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 The health of neonatal calves is critically influenced by early gut health and 
microbiota development, yet the potential benefits of Lacticaseibacillus paracasei 
strains in calves remain underexplored. This study evaluated bovine-derived 
Lacticaseibacillus paracasei subsp. paracasei Q‑1(L. paracasei subsp. paracasei Q-
1) supplementation on neonatal calf health. Forty-five-day-old neonatal 
Simmental×local yellow cattle calves were randomly assigned to four groups for a 
60-day: control (CON), low-dose (LP, 1× 108 CFU/calf/day), medium-dose (MP, 
3×108 CFU/calf/day), and high-dose (HP, 1×109 CFU/calf/day). Growth rate, 
diarrhoea incidence, serum antioxidant and immune markers, intestinal permeability 
indices, and ruminal and faecal microbiota profiles were assessed. Relative to CON, 
probiotic inclusion increased average daily gain, reduced diarrhoea incidence, 
boosted serum superoxide-dismutase and glutathione-peroxidase activities, elevated 
IgA and IgG concentrations, and lowered circulating D-lactate and 
lipopolysaccharide, indicating improved antioxidant status, immunity and intestinal-
barrier integrity. Rumen and faecal 16S rRNA profiling revealed greater community 
evenness and enrichment of fibre-utilizing Firmicutes taxa in supplemented calves. 
Within the tested range, the MP group (3×108 CFU/calf/day) yielded the most 
consistent benefits. Larger, longer-term field trials are required before routine on-
farm adoption is recommended. 
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INTRODUCTION 

 
Neonatal calf diarrhea remains a major constraint in 

the dairy and beef industries, causing elevated morbidity, 
mortality, and financial burdens (Kim, 2021; Jessop et al., 
2024). Multiple factors such as infectious agents, immature 
gut barrier function, and an imbalanced intestinal 
microbiota contribute to this condition (Li et al., 2023; Du 
et al., 2025). Among non-antibiotic interventions, probiotic 
supplementation has gained considerable attention for its 
potential to improve gut health, suppress pathogens, and 
enhance immune function in diverse rearing systems. 

Within numerous probiotic candidates, 
Lacticaseibacillus paracasei subsp. paracasei (L. 
paracasei) holds promise due to its documented benefits in 

intestinal integrity, pathogen inhibition, and immune 
modulation (Kang et al., 2023; Ma et al., 2025; Yang et al., 
2025). Recent studies have shown that L. paracasei strains 
can help alleviate enteric diseases, improve feed 
conversion efficiency, and promote growth in livestock by 
modulating the gut microbiome (Khan, 2019; Kaewarsar et 
al., 2023). However, despite growing interest in using 
probiotics for neonatal calves, studies focusing on the 
strain-specific effects of Lacticaseibacillus paracasei 
subsp. paracasei Q‑1(L. paracasei subsp. paracasei Q-1) 
remain limited, particularly regarding rumen development, 
fecal microbial establishment, and immune maturation. 
Meanwhile, recent evidence shows that many probiotic 
strains may help alleviate diarrhea by reducing intestinal 
permeability markers, including D-lactate and 
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lipopolysaccharide, while enhancing antioxidant enzyme 
activity (Kostelac et al., 2022; Ren et al., 2023; Liu et al., 
2024). Given that the neonatal gut microbiota substantially 
affects nutrient utilization and immune development 
(Kostelac et al., 2022; Ren et al., 2023; Liu et al., 2024), it 
is worth investigating whether L. paracasei subsp. 
paracasei Q-1 supplementation can beneficially modulate 
both ruminal and fecal microbiota alongside growth-related 
measures. Nonetheless, in vivo data regarding this strain’s 
impact on growth performance, serum biochemical 
profiles, and immune parameters in calves remain sparse. 

Therefore, this study aimed to determine whether L. 
paracasei subsp. paracasei Q-1 supplementation could 
improve neonatal calf performance and gut health, focusing 
on growth rate, diarrhea incidence, immune and 
antioxidant status, and shifts in ruminal and fecal 
microbiota. By analyzing multiple physiological and 
microbial outcomes, we seek to address existing gaps in 
strain-specific knowledge and offer practical guidance on 
applying L. paracasei subsp. paracasei Q-1 during the 
early stages of calf rearing. 
 

