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Simple Summary

Diarrhea is a common problem in young domestic pigeons and can impair intestinal health
and growth. Antibiotics are often used for treatment, but their use raises concerns about
residues and antimicrobial resistance. Antimicrobial peptides are considered potential
alternatives. In this study, we evaluated a recombinant Newcastle disease virus expressing
the antimicrobial peptide cecropin AD, named rTS-CADs, in newborn pigeons. rTS-CADs
caused no mortality and showed only transient viral RNA detection. It reduced diarrhea
incidence, decreased intestinal Escherichia coli abundance, and improved body weight gain.
The treatment also altered gut microbiota composition, increased intestinal villus height
and villus-to-crypt ratio, and enhanced occludin expression, suggesting improved intestinal
barrier function. These findings indicate that NDV-vectored antimicrobial peptide delivery
may be a useful strategy for improving gut health in pigeon production.

Abstract

Diarrhea and impaired intestinal development are major constraints in newly hatched
domestic pigeons raised for meat production, leading to reduced growth performance
and increased reliance on antimicrobial interventions. Cecropin AD (CAD) is a broad-
spectrum antimicrobial peptide with potential activity against bacterial pathogens and
may represent an alternative strategy for improving intestinal health in poultry. In this
study, we evaluated the safety and biological effects of a recombinant Newcastle disease
virus (NDV) expressing CAD (rTS-CADj3) in one-day-old domestic pigeons. Pigeons were
inoculated with rTS-CADj3, parental TS09-C, or PBS and monitored for growth performance,
diarrhea incidence, viral RNA persistence, inflammatory responses, intestinal bacterial
abundance, gut microbiota composition, intestinal morphology, and epithelial barrier
function. rTS-CADj3 caused no mortality, detected only transient viral RNA, and did not
induce excessive inflammatory responses. Compared with TS09-C and PBS controls, rTS-
CAD; significantly increased body weight gain and average daily gain while reducing
diarrhea incidence. Importantly, rTS-CAD3 decreased intestinal Escherichia coli abundance,
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reshaped the gut microbiota by reducing Proteobacteria and Escherichia-Shigella while
increasing Firmicutes and Lactobacillus, improved villus height and the villus-to-crypt
ratio, and enhanced occludin expression. These findings demonstrate that NDV-vectored
CAD delivery can reduce intestinal bacterial burden, increase occludin expression, and
alleviate diarrhea in domestic pigeons. The rTS-CADj represents a promising antimicrobial
peptide-based strategy for reducing spontaneous diarrhea and dependence on conventional
antibiotics in poultry production.

Keywords: diarrhea; CAD; NDV vector; intestinal health

1. Introduction

Pigeon meat is highly nutritious, with high protein and low fat contents, and has
attracted increasing consumer interest globally, with studies highlighting its quality traits
and significance in production [1]. However, diarrhea remains a major constraint in squab
production, especially during early life when intestinal development is immature and birds
are vulnerable to bacterial overgrowth, gut dysbiosis, and environmental stress [2]. The
current strategy for controlling diarrhea in pigeon farms often relies on antibiotics, raising
concerns about residues in meat, given the short production cycle.

Antimicrobial peptides are bioactive molecules with broad-spectrum antibacterial
activity and minimal toxicity, and represent promising alternatives to antibiotics [3]. Ce-
cropin AD (CAD) is a hybrid antimicrobial peptide composed of cecropin A and D domains,
and dietary CAD supplementation has been shown to alleviate Escherichia coli-induced
diarrhea and improve intestinal health in piglets [4]. Recent studies have also demon-
strated that cecropin peptides can enhance growth performance, reduce diarrhea rates, and
positively modulate gut microbial composition in animal models [5]. However, it remains
unclear whether cecropins can promote growth and modulate the intestinal flora in poultry,
especially pigeons.

The Newcastle disease virus (NDV) is widely used as a vector for multivalent vaccine
development in poultry and provides an effective platform for the expression of exogenous
proteins [6]. Our previous study demonstrated that CAD-expressing NDV significantly
reduced bacterial infections at murine skin wound sites and promoted wound healing in
mice [7]. Here, we evaluated the safety of recombinant CAD-expressing NDV in newborn
pigeons and investigated its effects on growth performance, intestinal morphology, tight
junction expression, intestinal microbiota, and aimed to support the application of cecropins
in pigeon production.

