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Abstract
Background  Neonatal respiratory distress syndrome (RDS) is among the most prevalent morbidities in late preterm 
and term infants. Although the gut–lung axis has been implicated in neonatal respiratory disease, the relationship 
between RDS and early gut microbiome composition remains poorly characterized. This study aimed to characterize 
gut microbiome alterations associated with RDS and surfactant replacement therapy (SRT), and to evaluate the 
biological plausibility of a disease-specific probiotic intervention.

Methods  Two complementary cohorts were prospectively enrolled. In the clinical observational cohort (n = 45), fecal 
samples collected within 48 h of birth were analyzed by Nanopore 16S rRNA sequencing across three groups: infants 
without RDS (control group, n = 25), infants with RDS who did not receive SRT (RDS(S−) group, n = 7), and infants with 
RDS who received SRT (RDS(S+) group, n = 13). In the probiotic discovery cohort (n = 40), gut microbiota of infants 
without RDS (CON group, n = 17) and infants with RDS (RDS group, n = 23) were characterized by metagenomic 
sequencing and culturomics. Candidate probiotic strains were evaluated in a fermenter for intestinal microbiota 
model (FIMM) and a fecal microbiota transplantation (FMT) mouse model.

Results  The RDS(S−) group exhibited depletion of beneficial taxa including Bifidobacterium and Lacticaseibacillus 
and enrichment of opportunistic pathogens including Enterococcus and Staphylococcus. Following SRT, gut 
microbial profiles partially shifted toward those of the control group. Limosilactobacillus fermentum SLAM_LAF05 
and Bifidobacterium longum SLAM_BIL02 were identified as CON-enriched candidate probiotic strains through direct 
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​​Background
Respiratory distress syndrome (RDS), primarily resulting 
from surfactant deficiency in the context of pulmonary 
immaturity, is among the most common causes of neo-
natal morbidity, particularly in preterm infants. Although 
RDS has traditionally been associated with very pre-
term birth, it remains a clinically significant condition 
in late preterm and term infants [1]. Since the introduc-
tion of exogenous surfactant by Fujiwara et al. in 1980, 
surfactant replacement therapy (SRT) has become the 
established management of RDS, substantially reducing 
neonatal mortality and pulmonary complications such as 
pneumothorax [2, 3]. Despite its well-characterized pul-
monary benefits, the systemic consequences of RDS and 
SRT on the developing neonatal gut microbiome, a key 
contributor to neonatal immune and metabolic program-
ming, remain poorly understood.

The gut and lung are functionally interconnected 
through the gut–lung axis, a bidirectional network 
mediated by microbial and immune signaling path-
ways between the two organ systems [4–6]. Perturba-
tions originating in either organ system may propagate 
systemically, as pulmonary inflammation and hypoxia 
have been shown to alter intestinal barrier function and 
microbial composition [7, 8], while gut-derived microbial 
metabolites and immune signals may reciprocally modu-
late pulmonary immune responses [9–11]. The neonatal 
gut microbiome is known to be susceptible to perinatal 
exposures [12–16], and a recent prospective cohort study 
demonstrated that the provision of non-invasive positive 
pressure ventilation was associated with suppression of 
microbial diversity accrual and obligate anaerobic coloni-
zation in the preterm intestine, suggesting that the mode 
of respiratory support may independently shape early gut 
microbial development [17]. This finding raises the pos-
sibility that RDS and its primary treatment, SRT, may 
influence early gut microbial colonization. Furthermore, 
probiotic supplementation has been explored as a poten-
tial strategy to improve neonatal outcomes in preterm 
infants [18, 19], although its role in RDS-associated dys-
biosis remains unexplored.

In this study, we aimed to characterize the gut micro-
biome composition of infants with RDS and to examine 
whether infants with different respiratory trajectories, 
including those receiving SRT, exhibited distinct gut 
microbial profiles. Building on these clinical observa-
tions, we identified candidate probiotic strains from the 
fecal microbiota of healthy term infants. We then evalu-
ated their potential to restore dysbiotic microbial com-
munities and support gut barrier and immune function 
in experimental models of RDS-associated dysbiosis.

Methods
Study population
This study comprised two complementary cohorts: a 
clinical observational cohort to characterize gut micro-
biome alterations associated with RDS and SRT, and a 
probiotic discovery cohort to identify candidate probiotic 
strains from the fecal microbiota of healthy term infants.

Clinical observational cohort
We prospectively enrolled 84 infants admitted to the 
newborn nursery unit or neonatal intensive care unit of 
Hanyang University Hospital, Seoul, Republic of Korea 
between September 2021 and January 2024 (Fig.  1a). 
Infants born before 34 weeks of gestation (n = 18), those 
whose fecal samples were collected prior to SRT admin-
istration (n = 2) and those who failed to extract DNA 
from fecal samples (n = 19) were excluded from the 
study. Consequently, 45 late preterm (34–36 weeks of 
gestation) and term (37–41 weeks of gestation) infants 
were included and classified into three groups: the con-
trol group (infants without RDS, n = 25), RDS(S−) group 
(infants with RDS who did not receive SRT owing to a 
lack of appropriate indications, n = 7), and RDS(S+) group 
(infants diagnosed with RDS who received SRT, n = 13).

Probiotics discovery cohort
To assemble this cohort, fecal samples meeting adequate 
volume and condition requirements for culturomic anal-
ysis and bacterial isolation were prospectively collected 
(Fig.  1a). Fourteen infants were carried over from the 

microbiome comparison and selected based on superior acid and bile tolerance and adhesion capacity. In the FIMM 
model, probiotic supplementation increased microbial diversity and suppressed opportunistic pathogens. In the FMT 
mouse model, probiotic supplementation was associated with upregulation of ZO-1, MUC2, and Reg3g, reduction of 
fecal calprotectin, and restoration of serum IgG levels.

Conclusions  This study provides an early translational characterization of RDS-associated gut dysbiosis and its partial 
resolution following SRT, and establishes proof-of-concept for a disease-specific probiotic approach. These findings 
offer a new perspective on the interplay between gut microbial dynamics and the early postnatal respiratory course, 
and provide a basis for future investigations into microbiota-targeted strategies in neonates with RDS.

Keywords  Respiratory distress syndrome, Gut microbiome, Gut-lung axis, Dysbiosis, Surfactant replacement therapy, 
Probiotics, Neonate, Preterm infant
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Fig. 1 (See legend on next page.)
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clinical observational cohort, and an additional 26 late 
preterm and term infants were enrolled between Febru-
ary and April 2024. A total of 40 infants were classified 
into two groups: the CON group (infants without RDS, 
n = 17) and the RDS group (infants with RDS, n = 23).

Sample collection
Fecal samples were collected at the time of first defeca-
tion within 48  h of birth across both cohorts, reflect-
ing the typical timing of initial defecation in neonates 
(Fig. 1b). In the RDS(S+) group, samples were collected 
within 24 h after SRT administration, which is consistent 
with the 48-hour collection window given that SRT is 
typically administered within hours of birth. All samples 
were immediately frozen and stored at − 80 °C until fur-
ther analysis.