MATERIALS AND METHODS 
 

Experimental materials: The probiotic strain L. paracasei 
subsp. paracasei Q-1 was isolated from fresh bovine feces 
and provided by the Hebei Provincial Key Laboratory of 
Veterinary Preventive Medicine. Previous evaluations 
confirmed its excellent safety profile and probiotic 
properties in vitro and in vivo, as well as its potential to 
prevent Escherichia coli K99 infections, suggesting 
promising applications for calf health management (Wang 
et al., 2025). 

To ensure viability during storage and feeding, the 
strain was freeze-dried and stored at –20°C in vacuum-
sealed pouches with desiccants. Prior to the start of the 
animal trial, we periodically checked the colony-forming 
units (CFU) by plating serial dilutions on MRS agar to 
confirm that the viable count remained above 1×10⁹ 
CFU/g. During feed preparation, liquid spraying was 
performed under low-temperature (below 40°C) conditions 
to minimize thermal damage, and the final feed was stored 
in a dry, cool environment for up to two weeks with 
periodic CFU. 
 
Experimental design and diets: All animal procedures 
were approved by the Animal Care and Use Committee of 
Chengde Academy of Agriculture and Forestry Sciences 
(Approval No. 2024-02). Forty neonatal Simmental × local 
yellow cattle crossbred calves (5 days old) with similar 
birth weight and parity were randomly allocated to four 
groups (n=10 per group) in a single-factor design. Calves 
were ear-tagged, and all husbandry staff and laboratory 
analysts were blinded to treatment codes. The trial lasted 
65 days, including a 5-day adaptation period and a 60-day 
experimental phase. Calves were dam-fed and received 
pelleted starter feed from day 7. Treatments consisted of a 
control group (CON, no probiotic), low-dose group (LP, 
1×108 CFU/calf/day), medium-dose group (MP, 3 × 108 
CFU/calf/day), and high-dose group (HP, 1×109 
CFU/calf/day). Diets were formulated according to the 
Feeding Standard of Beef Cattle (NY/T 815–2004), with 
pelleted feed prepared by cold pressing and supplemented 

with L. paracasei subsp. paracasei Q-1 via liquid spraying 
technology after pelletization (Ministry, 2004). Both the 
pelleted starter feed and the alfalfa hay were designed to be 
approximately isocaloric (estimated total digestible 
nutrients) and isonitrogenous (crude protein basis), as 
shown in Table 1. The same basal diet composition was 
provided in each treatment group, with only the probiotic 
supplementation differing among groups. The pelleted feed 
was offered at 1% of body weight twice daily, with alfalfa 
hay provided at 2 kg/calf/day, maintaining a forage-to-
concentrate ratio of 60:40. To minimize observer bias, the 
personnel responsible for monitoring fecal consistency and 
overall health were kept unaware of the specific probiotic 
treatments allocated to each group. Individual calf IDs were 
coded so that daily health evaluations remained blinded 
throughout the trial. 
 
Table 1: Composition and nutrient levels of pellet diets (DM basis) 
Item Content % 
Ingredient composition (% DM)  
Corn 52 
Cottonseed meal 28 
Soybean meal 10 
Bran 5 
Premix¹) 5 
Total 100 
Nutrient levels²)  
CP 21.92 
EE 5.05 
NDF 25.73 
ADF 15.29 
Ash 7.12 
Ca 0.60 
P 0.40 
Nutrients in alfalfa hay  
DM/% 92.75 
CP/% DM 8.43 
Ee/% DM 2.49 
Ash/% DM 5.42 
NDF/% DM 53.71 
ADF/% DM 25.89 
Ca/% DM 0.57 
P/% DM 0.29 
GE / (MJ/kg DM) 19.97 
1) The premix provided the following per kg of pellet diets: VA 250 000 
IU,VD 60 000 IU,VE 1 000 IU, Fe 80 mg,Cu 12 mg,Zn 80 mg,Mn 70 mg,Se 
0.40 mg,I 1 mg,Co 0.80 mg. 2）Nutrient levels were measured values. 

 
Sample collection: On day 60, eight calves from each 
group were randomly selected for sample collection. 
Jugular blood was drawn before morning feeding using 
vacuum tubes without anticoagulant, allowed to clot at 
room temperature for 20 min, and centrifuged at 3 000 rpm 
for 15 min. Serum was separated into sterile 1.5 mL tubes 
and stored at –80°C. Rumen fluid was collected using a 
rumen tube after discarding the initial portion to avoid 
saliva contamination, filtered through sterile gauze, snap-
frozen in liquid nitrogen, and stored at –80°C. Fresh fecal 
samples were obtained rectally, transferred into sterile 
tubes, sealed, and stored at –80°C. 
 