2. Materials and Methods
2.1. Pathogenicity Analysis and Virus Titration

The pathogenicity of rTS-CADj3, which was previously described by our laboratory,
was evaluated by measuring the mean death time of the minimal lethal dose (MDT/MLD)
in 10-day-old SPF embryonated chicken eggs [7]. MDT values greater than 90 h indicate
low virulence, between 60 and 90 h indicate moderate virulence, and less than 60 h indicate
high virulence. The 50% embryonic infectious dose (EIDs() of the isolate was calculated
using the Reed and Muench method in SPF embryonated chicken eggs.

2.2. Safety Assessment in Newborn Pigeons

For the safety assessment, a total of 150 newborn white hybrid meat pigeons were
allocated to three groups (50 pigeons per group) with similar body weights (mean initial
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body weight was 19.0 &+ 1.0 g). The pigeons were inoculated with rTS-CADj3; or TS09-C
(1050 EIDsp/mL, 50 pL per pigeon) via the intranasal route. PBS was used as a control.
Each pair of newly hatched squabs was reared using a single parent pigeon pair. All parent
pigeons were 3 years old, and no significant differences in feeding capacity or health status
were observed prior to the experiment. The experiment lasted 21 days. During the test
period, six pigeons squabs per group were humanely euthanized every 3 days, and lung
and intestinal tissues were collected to assess viral colonization. Squabs from the same
parental pair were assigned to the same/different treatment groups. Blood samples were
collected at 0, 3, 6, and 9 days post-infection (dpi) for cytokine expression analyses.

2.3. Quantification of NDV Load in Lung and Duodenum

Lung and duodenum tissues were collected at 0, 3, 6, 9, 12, 15, 18, and 21 dpi
for viral detection using a quantitative real-time PCR (qPCR) assay. Total RNA was
extracted (0.5 g tissue), quantified, and reverse transcribed (1 pug RNA). qPCR was
performed to determine NDV load based on a standard curve of the NDV F gene.
NDV F gene primer sequences: forward 5'-ATGGGCTCCAGATCTTCTAC-3’; reverse
5-TCCTACGGATAGAATCACC-3'.

2.4. Cytokine Expression Analysis

Blood (100 uL) collected from six pigeons per group was centrifuged (1500 g, 10 min,
4 °C; then 2000 g, 15 min, 4 °C) to obtain platelet-depleted plasma. IL-6 and granulocyte
colony-stimulating factor (G-CSF) levels were quantified by ELISA (Cusabio, Wuhan,
China) following the manufacturer’s protocol.

2.5. Growth Performance, Diarrhea Index and Sample Collection

For the efficacy assessment, an independent cohort of 150 newborn white hybrid meat
pigeons was inoculated with rTS-CADj; (10%? EID5p/mL, 50 uL per bird) via the intranasal
route as described in the safety assessment assay. During the experiment, all pigeons were
weighed every 3 days and recorded repeatedly. The average body weight (BW), average
daily gain (ADG), and survival rate were measured and calculated for each repetition at
21 days of age. Fecal consistency was evaluated once daily by one observer blinded to
the treatment groups; therefore, inter-observer disagreement was not applicable. Diarrhea
index was scored 0-3 (0: normal solid; 1: moist semi-solid; 2: mild loose; 3: severe watery).
Scores > 2 were considered diarrhea [8]. Colonic contents were collected at 21 dpi using
sterile cryopreservation tubes and quickly frozen in liquid nitrogen. The duodenum and
jejunum were collected at 21 dpi for histological analysis. The intestinal contents were
collected at 0, 6, 12, and 18 dpi for E. coli enumeration.

2.6. Assessment of Gut Microbial Diversity

Three samples of colonic content from each group were used for high-throughput
sequencing, as previously reported [9]. DNA was extracted (cetyltrimethylammonium
bromide method), and the V3-V4 region was amplified with primers 341F/806R, followed
by sequencing on an Illumina NovaSeq 6000 platform (PE250) (Illumina, Inc., San Diego,
CA, USA). Sequence processing, ASV inference, taxonomic annotation, and diversity
analyses were performed using QIIME2 (2024.2), R (4.5.1), and LEfSe (1.1.2).