Clinical definitions
All clinical data, including perinatal and neonatal char-
acteristics, were retrospectively extracted from medical 
records and encompassed clinical exposures up to the 
time of fecal sample collection. RDS was diagnosed based 
on chest radiographic findings combined with clinical 
symptoms and the requirement for respiratory support, 
including invasive ventilation (conventional ventilation 
or high-frequency oscillatory ventilation) or noninva-
sive ventilation (bilevel positive airway pressure, nasal 
continuous positive airway pressure, or high-flow nasal 
cannula). Infants requiring only supplemental oxygen or 
no respiratory support were excluded from the RDS diag-
nosis. Antibiotic use was defined as the administration of 
at least one dose of an antibiotic before fecal sample col-
lection. Oxygen therapy was defined as any supplemental 
oxygen support. Enteral feeding was defined as the provi-
sion of any enteral nutrition before fecal sample collec-
tion, and feeding type was categorized based on the type 
of enteral nutrition received.

Surfactant replacement therapy (SRT)
Infants diagnosed with RDS who received SRT (RDS(S+) 
group) were administered surfactant intratracheally 
either immediately after birth or within the first day 
of life. The treatment utilized poractant alfa (Curo-
surf®, Chiesi Farmaceutici SPA, Parma, Italy), a porcine 
minced lung extract. The preparation had a surfactant 
protein (SP)-B concentration of 0.45 mg/mL, SP-C con-
tent of 5.0–11.6  µg protein/µmol L-1 phospholipid, and 

total phospholipid concentration of 76 mg/mL, including 
30 mg/mL of dipalmitoylphosphatidylcholine (DPPC).

Fermenter for intestinal microbiota model (FIMM)
To evaluate the effects of probiotic supplementation on 
the RDS-associated gut microbiota, the FIMM system 
was adapted from established methodologies and opti-
mized to closely mimic the specific conditions of the 
infant gut in vitro [20]. Pooled fecal samples from each 
group of probiotic discovery cohort were homogenized 
and inoculated into 10% mGAM medium. The cultures 
were incubated at 37 °C with shaking for 48 h under 
anaerobic conditions. Three experimental groups were 
established: CON (fecal samples from infants without 
RDS), RDS (fecal samples from infants with RDS), and 
RDS + PRO (fecal samples from infants with RDS supple-
mented with candidate probiotic strains at a final concen-
tration of 1% [5 × 10⁸ colony-forming units (CFU) each]). 
All sample processing and analyses were performed in a 
blinded manner with respect to group allocation.

Fecal microbiota transplantation (FMT) mouse model
To evaluate the in vivo effects of RDS-associated gut 
microbiota and probiotic supplementation on intesti-
nal physiology, an FMT mouse model was established. 
Three-week-old C57BL/6 mice were housed under a 
12:12 h light-dark cycle, with six mice per cage and 
ad libitum access to food and water. After a one-week 
acclimation period, mice received an antibiotic cocktail 
(ampicillin 100 mg/kg, vancomycin 50 mg/kg, metroni-
dazole 100 mg/kg, neomycin 100 mg/kg, and amphoteri-
cin B 1 mg/kg) daily for two weeks to deplete endogenous 
gut microbiota [21]. At six weeks of age, FMT was per-
formed every other day for two weeks using fecal suspen-
sions derived from the probiotic discovery cohort. Fecal 
material was resuspended in phosphate-buffered saline 
(PBS) containing 50% glycerol and 0.05% L-cysteine and 
stored at − 80 °C prior to use. Before transplantation, 
samples were thawed, homogenized, centrifuged at 2,000 
rpm for 10 min, and resuspended in Brain Heart Infusion 
(BHI; BD Difco, Franklin Lakes, NJ, USA) medium sup-
plemented with 0.05% L-cysteine and 20% skim milk [22]. 
At eight weeks of age, mice received daily oral gavage for 
two weeks according to group allocation. Three experi-
mental groups were established: CON (FMT with fecal 
samples from infants without RDS, saline gavage), RDS 
(FMT with fecal samples from infants with RDS, saline 
gavage), and RDS + PRO (FMT with fecal samples from 

(See figure on previous page.)
Fig. 1  Participant enrollment and study design. (a) Flow diagram illustrating the enrollment and allocation of participants across the clinical observa‑
tional cohort and probiotic discovery cohort. (b) Timeline of fecal sample collection relative to birth. For the control and RDS(S−) groups, samples were 
collected between birth and 48 h. For the RDS(S+) group, samples were collected between SRT administration and 48 h after birth. NICU, neonatal inten‑
sive care unit; NB, newborn nursery; RDS, respiratory distress syndrome; SRT, surfactant replacement therapy; FIMM, fermenter for intestinal microbiota 
model; FMT, fecal microbiota transplantation
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infants with RDS, gavage with candidate probiotic strains 
at 5 × 10⁸ CFU each). Fecal samples were pooled within 
each group prior to transplantation. All experimental 
procedures and analyses were performed in a blinded 
manner with respect to group allocation.

Nanopore 16S rRNA sequencing
Nanopore-based 16S rRNA sequencing was performed 
on human fecal samples from both cohorts. Genomic 
DNA was extracted using the ZymoBIOMICS DNA 
Miniprep Kit (Zymo Research, USA). Variable regions 
(V1-V9) of the 16S rRNA gene were amplified using a 16S 
Barcoding Kit (SQK-16S024) in a MiniAmp Plus Ther-
mal Cycler (Thermo Fisher Scientific, USA). DNA was 
amplified using a polymerase chain reaction (PCR) with 
LongAmp Hot Start Taq 2X Master Mix (New England 
Biolabs, USA). The PCR amplicons were purified with 
Agencourt AMPure XP magnetic beads (Beckman Coul-
ter, USA), and the concentrations were quantified using 
Invitrogen Qubit 4 Fluorometer (Thermo Fisher Scien-
tific, USA). The constructed library was sequenced using 
MinION Flow Cell (R9.4.1, FLO-MIN-106D, Oxford 
Nanopore Technologies, Oxford, UK), and FASTQ raw 
data were collected and trimmed using a GPU-based 
ONT guppy basecaller (v5.0.16, Oxford Nanopore 
Technologies, Oxford, UK) and MinKNOW software 
(v21.06.13; Oxford Nanopore Technologies, Oxford, 
UK). The Quantitative Insights Into Microbial Ecology 2 
(QIIME2; v2022.2) pipeline was used to analyze the data 
and assess microbial taxonomy. Operational taxonomic 
units (OTUs) were clustered with 99% sequence iden-
tity using the vsearch cluster-features-de-novo method 
from the q2-vsearch plugin and annotated with the 
SILVA 138.1 NR99 database. Alpha diversity (Shannon 
and Simpson indexes), beta diversity (Bray–Curtis based 
principal coordinate analysis; PCoA), and relative abun-
dance of taxonomy were analyzed.