Growth performance, diarrhea incidence, and fecal 
scoring: Body weight was recorded at the start and end of 
the experiment to calculate average daily gain (ADG). 
Fecal consistency was assessed daily by trained personnel 
using a four-point scoring system (1=normal soft, 
4=watery) according to Renaud et al. (2018) and calves 
with scores ≥3 were considered diarrheic. Diarrhea 
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incidence was calculated as the number of diarrheic calves 
per day divided by the total number of calves and 
observation days, expressed as a percentage. 
 
Serum biochemical, antioxidant, and immune indices: 
Serum samples were analyzed by Ningxia Saisijuxin 
Biotechnology Co., Ltd. Biochemical indicators (ALT, 
AST, TC, TG, HDL-C, LDL-C, BUN, TP, ALB, GLB) 
were measured with an automatic biochemical analyzer 
(KHB-1280, Shanghai Kehua Bio-Engineering Co., Ltd.). 
DAO, GSH-Px, SOD, T-AOC, D-LA, LPS, MDA, IgA, 
IgG, and IgM were determined using a semi-automatic 
analyzer (L-3180, Shanghai Kehua), and IL-1β, IL-4, IL-6, 
IL-10, and TNF-α were quantified with a microplate reader 
(ST-360). 
 
16S rRNA gene sequencing: Rumen fluid and fecal DNA 
were extracted using the CTAB method, verified by 1% 
agarose gel electrophoresis, and diluted to 1 ng/μL. The 
V3–V4 regions of the 16S rRNA gene were amplified using 
primers 341F (5’-CCTAYGGGRBGCASCAG-3’) and 
806R (5’-GGACTACNNGGGTATCTAAT-3’), and 
barcodes were incorporated for multiplexing. PCR 
products were purified and pooled in equimolar ratios, and 
sequencing libraries were constructed using the NEBNext® 
Ultra DNA Library Prep Kit (Illumina, USA), then 
quantified on an Agilent 5400 (Agilent Technologies Co. 
Ltd., USA). Negative controls (sterile water instead of 
DNA template) were included in PCR setups to check for 
contamination. Sequencing was conducted on an Illumina 
platform to obtain 250 bp paired-end reads. An average 
sequencing depth of ~50,000 reads per sample was targeted 
to ensure coverage of rare taxa. 
 
Bioinformatic Processing and Normalization: Raw 
FASTQ files were imported into QIIME2 (v.2019.1) and 
processed following the QIIME2’s Atacama soil 
microbiome tutorial. The DADA2 pipeline was used for 
quality filtering, trimming, denoising, merging of paired 
reads, and chimera removal (Callahan et al., 2016). A 
feature table of amplicon sequence variants (ASVs) was 
generated, and taxonomic classification against the SILVA 
(or GREENGENES) database was performed using the 
QIIME2 feature-classifier plugin. Mitochondrial and 
chloroplast reads were filtered out before downstream 
analysis. To account for differences in sequencing depth, 
we performed rarefaction to a uniform depth based on the 
lowest sample read count with the QIIME2 core-metrics 
pipeline. Alpha diversity indices (observed ASVs, 
Shannon, Chao1, Faith’s PD) and beta diversity metrics 
(Bray–Curtis, weighted/unweighted UniFrac) were then 
computed, and principal coordinate analysis (PCoA) was 
used for visualization. 
 
Statistical analysis: Prior to all statistical analyses, 
datasets were tested for normality (Shapiro–Wilk) and 
homogeneity of variances (Levene’s test). For growth 
performance, serum parameters, and other 
biochemical/immune indices, one-way ANOVA was 
performed using SPSS 25.0, followed by Duncan’s 
multiple range test for post hoc comparisons. Non-normal 
data were log-transformed as needed. In the microbiome 
analysis, alpha-diversity indices were compared using 

Kruskal–Wallis tests with Benjamini–Hochberg 
corrections for multiple comparisons, while beta-diversity 
differences among groups were assessed using 
PERMANOVA. Linear discriminant analysis effect size 
(LEfSe) or ANCOM were used to identify differentially 
abundant taxa. Effect sizes were computed where relevant. 
Statistical significance was declared at P<0.05. Results 
were expressed as mean ± SEM throughout. 
 