2.7. Small Intestinal Morphometric Traits

Approximately 1 cm segments of the duodenum and jejunum were collected at 21 dpi,
gently rinsed with physiological saline, and fixed in 4% formalin for 24 h. The tissues were
subsequently dehydrated, paraffin-embedded, sectioned, then deparaffinized in xylene and
rehydrated in graded ethanol. For each bird, six randomly selected microscopic fields were
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examined using a BX53 microscope (Olympus, Tokyo, Japan). Correctly oriented villus-
crypt units were selected when the entire villus axis, from the villus tip to the associated
crypt opening, was visible without obvious folding or oblique sectioning. Villus height
was measured from the villus tip to the villus—crypt junction, whereas crypt depth was
measured from the crypt opening to its base. The villus-height-to-crypt-depth ratio was
subsequently calculated.

2.8. Culture-Based Enumeration of Escherichia coli (E. coli)

The serially diluted intestinal contents, collected at 0, 6, 12, and 18 dpi, were plated on
MacConkey agar. Following incubation at 37 °C for 24 h, lactose-fermenting colonies were
counted, with representative colonies confirmed by Gram staining and PCR. The E. coli
counts were expressed as logjg CFU/g of intestinal contents.

2.9. Immunohistochemistry (IHC)

At 21 dpc, six pigeons per group were randomly selected for tissue collection, and
the duodenal and jejunal tissues were sectioned, deparaffinized, peroxidase-blocked (0.3%
H,05,), antigen-retrieved (Tris—EDTA, pH 9.0), serum-blocked, and incubated overnight
at 4 °C with occludin polyclonal antibody (1:200, catalogue no. 71-1500, Thermo Fisher
Scientific, Waltham, MA, USA). Immunoreactivity was visualized using a horseradish
peroxidase-conjugated detection system with DAB as chromogen, followed by hematoxylin
counterstaining. For each bird, six randomly selected non-overlapping microscopic fields
per intestinal segment were captured at x400 magnification using a digital camera (BX53;
Olympus, Tokyo, Japan). Protein levels were semi-quantified using Image-Pro Plus software
(6.2), with results expressed as the integrated optical density (IOD) of the positive area
in microphotographs captured at X400 magnification. A uniform staining threshold was
established based on background staining and applied consistently to all images.

2.10. Quantitative Real-Time PCR Analysis

RNA from duodenal and jejunal tissues (six randomly selected pigeons/group at
21 dpi) was reverse transcribed to cDNA. For occludin mRNA expression, qPCR was per-
formed using a SYBR Green I kit (Vazyme, Nanjing, China) with the following protocol: ini-
tial denaturation at 94 °C for 30 s; 40 cycles of 94 °C for 5 s and 62 °C for 30 s; melting curve
from 55 °C to 95 °C (increment 0.5 °C/10 s). Relative occludin expression was calculated
using the 2~24Ct method using GAPDH as the internal control. Occludin primer sequences:

forward 5'-CAGGACGTGGCAGAGGA-3'; reverse 5'-GTGGAAGAGCTTGTTGCGT-3'.

2.11. Statistical Analysis

Statistical analyses were performed using GraphPadPrism 10. Repeatedly measured
body weight and diarrhea scores were analyzed using a two-way repeated-measures
ANOVA or a mixed-effects model, with treatment, time, and their interaction as fixed
effects and individual pigeon as the repeated subject. Viral RNA loads, cytokine levels,
and E. coli counts obtained from independently sampled pigeons at different time points
were analyzed using two-way ANOVA, followed by Tukey’s multiple-comparison test.
Endpoint data were analyzed using one-way ANOVA followed by Tukey’s test.

3. Results
3.1. Safety Assessment of rTS-CAD3 in Newborn Pigeons

To evaluate the safety of rTS-CADs3, rNDV-infected pigeons were monitored for
3 weeks. No mortality was observed in the rNDV-inoculated groups. The experimen-
tal design and sampling schedule for the safety assessment are shown in Figure 1A. Viral
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genomic RNA was transiently detected in the lungs from 3 to 12 dpi and in the duo-
denum tissues during the first 6 dpi, but became undetectable thereafter (Figure 1B,C).
IL-6 levels showed no significant difference between the rNDV-inoculated and control
groups, whereas G-CSF levels increased mildly at 3 dpi and returned to baseline by 6 dpi
(Figure 1D,E), indicating that rNDVs did not induce excessive inflammatory responses.
rTS-CADj retained the low pathogenicity of the parental TS09-C strain, with an MDT
of >168 h (Table 1). These results suggest that rTS-CADj3 is safe for newborn pigeons in
experimental conditions.
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Figure 1. Safety evaluation of rTS-CADj3 in newborn pigeons in experimental conditions. (A) Ex-
perimental design and sampling timeline for safety evaluation. (B,C) NDV genomic RNA loads in
lung tissues and duodenal tissues at the indicated time points were detected by qPCR. (D,E) Plasma
concentrations of IL-6 and G-CSE. (**, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not significant).