Candidate probiotics strain isolation and identification
To isolate candidate probiotic strains, fecal samples from 
the CON group of the probiotic discovery cohort were 
used. Briefly, 0.5 g of fecal sample was added to 4.5 mL 
of 0.1% buffered peptone water (Oxoid, Hampshire, UK) 
and serially diluted. The diluted solutions were spread 
onto de Man, Rogosa & Sharpe (MRS; BD Difco, Frank-
lin Lakes, NJ, USA), Bifidobacterium Selective Agar (BS; 
BD Difco, Franklin Lakes, NJ, USA), BHI, and modified 
Gifu Anaerobic Medium (mGAM; HiMedia, Maarn, The 
Netherlands) plates and incubated anaerobically at 37 °C 
for 48 h. Single colonies were isolated and cultured twice 
in a liquid medium to ensure purity. The purified colo-
nies were then identified by full-length 16S rRNA gene 
sequencing [23, 24]. Isolated strains were subsequently 
evaluated for key probiotic properties using Lactobacillus 

rhamnosus GG as a reference strain. Acid tolerance was 
assessed by inoculating strains into MRS broth adjusted 
to pH 2.5 with pepsin (250 U/mg) and incubating anaero-
bically at 37 °C for 3 h, and bile salt tolerance was evalu-
ated in MRS broth supplemented with 0.5% oxgall for 24 
h; results were expressed as changes in log CFU [25, 26]. 
Antimicrobial activity against Listeria monocytogenes 
EGD-e, Salmonella Typhimurium SL1344, Escherichia 
coli O157:H7, and Staphylococcus aureus Newman was 
assessed using an agar well diffusion assay, with inhi-
bition zones measured in millimeters [27]. Adhesion 
capacity was evaluated using Caco-2 intestinal epithelial 
cells with 2-hour incubation, and adherent bacteria were 
quantified by viable colony counts [28]. Hemolytic activ-
ity was assessed on MRS blood agar supplemented with 
5% defibrinated sheep blood and classified as α-, β-, or 
γ-hemolysis [29]. Bile salt hydrolase (BSH) activity was 
evaluated on MRS agar supplemented with 0.5% tauro-
deoxycholic acid, with precipitate formation indicating 
BSH-positive strains [30]. Antibiotic susceptibility was 
determined using ETEST® strips (bioMérieux, France) for 
nine antibiotics, with minimum inhibitory concentration 
(MIC) values interpreted according to EFSA QPS guide-
lines [31–33].

Hybrid nanopore-illumina whole-genome sequencing and 
functional annotation
Genomic DNA from the candidate probiotic strains was 
extracted using the Genomic DNA Prep Kit for Bacteria 
(Qiagen, Hilden, Germany). Whole-genome sequencing 
was performed using both Illumina MiSeq and Oxford 
Nanopore MinION platforms. Hybrid de novo assembly 
was conducted using Unicycler v0.4.8 via the PATRIC 
web server, and genome completeness was assessed with 
CheckM (v1.2.3), confirming 100% completeness [34–
36]. Functional annotation was carried out using Proksee 
(Prokka v1.13.4-based pipeline), with a focus on probi-
otic-related features, including stress resistance, acid and 
bile tolerance, adhesion to intestinal epithelial cells, bac-
teriocin production, exopolysaccharide (EPS) biosynthe-
sis, immune modulation, and carbohydrate metabolism. 
Antibiotic resistance genes and virulence factors were 
identified using the Virulence Factor Database (VFDB; 
v2.0), PATRIC_VF, and the Comprehensive Antibiotic 
Resistance Database (CARD; v4.0.1) [37, 38].

Classification models and ROC analysis
To evaluate the potential of the candidate probiotic 
strains as biomarkers for distinguishing between CON 
and RDS groups, relative abundance data were analyzed 
using a Random Forest classifier. Model performance 
was assessed using 10-fold cross-validation to minimize 
bias from data partitioning and to ensure generalizability. 
Receiver operating characteristic (ROC) curves and the 
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protein (ZO-1), mucin (MUC2), antimicrobial peptide 
(Reg3g), and inflammatory cytokines (IL-10, TNF-α) was 
quantified by quantitative real-time PCR (qRT-PCR). 
Total RNA was extracted from intestinal tissues using 
the RNeasy Mini Kit (Qiagen, Hilden, Germany), and 
complementary DNA was synthesized using the iScript™ 
cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). 
qRT-PCR was performed on the CFX96 Touch System 
(Bio-Rad) using SsoAdvanced™ Universal SYBR® Green 
Supermix (Bio-Rad). glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) served as the reference gene, and 
expression levels were calculated using the 2 − ΔΔCt 
method [46], with the CON group used as the reference.

For protein-level analysis, calprotectin was measured 
in fecal homogenates using a commercial ELISA kit (Fine 
Biotech, Ellicott City, MD, USA), and serum IgG levels 
were quantified using an ELISA kit (Immunology Con-
sultants Laboratory, Portland, OR, USA), according to 
the manufacturers’ protocols. Absorbance was recorded 
at 450  nm using a microplate reader (SpectraMax ABS 
Plus, Molecular Devices, San Jose, CA, USA), providing 
quantitative measures of intestinal inflammation and sys-
temic immune response.

Statistical analysis
Clinical characteristics of infants were analyzed using 
univariate statistical methods. The Shapiro–Wilk test was 
used to assess the distribution of continuous variables. 
As several variables showed non-normal distributions 
and variance heterogeneity, continuous variables are pre-
sented as median with interquartile range (IQR). Com-
parisons between two groups were performed using the 
Wilcoxon rank-sum test, whereas comparisons among 
three groups were performed using the Kruskal–Wallis 
test. Categorical variables are presented as frequencies 
and percentages and were compared using Fisher exact 
test owing to sparse cell counts in several contingency 
tables. A two-sided p value < 0.05 was considered statis-
tically significant. Microbiome data analyses were con-
ducted using R software (v4.3.2, R Core Team, 2023) and 
GraphPad Prism (v10.0.0, GraphPad Software Inc., USA). 
Continuous data are presented as mean ± SD. For com-
parisons among three groups, ANOVA was performed, 
followed by Tukey’s multiple comparisons test for post 
hoc pairwise analyses. Comparisons between two groups 
were conducted using the Student’s t-test. Differen-
tially abundant taxa were identified using LEfSe on the 
Galaxy platform. The Kruskal–Wallis test was used to 
detect significant differences in relative abundance, fol-
lowed by pairwise Wilcoxon rank-sum tests. Linear dis-
criminant analysis (LDA) was applied to estimate effect 
sizes, with an LDA score ≥ 2.0 considered significant 
[47]. Taxonomic differences were assessed using STAMP 
(v2.0) with Welch’s t-test and false discovery rate (FDR) 

area under the curve (AUC) values were used to evalu-
ate classification accuracy. AUC values were interpreted 
as follows: ≥0.90 (excellent), 0.80–0.89 (good), 0.70–0.79 
(moderate), and < 0.70 (poor) [39, 40]. All analyses were 
conducted in Python (v3.9) using the scikit-learn library 
(v1.6.1).