RESULTS 
 

Effects of L. paracasei subsp. paracasei Q-1 on growth 
performance: Initial body weights did not differ 
significantly among groups (Table 2). After 60 days, calves 
supplemented with L. paracasei subsp. paracasei Q-1 (LP, 
MP, HP) exhibited significantly higher final body weights 
compared with CON (P=0.005). ADG was enhanced by 
11.39–13.92% in probiotic-treated groups relative to CON 
(P=0.001), while no differences were observed among LP, 
MP, and HP (P>0.05). 
 
Table 2: Effects of L. paracasei subsp. paracasei Q-1 on growth 
performance of calves 
Items Groups P-value 

CON LP MP HP 
IBW/(kg) 39.11±0.71 38.77±0.76 39.31±0.45 38.24±0.57 0.652 
FBW/(kg) 86.33±1.54b 91.81±1.18a 92.29±1.38a 92.42±1.08a 0.005 
ADG/ (kg/d) 0.79±0.03b 0.88±0.02a 0.88±0.02a 0.90±0.02a 0.001 
Mean values with distinct superscript alphabets (a, b, c) indicate significant 
differences (P<0.05) within the same row. 

 
Effects of L. paracasei subsp. paracasei Q-1 on diarrhea 
incidence and fecal score: Calves receiving L. paracasei 
subsp. paracasei Q-1 had significantly lower fecal scores 
compared with CON throughout the study (P<0.001; Fig. 
1), with MP showing the lowest values and differing 
significantly from all other groups. Diarrhea incidence was 
markedly reduced in probiotic groups, with the lowest rate 
observed in MP (10.50%), followed by LP and HP (16.17% 
& 15.67%), all significantly lower than CON (P<0.001). 
Although the differences in ADG among probiotic groups 
were not significant, the lower diarrhea incidence in MP 
may reflect better gut health support at this dose. 
 
Effects of L. paracasei subsp. paracasei Q-1 on serum 
biochemical parameters: No significant differences were 
detected among groups in serum AST, ALT, TC, TG, HDL, 
LDL, BUN, TP, ALB, or GLB (P > 0.05, Fig. 2), These 
results suggest that L. paracasei subsp. paracasei Q-1 is 
biologically safe and does not negatively affect basic 
metabolic homeostasis in neonatal calves. 
 
Effects of L. paracasei subsp. paracasei Q-1 on serum 
immune and antioxidant indicators: Probiotic 
supplementation significantly enhanced antioxidant 
capacity, as evidenced by higher GSH-Px activity in all 
supplemented groups compared with CON (P<0.001), and 
significantly elevated SOD activity in MP and HP 
compared with CON and LP (P<0.001; Fig. 3 and Fig. 4). 
No differences were observed for T-AOC or MDA 
(P>0.05). Immunoglobulin concentrations (IgA, IgG, IgM) 
also increased with probiotic dose (P<0.001). Elevated 
antioxidant enzyme activity and immunoglobulin levels 
may  help  newborn  calves   combat   oxidative   stress  and  
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Fig. 1: Diarrhea statistics in neonatal calves supplemented with Lacticaseibacillus paracasei subsp. paracasei Q‑1 at different doses (CON, LP, MP, 
HP). (A) Fecal scores over 60 days. Values are mean ± SEM (n=10). Significant differences (***P<0.001, *P<0.05) are indicated. (B) Diarrhea rate (%) 
over 60 days. Values are mean ± SEM (n=60). Groups with different letters (a, b, c) differ significantly (P<0.05). 

   

 

 
Fig. 2: Serum biochemical parameters in neonatal calves supplemented with Lacticaseibacillus 
paracasei subsp. paracasei Q‑1 at different doses (CON, LP, MP, HP). Values are mean ± SEM (n=8). 
Bars with distinct letters differ significantly (P<0.05), based on one-way ANOVA and Tukey’s test. 
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Fig. 3: Serum antioxidant capacity, immunoglobulins, and select cytokines in neonatal calves supplemented with Lacticaseibacillus paracasei subsp. 
paracasei Q‑1 (CON, LP, MP, HP). Values are mean ± SEM (n=8). Different letters indicate statistically significant differences (P<0.05) by one-way 
ANOVA (Tukey’s test). 