Table 1. EID5p and MDT values of rTS-CADj3; and TS09-C.

Strains EID5,/mL MDT (h)
rTS-CAD; 1020 >168
TS09-C 1085 >168

3.2. Growth Performance Assessment of ¥TS-CAD3 in Newborn Pigeons

The experimental design and observation schedule for growth performance and
efficacy assessment are shown in Figure 2A. All pigeons showed progressive body weight
gain during the experiment. Compared with the TS09-C and PBS groups, pigeons treated
with rTS-CADj exhibited higher body weights during the later stages of the experiment,
with significant differences observed at several time points from 12 to 21 dpi (Figure 2B).
Consistently, the average daily gain of the rTS-CADj3 group was significantly higher than
that of the control groups (Figure 2C). The proportion of pigeons with a diarrhea score > 2
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decreased in the rTS-CADj3 group after 3 dpi and reached 0% at 21 dpi. In contrast, the TS09-
C and PBS groups showed higher proportions of diarrhea-positive pigeons (Figure 2D).
The mean diarrhea score remained relatively low in the rTS-CADj3 group throughout the
observation period (Figure 2E). These results indicate that rTS-CAD3 improved growth
performance and reduced diarrhea severity in newborn pigeons.
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Figure 2. Growth performance and antidiarrheal effects of r-TS-CADj3 in newborn pigeons. (A) Exper-
imental design and sampling timeline for growth performance and efficacy assessment. (B) Body
weight changes in pigeons during the experimental period. (C) ADG of pigeons. (D) The proportion
of pigeons with a diarrhea score > 2. (E) Mean diarrhea score of pigeons. (rTS-CADj vs. TS09-C,
a,p <0.05 A, p <0.01; rTS-CAD;3 vs. PBS, b, p < 0.05; B, p < 0.01). ****, p < 0.0001.

3.3. Effects of rTS-CAD3 on Intestinal Microbial Composition in Pigeons

As rTS-CADj; showed inhibitory activity against E. coli in our previous study [7],
intestinal E. coli abundance was examined. Compared with the TS09-C and PBS groups,
rTS-CAD;j significantly reduced intestinal E. coli levels at 6, 12, and 18 dpi (Figure 3A).
In addition, 165 rRNA gene sequencing showed that rTS-CADs altered the intestinal
microbial community. At the phylum level, rTS-CADj3-treated pigeons showed increased
Firmicutes and decreased Proteobacteria, while at the genus level, the relative abundance
of Escherichia-Shigella was significantly reduced, and Lactobacillus was significantly
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increased (Figure 3B-E). These changes indicate that rTS-CAD3; may improve intestinal
microbial balance by suppressing enteric bacteria associated with dysbiosis and diarrhea.
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Figure 3. Effects of rTS-CADj on intestinal microbiota composition in pigeons. (A) E. coli contents at
indicated time points, expressed as log1g CFU/g. (B,C) Relative bacterial abundance at the phylum
and genus levels. CAD, rTS-CADj3 group. TS, TS09-C group. (D,E) Comparison of the relative
abundance of Firmicutes and Proteobacteria at the phylum level, and the relative abundance of
Lactobacillus and Escherichia—Shigella at the genus level among treatment groups. *, p < 0.05;
**,p <0.01; ***, p < 0.001; ****, p < 0.0001.