Illumina 16S rRNA sequencing
Illumina-based 16S rRNA sequencing was performed 
on fecal samples from the FIMM model and the FMT 
mouse model. Genomic DNA was extracted using the 
DNeasy PowerSoil Pro Kit (Qiagen, Hilden, Germany). 
The V3-V4 region of the 16S rRNA gene was amplified 
using region-specific primers (forward: 515 F, 5′-​​T​​​C​​​G​​​T​​​C​​​
G​​​G​​​C​​​A​​​G​​​C​​​G​​​T​​​C​​​A​​​G​​​A​​​T​​​G​​​T​​​G​​​T​​​A​​​T​​​A​​​A​​​G​​​A​​​G​​​A​​​C​​​A​​​G​​​G​​​T​​​G​​​C​​​C​​​
A​​​G​​​C​​​M​​​G​​​C​​​C​​​G​​​C​​​G​​​G​​​T​​​A​​​A​​​-3′; reverse: 806R, 5′-​​G​​​T​​​C​​​T​​​C​​​G​​​
T​​​G​​​G​​​G​​​C​​​T​​​C​​​G​​​G​​​A​​​G​​​A​​​T​​​G​​​T​​​G​​​T​​​A​​​T​​​A​​​A​​​G​​​A​​​G​​​A​​​C​​​A​​​G​​​G​​​G​​​A​​​C​​​T​​​
A​​​C​​​H​​​V​​​G​​​G​​​G​​​T​​​W​​​T​​​C​​​T​​​A​​​A​​​T​​​-3′) [41]. Sequencing was per-
formed on the Illumina NextSeq 300 platform (Illumina, 
San Diego, CA, USA). Raw sequencing data were filtered 
to retain reads with a Phred quality score ≥ Q30. High-
quality reads were then processed using the QIIME2 
(v2022.2) pipeline, with DADA2 (v1.34.0) applied for 
denoising, chimera removal, and merging of paired-end 
reads. Amplicon sequence variants (ASVs) were gener-
ated and used for downstream taxonomic classification 
and microbial diversity analyses from phylum to species 
level [42, 43]. Taxa with a relative abundance of less than 
1% were grouped as “Others.” Taxonomic differences 
between groups were analyzed using Statistical Analy-
sis of Metagenomic Profiles (STAMP; v2.0), and alpha 
diversity was assessed using the Shannon diversity index 
to evaluate species richness and evenness. Beta diversity 
was calculated based on Bray-Curtis dissimilarity and 
visualized using PCoA to assess compositional differ-
ences between groups [44].

Functional prediction analysis
To investigate the functional potential of RDS-associ-
ated gut microbiota and the modulatory effect of probi-
otic supplementation, functional prediction of microbial 
communities was performed on FIMM samples using 
Phylogenetic Investigation of Communities by Recon-
struction of Unobserved States 2 (PICRUSt2) [45]. Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
abundance was subsequently inferred using the ggpi-
crust2 package (v2.6.1), and predicted gene functions and 
metabolic pathways were compared between RDS and 
RDS + PRO to assess probiotic-driven functional shifts in 
the dysbiotic microbial community.

Quantification of gut barrier and immune markers
To assess gut barrier integrity and immune responses in 
the FMT mouse model, the expression of tight junction 
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correction. Results were visualized as extended error bar 
plots with mean proportions and 95% confidence inter-
vals. Differential KEGG pathway abundance was ana-
lyzed using ALDEx2 (v1.36.0) with Welch’s t-test, and 
effect sizes were calculated. Linear correlation between 
gut microbiota and immune related markers was esti-
mated using Pearson’s correlation test. Statistical signifi-
cance was indicated as follows: * p < 0.05, ** p < 0.01, *** p 
< 0.001 and **** p < 0.0001.

Results
Clinical characteristics of the clinical observational cohort
Clinical characteristics of the three groups are summa-
rized in Table 1. No significant differences were observed 
in gestational age, birth weight among the three groups. 
Maternal and perinatal factors including sex, mode of 
delivery, chorioamnionitis, maternal antibiotic use, ges-
tational diabetes mellitus (GDM), pregnancy-induced 
hypertension (PIH), and premature rupture of mem-
branes (PROM) did not differ significantly among groups. 
Consistent with the clinical course of RDS, oxygen ther-
apy and antibiotic use were significantly more frequent 
in the RDS groups (both p < 0.001), whereas enteral feed-
ing rates and feeding type did not differ significantly 
(p = 0.138 and p = 0.341, respectively).

Gut microbiota alterations associated with RDS and SRT
Distinct alterations in gut microbial composition were 
observed among the three groups at both genus and spe-
cies levels (Fig. 2a, b). In the RDS(S−) group, opportunis-
tic pathogens including Enterococcus and Staphylococcus 

were significantly increased, while beneficial taxa such as 
Lacticaseibacillus and Bifidobacterium were significantly 
decreased compared with the control group (p < 0.05; 
Fig.  2c). At the species level, E. faecium and S. hominis 
were notably elevated, whereas B. longum and L. rham-
nosus were reduced in the RDS(S−) group (Fig.  2c). 
Following SRT, the RDS(S+) group showed microbial 
profiles more comparable to those of the control group, 
with partial normalization of both opportunistic and 
beneficial taxa.

Alpha diversity indices showed no statistically sig-
nificant differences among groups, although a numeri-
cal reduction was observed in the RDS(S−) group with 
partial recovery in the RDS(S+) group (Fig.  2d). Beta 
diversity analysis revealed that the RDS(S+) group clus-
tered more closely with the control group than with the 
RDS(S−) group (Fig. 2e), consistent with a partial shift in 
overall microbial community structure following SRT.

Co-occurrence network analysis further illustrated 
these patterns (Fig. 2f ). In the control group, Enterococ-
cus, Staphylococcus, and Lacticaseibacillus occupied 
central positions in the microbial network. This struc-
tured network was disrupted in the RDS(S−) group, with 
increased positive correlations among opportunistic 
taxa. In the RDS(S+) group, the network structure was 
partially restored toward that of the control group.

Clinical characteristics of the probiotic discovery cohort
Clinical characteristics of the two groups are summarized 
in Table 2. The RDS group had significantly lower gesta-
tional age (35.0 weeks [IQR: 33.0–35.0] vs. 38.6 weeks 

Table 1  Clinical characteristics of participants in the clinical observational cohort
Control group
(n = 25)

RDS(S−) group
(n = 7)

RDS(S+) group
(n = 13)

p-value

GA (weeks, median [IQR]) 38.7 [38.1, 39.0] 37.3 [36.0, 38.8] 38.0 [35.6, 38.4] 0.092

BW (gram, median [IQR]) 3080 [2030,3390] 2860 [2069,3110] 3000 [2550,3170] 0.120

Male, n (%) 13 (52.0%) 5 (71.4%) 6 (46.2%) 0.599

Singleton, n (%) 23 (92.0%) 4 (57.1%) 11 (84.6%) 0.075

Cesarean section, n (%) 18 (72.0%) 5 (71.4%) 11 (84.6%) 0.634

Chorioamnionitis, n (%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 1.000

Maternal antibiotics, n (%) 3 (12.0%) 0 (0.0%) 0 (0.0%) 0.511

GDM, n (%) 5 (20.0%) 0 (0.0%) 0 (0.0%) 0.234

PIH, n (%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 1.000

PROM, n (%) 1 (4.0%) 2 (28.6%) 1 (7.7%) 0.135

Oxygen therapy, n (%) 0 (0.0%) 7 (100.0%) 13 (100.0%) < 0.001

Antibiotics exposure, n (%) 0 (0.0%) 5 (71.4%) 13 (100.0%) < 0.001

Enteral feeding, n (%) 25 (100.0%) 6 (85.7%) 12 (92.3%) 0.138

Breast milk feeding*, n (%) 0 (0.0%) 0 (0.0%) 1 (8.3%) 0.341
* Among infants receiving enteral feeding

Continuous variables are presented as median [IQR] and compared using the Kruskal–Wallis test. Categorical variables are presented as n (%) and compared using 
the Fisher exact test

All clinical variables assessed prior to fecal sample collection

RDS, respiratory distress syndrome; GA, gestational age; BW, birth weight; GDM, gestational diabetes mellitus; PIH, pregnancy-induced hypertension; PROM, 
premature rupture of membranes
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[IQR: 37.7–38.9], p < 0.001) and birth weight (2,100  g 
[IQR: 1,658–2,305] vs. 3,080  g [IQR: 2,950–3,200], 
p < 0.001) compared with the CON group. A significantly 
lower proportion of singleton births was observed in the 
RDS group (39.1% vs. 94.1%, p < 0.001). Maternal and 
perinatal factors including sex, mode of delivery, cho-
rioamnionitis, maternal antibiotic use, GDM, PIH, and 
PROM did not differ significantly between groups. Con-
sistent with the clinical course of RDS, oxygen therapy 
and antibiotic use were more frequent in the RDS group 
(both p < 0.001), and the rate of enteral feeding was lower 
(p = 0.005), although the proportion of breast milk feed-
ing among those receiving enteral nutrition did not differ 
significantly (p = 1.000).