 

   
 
Fig. 4: Intestinal permeability markers (D-LA, LPS, DAO) in neonatal calves receiving Lacticaseibacillus paracasei subsp. paracasei Q‑1 
supplementation. Values are mean ± SEM (n=8). Groups with different letters are significantly different (P<0.05). 
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strengthen mucosal defenses during early life. In the 
inflammatory profile, IL-1β levels were reduced in all 
probiotic groups (P=0.032), while TNF-α was lower in LP 
and MP than in CON (P=0.015). These changes in cytokine 
patterns support the notion that L. paracasei subsp. 
paracasei Q-1 may modulate pro-inflammatory pathways, 
potentially promoting a more balanced immune response. 
 
Effects of L. paracasei subsp. paracasei Q-1 on intestinal 
permeability indicators: Markers of gut barrier function 
showed improvement in probiotic groups. D-LA 
concentrations were lowest in MP and HP, significantly 
below LP and CON (P<0.001; Fig 4). Serum LPS was 
significantly reduced in all probiotic groups compared with 
CON (P<0.001). DAO activity displayed a dose-dependent 
decline, reaching the lowest values in HP (P<0.001). 
Reduced D-LA, LPS, and DAO collectively suggest 
enhanced intestinal integrity, which may partly explain the 
lower diarrhea incidence and improved health outcomes. 
 
Effects of L. paracasei subsp. paracasei Q-1 on rumen 
microbiota: High-throughput 16S rRNA sequencing of 
rumen fluid confirmed adequate sequencing depth. A total 
of 20,784 ASVs were identified, with 1,288 shared across 
all groups (Fig 5a). PCoA based on Bray-Curtis and 
UniFrac distances revealed distinct clustering among 
groups (Fig 5b), although alpha diversity indices (Shannon, 
Simpson, ACE, Chao1) showed no significant differences 
(P>0.05; Fig 5c). The rumen microbiota was dominated by 
Bacteroidota, Firmicutes_A, Firmicutes_C, and 
Patescibacteria (Fig 5d). Although these major phyla 
remained constant, significant shifts were noted in minor 
phyla, such as an increase in Firmicutes_D abundance in 
HP (P=0.009) and a decrease in Eremiobacterota in all 
supplemented groups (P=0.007). LEfSe analysis revealed 
treatment-specific microbial biomarkers (Fig 6a–b): CON 
was enriched with UBA4334, HP with unclassified taxa 
(Bact_11, UBA2450, UBA3207), LP with Catonella, and 
MP with Firmicutes-associated taxa (e.g., RUG12438, 
Firmicutes_D). Correlation analyses showed Firmicutes_D 
positively associated with IgM and IL-10 but negatively 
correlated with DAO, while Cyanobacteria negatively 
correlated with LPS and DAO. UBA4334 exhibited 
negative correlations with D-LA, LPS, DAO, and IL-10 
(Fig 6c). 
 
Effects of L. paracasei subsp. paracasei Q-1 on intestinal 
microbiota: Fecal 16S rRNA sequencing yielded 10,036 
ASVs, with 664 shared across all groups (Fig 7a). PCoA 
revealed clear separation of groups, with PC1 and PC2 
explaining 31.6 and 18.1% of variance, respectively (Fig 
7b). Alpha diversity metrics (Shannon, Simpson, Pielou 
evenness) were significantly higher in MP and HP than in 
CON (P>0.05, Fig 7c), indicating a more balanced fecal 
microbial community in those groups. At the phylum level, 
Spirochaetota was significantly reduced in LP and HP 
(P=0.017), Proteobacteria decreased in HP relative to LP 
(P=0.033), Firmicutes_D increased in LP (P=0.001), 
Actinobacteriota was depleted in MP and HP (P=0.021), 
and Elusimicrobiota was enriched in HP (P=0.015) (Fig 
7d). Genus-level analysis revealed consistent patterns, 
including significant reductions in Treponema_D in LP and 
HP (P=0.009) and enrichment of Cryptobacteroides in HP 