3.4. Effects of rTS-CAD3 on Intestinal Morphology and Occludin Expression in Pigeons

Histological analysis showed that rTS-CADj significantly increased villus height in
the duodenum and jejunum (Figure 4A,B). Although crypt depth increased in the duode-
num and remained unchanged in the jejunum, the V/C ratio was significantly elevated
in rTS-CADs-treated pigeons (Figure 4C,D), which are closely linked to nutrient absorp-
tion efficiency and improved epithelial renewal. To further evaluate intestinal barrier
function, occludin expression was analyzed by IHC and qPCR. Pronounced occludin im-
munostaining was observed in epithelial cells, predominantly in the upper regions of
the villi in the rTS-CADj3 group (black arrows). rTS-CAD3 markedly increased occludin
protein and mRNA levels in the duodenum and jejunum compared with the control groups
(Figure 4E-G). Together, these results indicate that rTS-CAD3 improves intestinal mor-
phology and strengthens barrier function, which may contribute to the reduced diarrhea
incidence and improved growth performance observed in newborn pigeons.
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Figure 4. Effects of rTS-CAD3 on intestinal morphology and occludin expression in pigeons. (A) Rep-
resentative H&E staining images of the duodenum and jejunum. Black lines schematically indicate
villus height and crypt depth. Blue arrows indicate the shortened or irregular villi in the TS09-C and
PBS groups. Scale bar = 300 um. (B) Villus height of the duodenum and jejunum. (C) Crypt depth of
the duodenum and jejunum. (D) Villus height-to-crypt depth (V/C) ratio. (E) Representative IHC
staining of occludin protein in the duodenum and jejunum (scale bar = 50 um). Black arrows indicate
pronounced occludin-positive staining. (F) Semi-quantitative analysis of occludin protein expression
based on IOD. (G) Relative mRNA levels of occludin in duodenum and jejunum tissues which were
determined by using qPCR. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

4. Discussion

Safety remains an important consideration for NDV-based vectors, since NDV
pathogenicity and in vivo replication can be affected by viral virulence, tissue tropism, host
age, and host immune status [10,11]. Previous studies have shown that lentogenic NDV
strains are generally safe and have been widely used as vaccine vectors, but their safety
still requires evaluation in the target host [7]. Highly virulent NDV strains can cause severe
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systemic disease, and excessive inflammatory responses have been associated with disease
severity and mortality [12]. In our study, rTS-CADj3 infection did not cause mortality, and
viral RNA was detected only transiently in respiratory and intestinal tissues. In addition,
IL-6 and G-CSF responses remained low, suggesting limited inflammatory activation. These
findings suggest that rTS-CADj is safe in newborn pigeons in experimental conditions.

Antibiotics have been widely used to control bacterial diseases in poultry. However,
their improper use in food-producing animals has raised concerns about antimicrobial
residues in edible products and the spread of antimicrobial resistance [13,14]. Bacterial
diarrhea in young pigeons during the early growth phase frequently necessitates clinical
intervention, such as using antibiotics [15]. In our study, no antibiotics were used and
CAD was expressed through an NDV-based vector. rTS-CADj3 reduced intestinal E. coli
abundance and diarrhea incidence in newborn pigeons, suggesting that NDV-expressed
CAD may help limit intestinal E. coli overgrowth. Therefore, this strategy may provide a
non-antibiotic approach for enteric disease control in pigeon production.

CAD is a hybrid antimicrobial peptide composed of cecropin A and D domains. Previ-
ous studies have reported that dietary CAD supplementation can reduce E. coli-induced
diarrhea and improve intestinal morphology and barrier function in piglets [4]. For poultry
production, antimicrobial peptides are more practical when delivered through feed or drink-
ing water; by contrast, injection or local administration is difficult to implement as a routine
flock-level measure [16,17]. However, direct peptide supplementation is constrained by
production and purification costs, limited gastrointestinal stability, proteolytic degradation,
and repeated dosing requirements [18,19]. Here, rTS-CAD; provides a vector-based de-
livery approach in which CAD is produced in vivo after intranasal administration of the
NDV vector, rather than being repeatedly supplied as an exogenous peptide. However,
r'TS-CAD:; is a potential biological strategy that requires further validation, including spray
delivery optimization, dose evaluation, and so on.

Previous studies have shown that antimicrobial peptides can improve intestinal health
not only by directly inhibiting enteric pathogens, but also by modulating gut microbiota
and strengthening epithelial barrier function [20,21]. Consistent with previous reports on
dietary CAD, the present study showed that rTS-CADj3 reduced intestinal E. coli abundance
and decreased the relative abundance of Escherichia-Shigella in newborn pigeons. The
increase in Lactobacillus may enhance intestinal barrier health and microbial homeostasis
by producing organic acids and suppressing opportunistic enteric pathogens, thereby con-
tributing to improved gut health [22]. rTS-CADj5 also increased Firmicutes, improved villus
height and V/C ratio, and upregulated occludin expression, a tight-junction-associated
protein involved in maintaining epithelial structure. These findings suggest improved
intestinal morphology and tight-junction-associated changes [23]. These changes were
accompanied by increased ADG and reduced diarrhea incidence. Although the micro-
biome analysis was based on three samples per group and should therefore be considered
exploratory, the results showed that the NDV vector may represent a practical strategy for
transient in vivo delivery of CAD, potentially preserving some intestinal benefits without
requiring continuous dietary supplementation, although the duration and tissue distribu-
tion of CAD expression remain to be determined.