Gut microbiota characterization in CON and RDS groups
Alpha diversity measured by the Shannon index showed 
no significant difference between groups (Fig. 3a), reflect-
ing comparable microbial richness. Beta diversity analy-
sis revealed a tendency toward compositional separation 
between groups, with greater inter-individual variation 
observed in the RDS group (Fig. 3b). At the genus level, 
Lactobacillus and Limosilactobacillus were more abun-
dant in the CON group, while Enterococcus and Kleb-
siella were enriched in the RDS group (Fig.  3c). At the 
species level, L. rhamnosus, L. fermentum, and L. gas-
seri were more abundant in the CON group, whereas E. 
faecium and Klebsiella aerogenes were enriched in the 
RDS group (Fig.  3d). LEfSe analysis confirmed distinct 
taxonomic differences between groups (LDA score > 2.0), 
with B. longum, L. fermentum, and L. gasseri enriched in 
the CON group and E. faecium and Veillonella parvula 
enriched in the RDS group (Fig. 3e, f ).

Culturomics identified 528 bacterial isolates across 54 
distinct species, of which 13 belonged to beneficial gen-
era including Bifidobacterium and Lactobacillus (Fig. 3g). 
Metagenomic sequencing identified 223 species while 
culturomics yielded 54 species, with 28 species identified 
by both approaches (Fig. 3h).

Identification and characterization of candidate probiotic 
strains
Based on metagenomic analysis and LEfSe, B. longum, 
L. reuteri, L. fermentum, and L. gasseri were identified 
as CON-enriched taxa and selected as isolation targets 
(Fig.  3d, e). Of these, B. longum, L. fermentum, and L. 

gasseri were successfully isolated from CON group fecal 
samples, while L. reuteri was not recovered. Key pro-
biotic properties were evaluated for all three isolates, 
including acid and bile tolerance, antimicrobial activity, 
adhesion capacity, hemolytic activity, and BSH activ-
ity (Supplementary Table 1). Based on superior perfor-
mance in acid/bile tolerance and adhesion capacity as 
primary selection criteria, L. fermentum SLAM_LAF05 
and B. longum SLAM_BIL02 were selected as candidate 
probiotic strains. Both strains exhibited γ-hemolysis 
and complied with EFSA antibiotic resistance guidelines 
(Supplementary Table 2).

Whole-genome sequencing revealed genome sizes of 
2,077,674 bp (GC content 51.51%, 2,033 CDS) for L. fer-
mentum SLAM_LAF05 and 2,582,071  bp (GC content 
60.19%, 2,137 CDS) for B. longum SLAM_BIL02 (Fig. 4a). 
Genomic annotation identified distinct probiotic-asso-
ciated gene profiles in both strains (Fig.  4b). L. fermen-
tum SLAM_LAF05 harbored genes related to stress 
resistance, acid and bile tolerance, EPS biosynthesis, 
immune modulation, adhesion, bacteriocin production, 
and carbohydrate metabolism. B. longum SLAM_BIL02 
possessed genes involved in acid and bile tolerance, car-
bohydrate metabolism, EPS biosynthesis, and bacteriocin 
production, with fewer genes associated with adhesion 
and stress response.

A Random Forest classification model based on the 
relative abundances of the two strains achieved an AUC 
of 0.88 ± 0.15 in distinguishing CON from RDS groups, 
indicating good discriminatory performance (Fig. 4c).

Probiotic supplementation modulates gut microbiota in 
the FIMM model
To evaluate the effects of candidate probiotic strains on 
RDS-associated gut microbiota in vitro, fecal samples 
from the CON, RDS, and RDS + PRO groups were ana-
lyzed using the FIMM system. Shannon alpha diver-
sity was significantly higher in the RDS + PRO group 
compared to both the CON (p < 0.01) and RDS groups 
(p < 0.05), while no significant difference was observed 
between CON and RDS (Fig. 5a). Beta diversity analysis 
demonstrated distinct clustering of all three groups, with 
statistically significant compositional differences con-
firmed by PERMANOVA (p = 0.0037; Fig. 5b).

Taxonomic analysis revealed that probiotic supple-
mentation in the RDS + PRO group was associated with 

(See figure on previous page.)
Fig. 2  Gut microbiota alterations associated with RDS and SRT. (a-b) Relative abundance of gut bacterial taxa at genus and species levels across the 
control, RDS(S−), and RDS(S+) groups. (c) Heatmap comparisons of relative abundance for key opportunistic (Staphylococcus, Enterococcus) and beneficial 
(Lactobacillus, Bifidobacterium) taxa and their constituent species; *p < 0.05 vs. control group; #p < 0.05 vs. RDS(S+) group. (d) Alpha diversity assessed by 
Shannon and Simpson indices. Boxes represent interquartile range; whiskers indicate minimum and maximum values. (e) Beta diversity visualized by 
principal coordinate analysis (PCoA) based on Bray–Curtis dissimilarity at genus and species levels. (f) Co-occurrence network analysis of microbial inter‑
actions in the control, RDS(S−), and RDS(S+) groups; node size reflects relative abundance, pink lines indicate positive correlations, and blue lines indicate 
negative correlations. Microbiome relative abundance data are presented as mean ± SD. Alpha diversity indices are presented as median (IQR). Control, 
n = 25; RDS(S−), n = 7; RDS(S+), n = 13. RDS, respiratory distress syndrome; SRT, surfactant replacement therapy
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increased abundance of beneficial taxa including Lacto-
bacillus and Bifidobacterium, and decreased abundance 
of opportunistic pathogens including Enterococcus, 
Staphylococcus, and Clostridioides compared with the 
RDS group (Fig. 5c, d). Comparisons between CON and 
RDS, and between CON and RDS + PRO, further sup-
ported these compositional differences (Fig. 5e, f ).

Co-occurrence network analysis revealed distinct 
microbial interaction patterns across groups (Fig. 5g). In 
the RDS group, Lactobacillus showed markedly reduced 
node size and minimal network connections, with the 
network dominated by opportunistic taxa including 
Staphylococcus, Enterococcus, and Clostridioides. Fol-
lowing probiotic supplementation, the RDS + PRO group 
showed partial restoration of network structure, with 
Bifidobacterium retaining notable associations and the 
overall pattern becoming more comparable to that of the 
CON group.