(P=0.001). Paraprevotella and Psychrobacter decreased in 
MP and HP (P=0.026, P=0.040), RF16 was reduced in MP 
(P=0.001), while Faecalimonas was elevated (P=0.036). 
Additional enrichments included CAG_41 and 
Clostridium_T in HP (P=0.010, P=0.004) and CAG_603 
and Succinivibrio in LP (P=0.019, P=0.014) (Fig 7e.). 
LEfSe identified group-specific biomarkers (Fig 8a), with 
CON enriched in Spirochaetota and Treponema_D, HP in 
Eubacterium_F, LP in Proteobacteria and Psychrobacter, 
and MP in Succinivibrio. Correlation analysis (Fig 8b) 
revealed that Spirochaetota, Actinobacteriota, 
Treponema_D, and Firmicutes_D were positively 
correlated with SOD and immunoglobulins (IgA, IgG). 
Psychrobacter correlated positively with IgG, whereas 
RF16 was negatively associated with IgM and LPS but 
positively correlated with TNF-α, IL-6, and antioxidant 
activity. Faecalimonas correlated positively with IL-4 and 
negatively with IL-1β, suggesting potential anti-
inflammatory effects. Although these associations offer 
clues to how specific microbial shifts may interact with 
antioxidant or immune responses, additional functional 
assays or metagenomic analyses would help clarify the 
underlying mechanisms. 
 

DISCUSSION 
 

The present study provides comprehensive insights 
into the effects of L. paracasei subsp. paracasei Q-1 
supplementation on neonatal calf health. Our results 
demonstrate that L. paracasei subsp. paracasei Q-1 not 
only promotes growth performance but also improves 
intestinal health, enhances immune and antioxidant 
responses, and modulates the gut and rumen microbiota. 
However, it is important to note that multiple factors—
such as dietary composition, environmental conditions, 
and maternal immunity—may also influence these 
outcomes. Our inferences focus on the role of L. paracasei 
subsp. paracasei Q-1 within the scope of this pilot trial, 
but further research is needed to elucidate complex 
interactions and confirm causality. These findings 
underscore the potential of L. paracasei subsp. paracasei 
Q-1 as a beneficial probiotic in neonatal calf management, 
with significant implications for animal health and 
livestock productivity. 
 
Growth performance and diarrhea incidence: The 
growth-promoting effects of L. paracasei subsp. paracasei 
Q-1 are consistent with findings from previous studies on 
probiotics in livestock, particularly in terms of enhanced 
ADG (Li et al., 2022; Lin et al., 2022). The observed 11.39 
to 13.92% improvement in ADG in the probiotic-treated 
groups compared to the control group suggests that L. 
paracasei subsp. paracasei Q-1 has the potential to 
improve feed conversion efficiency and nutrient 
absorption. While higher doses did not further improve 
growth performance, the results indicate that a lower dose 
(1×108 CFU/head/day) is sufficient to exert a significant 
effect. This supports the growing body of evidence 
suggesting that probiotics do not necessarily need to be 
administered in high doses to be effective, and that 
optimizing the dose may lead to more cost-effective 
supplementation strategies (Suez et al., 2019; Alqahtani et 
al., 2024). 
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Fig. 5: Rumen microbiota composition and diversity in response to Lacticaseibacillus paracasei subsp. paracasei Q‑1. (A) UpSet plot of ASVs shared 
among treatment groups. (B) PCoA based on Bray–Curtis distances. (C) Alpha diversity indices. (D) Relative abundance of dominant phyla. (E) Relative 
abundance of key genera. 
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Fig. 6: Differential taxa and associations with serum parameters in the rumen microbiota. (A) Cladogram from LEfSe highlighting enriched taxa per 
group. (B) LDA scores of discriminant taxa. (C) Spearman correlation heatmap of bacterial taxa and serum measures (red = positive, blue = negative; 
*P<0.05, **P<0.01). 
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Fig. 7: Fecal microbiota composition and diversity under Lacticaseibacillus paracasei subsp. paracasei Q‑1 supplementation. (A) UpSet plot of ASVs across 
groups. (B) PCoA of microbial communities. (C) Alpha diversity indices, with MP and HP groups showing significant increases (P<0.05). (D–E) Relative 
abundances of main phyla and genera. 
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Fig. 7: Taxonomic differences and correlations in fecal microbiota after Lacticaseibacillus paracasei subsp. paracasei Q‑1 supplementation. (A) LDA 
scores of significantly discriminant taxa. (B) Spearman correlation heatmap between key bacterial taxa and selected serum parameters (red = positive, 
blue = negative; *P<0.05, **P<0.01). (C) Cladogram from LEfSe highlighting enriched taxa per group. 
 