In summary, rTS-CADj3; showed good safety in newborn pigeons under the experimen-
tal conditions and was associated with improved growth performance, reduced diarrhea,
lower intestinal E. coli abundance, altered microbial composition, improved intestinal
morphology, and increased occludin expression. Overall, rTS-CAD3-expressed CAD is
beneficial for reducing intestinal E. coli abundance, improving gut health, and supporting
growth performance in pigeon production.
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5. Conclusions

In experimental conditions, rTS-CAD3 was safe for newborn pigeons and improved
growth performance while reducing diarrhea. These beneficial effects were associated
with reduced intestinal E. coli abundance, altered gut microbiota, improved intestinal
morphology, and improved barrier health. Our findings suggest that NDV-based vectors
may serve as a promising platform for antimicrobial peptide delivery and intestinal health
improvement in poultry production.
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Abbreviations

The following abbreviations are used in this manuscript:

CAD cecropin AD

NDV  Newcastle disease virus

dpi days post-infection

BW body weight

ADG  average daily gain

G-CSF  granulocyte colony-stimulating factor
IL-6 Interleukin-6

E.coli  Escherichia coli

IHC Immunohistochemistry

10D integrated optical density

https://doi.org/10.3390/anil6162454


https://doi.org/10.3390/ani16162454

Animals 2026, 16, 2454 11 of 12

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Ma, W.; Yang, L.; Jing, Y.; Mo, Q.; Song, Q.; Wang, C.; Zhu, M. Dynamic Changes in the Crop Milk and Salivary Microbiota of
Breeding Pigeons During the Raising Brooding Period. Animals 2025, 15, 2772. [CrossRef] [PubMed]

Mohamed, O.A.; Khattab, I.M.; Elsagheer, M.A. Early weaning in pigeons (Columba Livia domestica): Effects on squabs
performance and reproductive performance of parents. BVMIC Vet. Res. 2025, 21, 275. [CrossRef] [PubMed]

Oliveira Junior, N.G.; Souza, C.M.; Buccini, D.F.; Cardoso, M.H.; Franco, O.L. Antimicrobial peptides: Structure, functions and
translational applications. Nat. Rev. Microbiol. 2025, 23, 687-700. [CrossRef] [PubMed]

Wu, S.; Zhang, F; Huang, Z; Liu, H; Xie, C.; Zhang, J.; Thacker, P.A.; Qiao, S. Effects of the antimicrobial peptide cecropin AD
on performance and intestinal health in weaned piglets challenged with Escherichia coli. Peptides 2012, 35, 225-230. [CrossRef]
[PubMed]

Ouyang, K.; Chen, T,; Sun, R.; Xie, Y.; Qi, Q.; Li, X,; Liu, J.; Liu, Q.; Wei, L. Effects of dietary cecropin on growth performance,
diarrhea rate and intestinal health of nursery Hainan pigs. Front. Microbiol. 2024, 15, 1298703. [CrossRef] [PubMed]

Jiang, L.; Feng, H.; Zeng, Z.; Wang, Z.; Zhang, G.; Shang, Y.; Wang, H.; Wang, S.; Yao, L.; Li, L.; et al. Research Notes: Evaluation
of recombinant Newcastle disease virus expressing gB protein of infectious laryngotracheitis virus as bivalent in ovo vaccine.
Poult. Sci. 2024, 103, 104397. [CrossRef] [PubMed]

Yao, L.; Ren, X,; Zhou, P; Yang, J.; Zeng, C.; Zeng, Z.; Shang, Y.; Feng, H.; Jin, M.; Xiao, Q.; et al. Construction and bacteriostatic
effect analyses of a recombinant thermostable Newcastle disease virus expressing cecropin AD. Vet. Microbiol. 2025, 302, 110397.
[CrossRef] [PubMed]