Functional prediction using PICRUSt2 identified dis-
tinct KEGG pathway profiles between the RDS + PRO 
and RDS groups (Fig. 5h). The RDS + PRO group showed 
enrichment of pathways related to nutrient metabolism, 
including protein digestion and absorption, vitamin 
metabolism, and bile acid biosynthesis. In contrast, the 
RDS group showed higher predicted activity in the bacte-
rial invasion of epithelial cells pathway.

Probiotic supplementation modulates gut microbiota in 
the FMT mouse model
To evaluate the in vivo effects of RDS-associated gut 
microbiota and probiotic supplementation, FMT was 
performed in antibiotic-depleted C57BL/6 mice using 
fecal samples derived from CON or RDS infants; the 
RDS + PRO group additionally received daily oral gavage 
of candidate probiotic strains (Fig.  6a). The RDS group 
demonstrated significantly lower body weight relative to 
the CON group (p < 0.01), while the RDS + PRO group 
exhibited a significant increase in body weight compared 
to the RDS group (p < 0.01; Fig. 6b).

Shannon alpha diversity did not differ significantly 
among the three groups (Fig. 6c). Beta diversity analysis 
using Bray–Curtis dissimilarity revealed distinct inter-
group clustering, with PERMANOVA confirming sta-
tistically significant differences in overall community 
composition (p = 0.0005; Fig. 6d).

At the genus level, Bifidobacterium abundance was 
significantly greater in both the CON and RDS + PRO 
groups relative to the RDS group (p < 0.0001), whereas 
Enterococcus and Escherichia-Shigella were signifi-
cantly enriched in the RDS group compared with both 
CON and RDS + PRO groups (p < 0.0001 and p < 0.01, 
respectively; Fig.  6f ). Akkermansia abundance was sig-
nificantly higher in the CON group than in the RDS 

Table 2  Clinical characteristics of participants in the probiotics discovery cohort
CON group
(n = 17)

RDS group
(n = 23)

p-value

GA (weeks, median [IQR]) 38.6 [37.7, 38.9] 35.0 [33.0, 35.0] < 0.001

BW (gram, median [IQR]) 3080 [2950, 3200] 2100 [1658, 2305] < 0.001

Male, n (%) 13 (56.5%) 11 (47.8%) 0.768

Singleton, n (%) 16 (94.1%) 9 (39.1%) < 0.001

Cesarean section, n (%) 12 (70.6%) 18 (78.3%) 0.717

Chorioamnionitis, n (%) 0 (0.0%) 0 (0.0%) 1.000

Maternal antibiotics, n (%) 2 (11.8%) 6 (26.1%) 0.428

GDM, n (%) 4 (23.5%) 2 (8.7%) 0.373

PIH, n (%) 1 (5.9%) 2 (8.7%) 1.000

PROM, n (%) 2 (11.8%) 5 (21.7%) 0.438

Oxygen therapy, n (%) 0 (0.0%) 21 (91.3%) < 0.001

Antibiotic exposure, n (%) 0 (0.0%) 18 (78.3%) < 0.001

Enteral feeding, n (%) 17 (100.0%) 14 (60.9%) 0.005

Breast milk feeding*, n (%) 2 (11.8%) 1 (7.1%) 1.000
* Among infants receiving enteral feeding

Continuous variables are presented as median [IQR] and compared using the Wilcoxon rank-sum test. Categorical variables are presented as n (%) and compared 
using the Fisher exact test

All clinical variables assessed prior to fecal sample collection

RDS, respiratory distress syndrome; GA, gestational age; BW, birth weight; GDM, gestational diabetes mellitus; PIH, pregnancy-induced hypertension; PROM, 
premature rupture of membranes
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group (p < 0.05), without reaching statistical significance 
between the RDS + PRO and other groups (Fig.  6f ). No 
statistically significant differences in Lactobacillus abun-
dance were observed among groups (Fig. 6f ).

Co-occurrence network analysis demonstrated distinct 
patterns of microbial interaction across groups (Fig. 6g). 
In the RDS group, node sizes corresponding to beneficial 
taxa including Akkermansia, Lactobacillus, and Bifido-
bacterium were markedly attenuated, while Enterococcus 
and Clostridioides exhibited increased centrality and con-
nectivity. In the RDS + PRO group, the network architec-
ture more closely resembled that of the CON group, with 
Akkermansia, Lactobacillus, and Bifidobacterium con-
tributing more evenly to the overall network structure.

Probiotic supplementation modulates gut barrier integrity 
and immune responses
To assess the effects of FMT and probiotic supplementa-
tion on gut barrier function and immune responses, qRT-
PCR and ELISA analyses were performed in the FMT 
mouse model. Both ZO-1 and MUC2 expression were 
significantly reduced in the RDS group compared to the 
CON group (p < 0.0001 and p < 0.001, respectively), while 
the RDS + PRO group demonstrated significantly higher 
expression of both markers relative to the RDS group 
(p < 0.0001 and p < 0.05, respectively; Fig.  7a). Reg3g 
expression was significantly elevated in the RDS + PRO 
group compared to both the RDS (p < 0.001) and CON 
groups (p < 0.01; Fig. 7a).

No significant differences in IL-10 expression were 
observed among groups (Fig. 7b). TNF-α expression was 
significantly higher in the RDS group relative to both the 
CON (p < 0.01) and RDS + PRO groups (p < 0.05), with 
no significant difference between CON and RDS + PRO 
(Fig.  7b). Fecal calprotectin levels were significantly 
lower in the RDS + PRO group compared to both the 
RDS (p < 0.0001) and CON groups (p < 0.01), while the 
RDS group showed significantly higher levels than the 
CON group (p < 0.01; Fig.  7c). Serum IgG levels were 
significantly lower in the RDS group compared to both 
the CON and RDS + PRO groups (p < 0.0001), with no 

significant difference between CON and RDS + PRO 
(Fig. 7c).

Spearman correlation analysis demonstrated that 
beneficial taxa including Bifidobacterium, Lactobacil-
lus, and Akkermansia were positively correlated with 
ZO-1, MUC2, Reg3g, and IgG, and negatively corre-
lated with calprotectin and TNF-α, whereas Enterococ-
cus and Escherichia-Shigella exhibited opposing patterns 
(Fig. 7d). Linear regression analysis further revealed sig-
nificant negative correlations between the abundances of 
L. fermentum and B. longum and fecal calprotectin lev-
els (p < 0.001 and p = 0.008, respectively), and significant 
positive correlations with Reg3g expression (p < 0.001 and 
p = 0.005, respectively; Fig.  7e). L. fermentum addition-
ally demonstrated a significant positive correlation with 
serum IgG levels (p = 0.017), while B. longum did not 
reach statistical significance (p = 0.211).

