acids citric acid, 
cis,cis-muconic acid, and isobutyric acid lower extracellular 
pH and dissipate the proton motive force, producing 
the ionic-imbalance and energy-depletion phenotypes 
that drive Gram-negative cell death ( Ji et al., 2023). 
The biochemical complementarity among amino-acid-
derived modulators, indole-based anti-virulence agents, 
DKP QS inhibitors, metal-chelating phenolics, and pH-
active organic acids defines a stratified, mechanistically 
redundant antimicrobial system whose collective activity 
is functionally inseparable from the parent CFS matrix.

Integrated positioning of Enterococcus sp. 
isolate a as a native postbiotic candidate
Synthesizing the metagenomic, growth-kinetic, 
antimicrobial, molecular, and metabolomic evidence 
presented above yields a coherent translational profile 
for Enterococcus sp. Isolate A as a promising candidate 
for native postbiotic development. First, its ecological 
provenance the ileum of healthy unmedicated broilers 
confers presumptive niche compatibility and host-
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adaptation advantages that are intrinsically inaccessible 
to allochthonous commercial probiotic strains (Sharma et 
al., 2025). Second, the temporally optimized fermentation 
profile (peak antimicrobial activity at 72 h, coincident 
with the late stationary phase) defines a discrete and 
reproducible process-development parameter directly 
transferable to industrial bioreactor scale-up, where late-
phase harvest is consistently associated with maximal 
secondary-metabolite recovery (Aguilar-Toalá et al., 2018). 
Third, the broad-spectrum efficacy against both Ecscherichia 
coli and Salmonella sp. pivotal poultry enteropathogens 
driving substantial economic losses and zoonotic concerns 
establishes immediate industry relevance. Fourth, the 
chemical diversity of the resolved metabolome (organic 
acids, indole derivatives, DKPs, phenolic compounds, 
and amino-acid-derived modulators) implies a multi-
mechanistic mode of action that is structurally refractory 
to single-target resistance development (Soltani et al., 
2022). Fifth, and critically, the postbiotic format itself 
decouples bioactivity from microbial viability, neutralizing 
the safety reservations historically associated with live 
Enterococcus administration (Salminen et al., 2021; Hanchi 
et al., 2017). Translation of these findings into commercial 
deployment now requires (i) WGS-based genomic 
safety verification of Isolate A, (ii) in vivo evaluation 
of postbiotic CFS supplementation on broiler growth 
performance, intestinal morphometry, mucosal immunity, 
and cecal microbiota architecture, and (iii) downstream 
optimization of stabilization, encapsulation, and dose-
response characterization for industrial feed inclusion.

CONCLUSIONS

This study identifies Enterococcus sp. Isolate A from the 
broiler ileum as a promising native postbiotic candidate with 
broad-spectrum antimicrobial activity against Escherichia 
coli and Salmonella sp. Peak bioactivity occurs at 72 h of 
fermentation, driven by a chemically diverse metabolome 
of organic acids, indole derivatives, diketopiperazines, and 
phenolic compounds.
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