The reduction in diarrhea incidence observed in the 
probiotic-supplemented groups is particularly noteworthy, 
as diarrhea is a leading cause of morbidity and mortality in 
neonatal calves (Carter et al., 2021). Probiotics have been 
widely recognized for their ability to prevent or reduce the 
severity of enteric diseases by enhancing gut barrier 
function and modulating the gut microbiota (Ghosh, 2004; 
Zhou et al., 2022). In this study, the most pronounced 
reduction in diarrhea was observed in the MP group, which 
suggests a potentially favorable dose for mitigating enteric 
issues but does not exclude the possibility that other 
unmeasured variables may also have contributed. 
Environmental stressors and dietary consistency, for 
instance, were not strictly controlled in our study, and thus 
could be confounding factors. 

 
Immune modulation and antioxidant responses: In 
addition to growth performance and diarrhea control, L. 

paracasei subsp. paracasei Q-1 supplementation 
significantly enhanced both immune and antioxidant 
functions, indicating its potential as a comprehensive 
support for neonatal calf health. The probiotic-treated 
groups exhibited higher activities of antioxidant enzymes 
such as GSH-Px and SOD, suggesting that L. paracasei 
subsp. paracasei Q-1 helps mitigate oxidative stress. 
Oxidative stress is known to contribute to a range of 
diseases, including enteric infections, by promoting 
inflammation and damaging cellular components (Vona et 
al., 2021; Bouyahya et al., 2024). The enhanced 
antioxidant status observed in this study is consistent with 
previous reports that probiotics, including L. paracasei 
strains, can modulate redox balance, thereby protecting 
cells from oxidative damage and supporting better health 
outcomes (Xu et al., 2023). At a mechanistic level, several 
studies have shown that L. paracasei can activate the Nrf2–
Keap1 pathway and up-regulate the expression of 
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antioxidant genes such as HO-1 and NQO1 in intestinal 
epithelial cells (Xu et al., 2022; Niu et al., 2024). The 
concomitant rise in SOD and GSH-Px activities observed 
here is consistent with that molecular pattern, although 
confirmation at the transcript or protein level was beyond 
the scope of this trial. 

The increase in immunoglobulin levels (IgA, IgG, 
IgM) following L. paracasei subsp. paracasei Q-1 
supplementation is another key finding. IgA is particularly 
important in mucosal immunity, where it prevents 
pathogens from adhering to the intestinal epithelium. The 
enhanced production of IgG and IgM in a dose-dependent 
manner further suggests that L. paracasei subsp. paracasei 
Q-1 stimulates both humoral and cellular immunity. The 
HP group exhibited the highest levels of IgA and IgG, 
which aligns with previous studies that demonstrated 
probiotics can enhance systemic immunity (Jinendiran et 
al., 2021). These immune-enhancing effects are 
particularly important in neonatal calves, which are more 
susceptible to infections during the early stages of life 
(Kim, 2021; Dinardo et al., 2022). Nonetheless, the precise 
molecular mechanisms underpinning these 
immunomodulatory and antioxidant effects require further 
investigation, such as examining cytokine expression 
pathways, toll-like receptor signaling, or transcriptomic 
profiles in intestinal tissues. Without such molecular 
context, our current interpretation remains somewhat 
speculative. 
 
Intestinal barrier function: Our study highlights the 
ability of L. paracasei subsp. paracasei Q-1 to improve 
intestinal barrier function, which is crucial for preventing 
the translocation of pathogens and harmful substances into 
the bloodstream. Intestinal permeability is often increased 
in neonatal calves suffering from diarrhea, leading to 
systemic inflammation and impaired immune function (Wu 
et al., 2022; Cangiano et al., 2024). Reduction in markers 
of intestinal permeability (D-LA, LPS, DAO) in probiotic-
treated groups suggests that L. paracasei subsp. paracasei 
Q-1 supports intestinal barrier integrity by promoting tight 
junction protein production, enhancing epithelial cell 
proliferation, and reducing inflammation (Zheng et al., 
2022; Mo et al., 2024). The ability of L. paracasei subsp. 
paracasei Q-1 to modulate gut permeability is particularly 
important given the critical role of the intestinal barrier in 
protecting against pathogenic infections and regulating 
immune responses. By improving gut barrier function, L. 
paracasei subsp. paracasei Q-1 may help to reduce the 
incidence of gastrointestinal diseases, promote better 
nutrient absorption, and prevent the onset of systemic 
inflammation, ultimately leading to improved growth and 
health outcomes in neonatal calves. Although we measured 
circulating D-lactate, DAO and LPS, we did not directly 
quantify tight-junction proteins or SCFAs. Given that 
several L. paracasei strains are known producers of acetate 
and butyrate, metabolites that strengthen barrier integrity 
through up-regulation of claudin-1 and occludin, future 
studies incorporating SCFA analysis and intestinal gene 
expression will be informative. 
 