Jiang, Z.; Su, W.; Yang, M; Fu, ].; Gong, T.; Li, W.; Wen, C.; Wang, X.; Wang, E; Jin, M,; et al. Integrated multi-omics reveals
the Bacillus amyloliquefaciens BA40 against Clostridium perfringens infection in weaned piglets. |. Adv. Res. 2025, 77, 75-90.
[CrossRef] [PubMed]

He, X,; Liang, Z.; Huang, Z.; Wu, Y,; Liu, J.; Fu, M; Liu, J.; Pi, J.; Zhang, H. Effects of dietary paddy rice on the growth, serum
biochemistry, intestinal development, microbiota, and metabolism of young laying ducks in a rice-duck-crayfish farming system.
Poult. Sci. 2024, 103, 104369. [CrossRef] [PubMed]

Dortmans, J.C.; Koch, G.; Rottier, PJ.; Peeters, B.P. Virulence of Newcastle disease virus: What is known so far? Vet. Res. 2011, 42,
122. [CrossRef] [PubMed]

Ganar, K.; Das, M,; Sinha, S.; Kumar, S. Newcastle disease virus: Current status and our understanding. Virus Res. 2014, 184,
71-81. [CrossRef] [PubMed]

Kim, S.H.; Samal, S.K. Newcastle Disease Virus as a Vaccine Vector for Development of Human and Veterinary Vaccines. Viruses
2016, 8, 183. [CrossRef] [PubMed]

Mehdi, Y.; Letourneau-Montminy, M.P.; Gaucher, M.L.; Chorfi, Y.; Suresh, G.; Rouissi, T.; Brar, S.K.; Cote, C.; Ramirez, A.A,;
Godbout, S. Use of antibiotics in broiler production: Global impacts and alternatives. Anim. Nutr. 2018, 4, 170-178. [CrossRef]
[PubMed]

Van Boeckel, T.P,; Brower, C.; Gilbert, M.; Grenfell, B.T.; Levin, S.A.; Robinson, T.P; Teillant, A.; Laxminarayan, R. Global trends in
antimicrobial use in food animals. Proc. Natl. Acad. Sci. USA 2015, 112, 5649-5654. [CrossRef] [PubMed]

Zhang, W.; Deng, L.; Liu, T.; Zhang, M.; Guo, Y.; Zhang, T.; Hu, Q.; Lu, Q.; Luo, Q. Research note: Prevalence and vlhA gene
genotyping analysis of Mycoplasma synoviae in poultry from 2021 to 2023 in central China. Poult. Sci. 2025, 104, 105860.
[CrossRef] [PubMed]

Cheng, G.; Hao, H.; Xie, S.; Wang, X; Dai, M.; Huang, L.; Yuan, Z. Antibiotic alternatives: The substitution of antibiotics in animal
husbandry? Front. Microbiol. 2014, 5, 217. [CrossRef] [PubMed]

Wang, S.; Zeng, X.; Yang, Q.; Qiao, S. Antimicrobial Peptides as Potential Alternatives to Antibiotics in Food Animal Industry. Int.
J. Mol. Sci. 2016, 17, 603. [CrossRef] [PubMed]

Deshayes, C.; Arafath, M.N.; Apaire-Marchais, V.; Roger, E. Drug Delivery Systems for the Oral Administration of Antimicrobial
Peptides: Promising Tools to Treat Infectious Diseases. Front. Med. Technol. 2021, 3, 778645. [CrossRef] [PubMed]

Marr, A K.; Gooderham, W.].; Hancock, R.E. Antibacterial peptides for therapeutic use: Obstacles and realistic outlook. Curr.
Opin. Pharmacol. 2006, 6, 468-472. [CrossRef] [PubMed]

Bevins, C.L.; Salzman, N.H. Paneth cells, antimicrobial peptides and maintenance of intestinal homeostasis. Nat. Rev. Microbiol.
2011, 9, 356-368. [CrossRef] [PubMed]