Discussion
In this study, we examined the relationship between 
RDS and early gut microbiome composition in neonates 
through a two-arm translational approach. In the obser-
vational arm, the gut microbiota of late preterm and term 
infants with RDS showed distinct alterations compared 
with healthy controls, characterized by depletion of ben-
eficial taxa and enrichment of opportunistic pathogens. 
Among infants who received SRT, gut microbial profiles 
showed a partial shift toward those of the control group, 
consistent with a potential association between pulmo-
nary recovery and gut microbial dynamics. Building on 
these clinical observations, candidate probiotic strains 
identified from healthy infant fecal microbiota suggested 
the potential to modulate RDS-associated dysbiosis and 
support gut barrier integrity and immune responses in 
complementary in vitro and in vivo experimental mod-
els. Dysbiosis in preterm infants is well documented in 
the early neonatal period [48–51]. This study extends 
this context to infants with RDS as a specific clinical 
condition, as RDS represents one of the most preva-
lent morbidities in this population [2, 52]. Our findings 
demonstrate that late preterm and term infants with 

(See figure on previous page.)
Fig. 3  Gut microbiota characterization in the probiotic discovery cohort. (a) Alpha diversity assessed by the Shannon index. Boxes represent interquartile 
range; whiskers indicate minimum and maximum values. (b) Beta diversity visualized by PCoA based on Bray–Curtis dissimilarity. (c-d) Relative abun‑
dance of bacterial taxa at genus and species levels. (e) LEfSe analysis showing differentially abundant species between CON and RDS groups; LDA score 
threshold > 2.0. (f) Cladogram illustrating phylogenetic distribution of differentially abundant taxa; CON-enriched lineages are shown in green and RDS-
enriched lineages in red. (g) Distribution of 528 bacterial isolates identified by culturomics across 54 species; species belonging to Bifidobacterium and 
Lactobacillus genera are highlighted. (h) Venn diagram comparing species identified by metagenomic sequencing (n = 223) and culturomics (n = 54), with 
28 species commonly identified by both approaches. Microbiome relative abundance data are presented as mean ± SD. Alpha diversity index is presented 
as median (IQR). CON, n = 17; RDS, n = 23. ns, not significant; CON, control; RDS, respiratory distress syndrome; PCoA, principal coordinate analysis; LEfSe, 
linear discriminant analysis effect size; LDA, linear discriminant analysis
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RDS exhibit gut microbiota alterations characterized 
by depletion of beneficial commensals and enrichment 
of opportunistic pathogens, with pathogenic taxa gain-
ing ecological dominance in network analysis. Interest-
ingly, infants who received SRT showed a partial shift in 
gut microbial profiles toward those of healthy controls. 

Rather than reflecting a direct effect of surfactant, this 
observation may be more plausibly interpreted in the 
context of the broader systemic improvements conferred 
by restoration of respiratory function following SRT, 
including enhanced oxygenation, restoration of bowel 
perfusion, stabilization of host homeostatic pathways, 

Fig. 4  Genomic characterization and discriminatory performance of candidate probiotic strains. (a) Circular genome maps of L. fermentum SLAM_LAF05 
(2,077,674 bp) and B. longum SLAM_BIL02 (2,582,071 bp) illustrating genomic organization and functional gene annotations. (b) Gene counts per pro‑
biotic functional trait for L. fermentum SLAM_LAF05 and B. longum SLAM_BIL02. (c) Receiver operating characteristic (ROC) curve of a Random Forest 
classification model based on the relative abundances of the two strains, demonstrating discriminatory performance between CON and RDS groups 
(mean AUC = 0.88 ± 0.15). Model performance was assessed using 10-fold cross-validation. CON, n = 17; RDS, n = 23. CON, control; RDS, respiratory distress 
syndrome; CDS, coding sequences; EPS, exopolysaccharide; ROC, receiver operating characteristic; AUC, area under the curve
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and potential immunomodulatory effects mediated 
by surfactant-associated proteins [53]. These systemic 
changes may collectively create a more favorable intes-
tinal environment conducive to microbial recovery. 
This interpretation aligns with the concept of gut–lung 
axis bidirectionality, wherein pulmonary insults such as 
hypoxia and respiratory failure may aggravate intestinal 
dysbiosis, and conversely, improvements in pulmonary 
status may reciprocally influence the gut microbial envi-
ronment [6, 7, 54].

The interpretation of these findings requires acknowl-
edgment of potential confounding factors inherent to the 
prospective nature of this study. In the clinical observa-
tional cohort, where groups were composed to be as clin-
ically comparable as possible to isolate the effects of RDS 
and SRT on microbial composition, gestational age, birth 
weight, and maternal and perinatal factors did not differ 
significantly among the three groups. Oxygen therapy 
and antibiotic exposure were more frequent in the RDS 
groups, reflecting the greater clinical severity inherent 
to this population rather than independent confounding 
variables. Notably, despite higher antibiotic exposure, 
a known driver of gut dysbiosis, infants who received 
SRT exhibited microbial profiles more comparable to 
those of healthy controls, further supporting the role 
of respiratory status in shaping gut microbial composi-
tion as discussed above. In contrast to the observational 
cohort, the probiotic discovery cohort showed more pro-
nounced differences in gestational age, birth weight, and 
clinical exposures between the CON and RDS groups, 
reflecting the inclusion of additionally recruited infants 
with typical RDS characteristics. Rather than represent-
ing a limitation, this profile may more accurately reflect 
the clinical population in whom probiotic intervention 
would realistically be considered. Furthermore, as fecal 
samples from this cohort were directly used for both can-
didate strain isolation and as the dysbiotic samples in the 
FIMM and FMT mouse models, the more pronounced 

RDS characteristics of this group may have enhanced the 
translational relevance of the experimental findings by 
providing gut microbiota more representative of the tar-
get clinical population.

The candidate probiotic strains identified in this study 
were derived through direct comparison of gut micro-
biota between healthy term infants and those with RDS, 
with strains enriched in the healthy infant gut selected 
as isolation targets considering the disease-specific 
microbial context. Among the isolated species, L. fer-
mentum SLAM_LAF05 and B. longum SLAM_BIL02 
were selected based on their consistently superior per-
formance across acid and bile tolerance and adhesion 
capacity, properties commonly evaluated to assess the 
probiotic potential of microorganisms in the gastrointes-
tinal tract [55, 56]. L. gasseri isolates were not selected, 
as no single isolate demonstrated consistent performance 
across both criteria simultaneously. Whole-genome 
sequencing, recommended as a comprehensive approach 
for probiotic strain identification and characterization 
[57], further confirmed the presence of genes associated 
with key probiotic functions including stress resistance, 
EPS biosynthesis, and immune modulation, and both 
strains demonstrated antibiotic resistance profiles com-
pliant with EFSA safety guidelines [57].

The biological relevance of these strains is supported 
by prior studies in neonatal contexts. L. fermentum has 
been shown to modulate intestinal immune responses 
in neonatal epithelial cells through TLR9 activation and 
reduction of pro-inflammatory IL-6 [58], while B. longum 
and related subspecies have demonstrated gut barrier 
reinforcement and attenuation of pro-inflammatory 
cytokines in preterm animal models [59]. In the present 
study, supplementation with LAF05 and BIL02 was asso-
ciated with upregulation of ZO-1 and MUC2, tight junc-
tion and mucin proteins whose disruption is implicated 
in intestinal barrier dysfunction in preterm neonates 
[60, 61], alongside upregulation of Reg3g and reduction 