Microbial composition of the rumen and intestinal 
microbiota: The effects of L. paracasei subsp. paracasei 
Q-1 on the rumen and fecal microbiota provide additional 

insights into the mechanisms by which this probiotic 
improves calf health. In the rumen, the probiotic 
supplementation led to shifts in microbial community 
composition, with increased abundance of Firmicutes_D in 
the HP group and a reduction in Eremiobacterota across all 
probiotic groups. These changes in microbial composition 
are likely to influence nutrient digestion and fermentation, 
as Firmicutes are important for the breakdown of fiber and 
other complex carbohydrates (Zou et al., 2021; Sun et al., 
2023). While no significant changes in alpha diversity were 
observed, the observed shifts in specific microbial taxa 
suggest that L. paracasei subsp. paracasei Q-1 promotes a 
more favorable microbial community in the rumen, which 
may enhance nutrient utilization and reduce the risk of 
ruminal dysbiosis. 

In the fecal microbiota, L. paracasei subsp. paracasei 
Q-1 supplementation significantly altered microbial 
diversity and richness, particularly in the MP and HP 
groups. Increases in the Shannon and Simpson diversity 
indices suggest that probiotic supplementation supports a 
more balanced and stable microbial community, which is a 
key feature of a healthy gut. The observed reductions in 
Spirochaetota and Proteobacteria, coupled with increases 
in Firmicutes_D, are indicative of a shift toward a more 
beneficial microbial profile, as these taxa are often 
associated with better gut health and stability (Bai et al., 
2025). Specific genus-level changes, such as the 
enrichment of Cryptobacteroides in the HP group and the 
depletion of Paraprevotella in the MP and HP groups, 
further suggest that L. paracasei subsp. paracasei Q-1 
modulates the microbiota in a manner that supports both 
intestinal health and immune function. 

Correlation analysis between microbial taxa and health 
markers revealed significant associations between specific 
genera and serum biochemical parameters, including 
immunoglobulin levels and markers of intestinal 
permeability. These findings underscore the relationship 
between the gut microbiota and host physiology, 
suggesting that the beneficial effects of L. paracasei subsp. 
paracasei Q-1 on calf health are partly mediated through 
microbiota modulation. The identification of specific 
microbial biomarkers associated with probiotic treatment 
further emphasizes the potential of microbial interventions 
to improve calf health. Causal inference should nonetheless 
be made with caution, because microbial shifts could be 
driven indirectly by changes in feed intake or digesta 
passage rate rather than by the probiotic itself. 
Metagenomic or metabolomic profiling would help 
discriminate primary from secondary effects. 
 
Limitations and future perspectives: Despite the 
promising outcomes, several limitations need to be 
addressed. First, the sample size (n=10 per group) and the 
trial duration (60 days) may limit the power to detect subtle 
or long-term effects. Additionally, factors like maternal 
immunity, farm management, and feeding variation were 
not fully standardized, which could introduce confounding 
effects. While we attempted to randomize and maintain 
similar conditions, external variables cannot be completely 
eliminated. Furthermore, without a mechanistic focus, our 
discussion of immunomodulatory and antioxidant 
pathways remains primarily descriptive. Future larger-
scale trials with expanded molecular analyses and extended 
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observation periods will be valuable in clarifying the mode 
of action and validating the practical feasibility of L. 
paracasei subsp. paracasei Q-1 supplementation in diverse 
farm settings. 
 
Conclusions: In this pilot trial, supplementation with L. 
paracasei subsp. paracasei Q-1 appeared to significantly 
improve the growth performance, help reduce diarrhea 
incidence, enhance immune function, and strengthen 
intestinal barrier integrity in neonatal calves. Additionally, 
L. paracasei subsp. paracasei Q-1 modulated both rumen 
and fecal microbiota composition, suggesting its potential 
as an effective probiotic to promote calf health and 
productivity. Among the tested doses, 3 × 10⁸ 
CFU/calf/day provided the most consistent benefits in this 
preliminary study. However, further large-scale trials, 
field-scale validation, and dose–response analyses are 
needed to confirm economic feasibility and fully establish 
the optimal supplementation strategy before on-farm 
adoption. 
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