Gallo, R.L.; Hooper, L.V. Epithelial antimicrobial defence of the skin and intestine. Nat. Rev. Immunol. 2012, 12, 503-516. [CrossRef]
[PubMed]

https://doi.org/10.3390/anil6162454


https://doi.org/10.3390/ani15192772
https://www.ncbi.nlm.nih.gov/pubmed/41096368
https://doi.org/10.1186/s12917-025-04696-x
https://www.ncbi.nlm.nih.gov/pubmed/40229824
https://doi.org/10.1038/s41579-025-01200-y
https://www.ncbi.nlm.nih.gov/pubmed/40646173
https://doi.org/10.1016/j.peptides.2012.03.030
https://www.ncbi.nlm.nih.gov/pubmed/22490448
https://doi.org/10.3389/fmicb.2024.1298703
https://www.ncbi.nlm.nih.gov/pubmed/38633702
https://doi.org/10.1016/j.psj.2024.104397
https://www.ncbi.nlm.nih.gov/pubmed/39476612
https://doi.org/10.1016/j.vetmic.2025.110397
https://www.ncbi.nlm.nih.gov/pubmed/39862796
https://doi.org/10.1016/j.jare.2025.01.033
https://www.ncbi.nlm.nih.gov/pubmed/39855299
https://doi.org/10.1016/j.psj.2024.104369
https://www.ncbi.nlm.nih.gov/pubmed/39427418
https://doi.org/10.1186/1297-9716-42-122
https://www.ncbi.nlm.nih.gov/pubmed/22195547
https://doi.org/10.1016/j.virusres.2014.02.016
https://www.ncbi.nlm.nih.gov/pubmed/24589707
https://doi.org/10.3390/v8070183
https://www.ncbi.nlm.nih.gov/pubmed/27384578
https://doi.org/10.1016/j.aninu.2018.03.002
https://www.ncbi.nlm.nih.gov/pubmed/30140756
https://doi.org/10.1073/pnas.1503141112
https://www.ncbi.nlm.nih.gov/pubmed/25792457
https://doi.org/10.1016/j.psj.2025.105860
https://www.ncbi.nlm.nih.gov/pubmed/41075596
https://doi.org/10.3389/fmicb.2014.00217
https://www.ncbi.nlm.nih.gov/pubmed/24860564
https://doi.org/10.3390/ijms17050603
https://www.ncbi.nlm.nih.gov/pubmed/27153059
https://doi.org/10.3389/fmedt.2021.778645
https://www.ncbi.nlm.nih.gov/pubmed/35146486
https://doi.org/10.1016/j.coph.2006.04.006
https://www.ncbi.nlm.nih.gov/pubmed/16890021
https://doi.org/10.1038/nrmicro2546
https://www.ncbi.nlm.nih.gov/pubmed/21423246
https://doi.org/10.1038/nri3228
https://www.ncbi.nlm.nih.gov/pubmed/22728527
https://doi.org/10.3390/ani16162454

Animals 2026, 16, 2454 12 of 12

22. Wu, Z,; Yang, K,; Zhang, A.; Chang, W.; Zheng, A.; Chen, Z.; Cai, H.; Liu, G. Effects of Lactobacillus acidophilus on the growth
performance, immune response, and intestinal barrier function of broiler chickens challenged with Escherichia coli O157. Poult. Sci.
2021, 100, 101323. [CrossRef] [PubMed]

23. Kuo, W.T,; Odenwald, M.A ; Turner, ].R.; Zuo, L. Tight junction proteins occludin and ZO-1 as regulators of epithelial proliferation
and survival. Ann. N. Y. Acad. Sci. 2022, 1514, 21-33. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/anil6162454


https://doi.org/10.1016/j.psj.2021.101323
https://www.ncbi.nlm.nih.gov/pubmed/34280647
https://doi.org/10.1111/nyas.14798
https://www.ncbi.nlm.nih.gov/pubmed/35580994
https://doi.org/10.3390/ani16162454

	Introduction 
	Materials and Methods 
	Pathogenicity Analysis and Virus Titration 
	Safety Assessment in Newborn Pigeons 
	Quantification of NDV Load in Lung and Duodenum 
	Cytokine Expression Analysis 
	Growth Performance, Diarrhea Index and Sample Collection 
	Assessment of Gut Microbial Diversity 
	Small Intestinal Morphometric Traits 
	Culture-Based Enumeration of Escherichia coli (E. coli) 
	Immunohistochemistry (IHC) 
	Quantitative Real-Time PCR Analysis 
	Statistical Analysis 

	Results 
	Safety Assessment of rTS-CAD3 in Newborn Pigeons 
	Growth Performance Assessment of rTS-CAD3 in Newborn Pigeons 
	Effects of rTS-CAD3 on Intestinal Microbial Composition in Pigeons 
	Effects of rTS-CAD3 on Intestinal Morphology and Occludin Expression in Pigeons 

	Discussion 
	Conclusions 
	References