(See figure on previous page.)
Fig. 5  Probiotic supplementation modulates gut microbiota in the FIMM model. (a) Alpha diversity assessed by the Shannon index; **p < 0.01; *p < 0.05. 
(b) Beta diversity visualized by PCoA based on Bray–Curtis dissimilarity; PERMANOVA p = 0.0037. (c) Relative abundance of bacterial taxa at genus level. 
(d-f) Extended error bar plots from STAMP analysis (Welch’s t-test with FDR correction) comparing mean proportions with 95% confidence intervals be‑
tween (d) RDS + PRO and RDS, (e) CON and RDS + PRO, and (f) CON and RDS groups. (g) Co-occurrence network analysis of microbial interactions in CON, 
RDS + PRO, and RDS groups; node size reflects relative abundance, pink lines indicate positive correlations, and blue lines indicate negative correlations. 
(h) Differential KEGG pathway abundance between RDS + PRO and RDS groups predicted by PICRUSt2; bars represent effect sizes. Data are presented as 
mean ± SD. n = 3 per group. CON, control; RDS, respiratory distress syndrome; RDS + PRO, RDS group with probiotic supplementation; FIMM, fermenter for 
intestinal microbiota model; PCoA, principal coordinate analysis; STAMP, statistical analysis of metagenomic profiles; KEGG, Kyoto Encyclopedia of Genes 
and Genomes
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of fecal calprotectin, which may reflect intestinal inflam-
mation in preterm neonates [62, 63]. Improvement in 
serum IgG levels further suggests a probiotic-associated 
enhancement of systemic immune responses, which, in 
the context of the gut-lung axis, may represent a pathway 
through which microbiota-targeted intervention could 
contribute to immune defense relevant to neonatal respi-
ratory disease [10, 64, 65]. Taken together, these find-
ings propose L. fermentum SLAM_LAF05 and B. longum 
SLAM_BIL02 as candidate probiotic strains warranting 
further investigation in the context of RDS and its associ-
ated complications.

These findings suggest that gut microbiome altera-
tions may represent a clinically relevant dimension 
of the pathophysiology of RDS. Microbiota-targeted 
approaches therefore warrant further exploration as a 
potential complementary strategy in the management of 
this population. The disease-specific approach to probi-
otic candidate identification employed in this study may 
provide a contextually grounded basis for future probi-
otic development. Further investigations are warranted 
in several directions. Longitudinal microbiome sampling 
encompassing the period before and after SRT would 
better delineate the temporal dynamics of gut micro-
bial changes in relation to disease course and treatment 
response. Direct profiling of the lung microbiome via 
tracheal aspirate, feasible in intubated infants, would pro-
vide additional characterization of gut-lung axis dynam-
ics in this population. Validation in larger, multi-center 
cohorts incorporating a broader range of perinatal vari-
ables would strengthen the generalizability of clinical 
observations. Finally, evaluation of the candidate probi-
otic strains in RDS-specific in vivo disease models with 
direct assessment of pulmonary outcomes and functional 
mechanistic pathways represents a critical step toward 
establishing the translational potential of this microbi-
ota-targeted approach.

This study has several limitations. First, as a prospec-
tive study conducted in a real-world clinical setting, 
complete control of therapeutic interventions was not 
feasible. Oxygen therapy, antibiotic administration, 
and other clinical exposures are inherent to the clinical 
course of RDS and cannot be independently manipu-
lated. To minimize the influence of postnatal exposures 
on gut microbial composition, fecal samples were col-
lected within the first 48  h of life, representing the 

earliest practicable sampling time point. Second, the 
observational design precludes causal inference, and 
the findings should be interpreted as associations rather 
than mechanistic relationships. Direct characterization 
of the lung microbiome was not performed, as tracheal 
aspirate sampling is only accessible in infants requiring 
invasive ventilation, limiting its application to a subset of 
the study population. Third, this study was conducted at 
a single center with a relatively small clinical cohort, and 
the absence of longitudinal sampling limits assessment of 
the temporal trajectory of gut microbial changes in rela-
tion to disease course and treatment. Fourth, the in vitro 
and in vivo experimental models were exploratory in 
nature, with small group sizes reflecting the hypothesis-
generating scope of this work. Adequately powered stud-
ies with formal sample size calculations will be required 
in future investigations. Finally, respiratory outcomes and 
histological analysis were not evaluated in the present 
animal model, as the FMT mouse model was designed to 
assess the effects of candidate probiotic strains on RDS-
associated gut microbiota rather than to replicate RDS 
disease pathophysiology. Dedicated RDS-specific in vivo 
models addressing pulmonary outcomes and functional 
mechanistic pathways will be necessary to advance this 
line of investigation.

Conclusions
This study represents an early translational effort to sys-
tematically characterize gut microbiome alterations in 
neonates with RDS and to evaluate the biological plau-
sibility of microbiota-targeted intervention through a 
disease-specific probiotic approach. The identification of 
RDS-associated gut dysbiosis and its partial resolution 
following SRT underscores the potential clinical rele-
vance of the gut-lung axis in neonatal respiratory disease. 
The derivation of candidate probiotic strains through 
direct comparison of gut microbiota between healthy 
and RDS-affected infants provides a disease-informed 
foundation that may complement existing approaches 
to neonatal microbiome support. Taken together, these 
findings offer a new perspective on the interplay between 
gut microbial dynamics and the early postnatal respira-
tory course and provide a basis for future investigations 
into microbiota-targeted strategies to support neonatal 
health.

(See figure on previous page.)
Fig. 6  Probiotic supplementation modulates gut microbiota in the FMT mouse model. (a) Experimental timeline of the FMT mouse model. (b) Body 
weight changes over the experimental period. (c) Alpha diversity assessed by the Shannon index. (d) Beta diversity visualized by PCoA based on Bray–
Curtis dissimilarity; PERMANOVA p = 0.0005. (e) Relative abundance of bacterial taxa at genus level. (f) Relative abundance of key genera: Bifidobacterium, 
Lactobacillus, Akkermansia, Enterococcus, and Escherichia-Shigella; ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05. (g) Co-occurrence network analysis of 
microbial interactions in CON, RDS + PRO, and RDS groups; node size reflects relative abundance, pink lines indicate positive correlations, and blue lines 
indicate negative correlations. Microbiome relative abundance and body weight data are presented as mean ± SD. Alpha diversity index is presented as 
median (IQR). n = 4 per group. ns, not significant; CON, control; RDS, respiratory distress syndrome; RDS + PRO, RDS group with probiotic supplementation; 
FMT, fecal microbiota transplantation; PCoA, principal coordinate analysis
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Fig. 7 (See legend on next page.)
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Fig. 7  Probiotic supplementation modulates gut barrier integrity and immune responses in the FMT mouse model. (a) Relative mRNA expression of gut 
barrier markers ZO-1, MUC2, and Reg3g; ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05. (b) Relative mRNA expression of inflammatory cytokines IL-10 
and TNF-α. (c) Fecal calprotectin levels (µg/g feces) and serum IgG levels (mg/mL). (d) Spearman correlation heatmap illustrating associations between 
microbial taxa and host markers; red indicates negative correlation and blue indicates positive correlation, with color intensity reflecting statistical sig‑
nificance. (e) Linear regression plots showing correlations between the abundances of L. fermentum and B. longum and fecal calprotectin, serum IgG, 
and intestinal Reg3g expression; p values derived from Pearson’s correlation test. Bar graphs represent mean ± SD with individual data points. Violin plots 
show full data distribution with individual data points. n = 4 per group. ns, not significant; CON, control; RDS, respiratory distress syndrome; RDS + PRO, 
RDS group with probiotic supplementation; FMT, fecal microbiota transplantation
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