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ARTICLE INFO ABSTRACT

Keywords: Nutritional interventions targeting oxidative stress and gut ecology may help sustain broiler performance during
Broiler chicken antimicrobial perturbation. This study evaluated the timing-dependent effects of an antioxidant-acidifier feed
Enrofloxacin

additive, alone or combined with enrofloxacin, on growth performance and cecal microbiota in broilers. A total
of 1,200 Ross 308 male broilers were assigned to six treatments (4 pens/treatment; 50 birds/pen) and reared to
42 d: control, enrofloxacin (d15-19), additive for 4 weeks (A4; d15-42), A4+enrofloxacin, additive for 6 weeks
(A6; d1-42), and A6+enrofloxacin. The additive was included at 4% of the diet, providing fumaric acid, heat-
stable vitamin C, and all-rac-a-tocopheryl acetate. Performance traits were recorded by phase and overall.
Cecal contents were collected from 2 birds/pen on d14, d20, and d42 and analyzed by shotgun metagenomic
sequencing; microbiota analyses were conducted on pen-level aggregated profiles. Growth performance showed
modest, timing-dependent numerical differences: A4 had numerically higher finisher and overall average daily
gain, whereas A4+enrofloxacin was associated with lower overall gain than enrofloxacin alone. Cecal commu-
nity structure was driven primarily by sampling time point. No detectable enrofloxacin-associated separation was
observed at d20, whereas a trend toward separation was evident at d42. By d42, only limited genus-level dif-
ferences were detected, with the strongest signal observed for Phocaeicola in the targeted differential abundance
analysis. Overall, additive timing influenced growth responses and cecal microbiota trajectories during enro-
floxacin exposure, supporting the importance of supplementation timing when nutritional strategies are used to
improve robustness under antibiotic perturbation.

Cecal microbiota
Fumaric acid
Antioxidant-acidifier feed additive

Introduction to the interconnected health of animals, humans, and the shared envi-
ronment, particularly with respect to antimicrobial use and resistance

Antimicrobial use remains essential for safeguarding broiler health dissemination across ecological compartments (Roth et al., 2019; Tang
and welfare, yet it can also select for resistant bacteria and resistance et al., 2023). Poultry production occupies a central position in this
determinants of One Health relevance. In this context, One Health refers landscape: it is globally expanding, biologically efficient, and tightly
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integrated into international food chains, because high-throughput
production systems can couple dense animal populations and recur-
rent infectious pressure with antimicrobial interventions
(Colomer-Lluch et al., 2011; Roth et al., 2019; Muteeb et al., 2023).
Antimicrobials remain indispensable for safeguarding welfare and pro-
ductivity under disease challenge; nevertheless, repeated or poorly tar-
geted use can contribute to the selection and dissemination of resistant
bacteria and resistance determinants across ecological compartments
(Roth et al., 2019; Mulchandani et al., 2023; Tang et al., 2023; Lorincz
et al., 2025; Farkas et al., 2025). Consequently, contemporary poultry
science increasingly seeks interventions that (i) preserve flock perfor-
mance and intestinal functionality under stressors and (ii) reduce reli-
ance on antimicrobials by supporting resilience and recovery of the
host-microbiota system.

Beyond resistance selection, antibiotic administration is a strong
ecological perturbation for the gastrointestinal tract, where the micro-
biota constitutes a highly dynamic community with key roles in nutrient
utilization, immune maturation, colonization resistance, and mainte-
nance of mucosal homeostasis (Diaz Carrasco et al., 2019; Mandal et al.,
2020; Varga-Balogh and Olasz, 2025). In broilers, early-life microbial
assembly is particularly sensitive to environmental and nutritional in-
puts; disruptions during this window may shift developmental trajec-
tories of the gut ecosystem with downstream consequences for growth
and health (Mandal et al., 2020; Somogyi and Farkas, 2025). Experi-
mental and field observations indicate that antimicrobial exposure can
reshape community structure, alter microbial diversity, and influence
the abundance of antibiotic resistance genes in the gut, with partial
restoration occurring after withdrawal but with time- and
context-dependent dynamics (Temmerman et al., 2022; Ma et al., 2023).

This is especially relevant for fluoroquinolones such as enrofloxacin,
which are used in poultry medicine in specific clinical contexts but may
influence the intestinal resistome reservoir given their relevance in
human medicine and their broad activity spectrum (Subhadra et al.,
2019; Pena et al., 2025).

In parallel, modern broiler genotypes exhibit exceptionally rapid
growth and high metabolic turnover, which can increase susceptibility
to oxidative and inflammatory stress, particularly under additional
environmental or physiological challenges (Rigoulet et al., 2020;
Masenga et al., 2023; Yang et al., 2024). Oxidative stress is not merely a
systemic redox phenomenon: it intersects with gut physiology (barrier
integrity, mucosal immune tone, epithelial renewal) and can modulate
host-microbe interactions at multiple levels (Mandal et al., 2020;
Masenga et al., 2023). Moreover, oxidative pressure can influence bac-
terial stress responses, including membrane adaptation and protective
pathways that may indirectly affect antimicrobial tolerance phenotypes
(Duda-Madej et al., 2025; Gulcin, 2025; Somogyi and Farkas, 2025).
This multidimensional coupling — antibiotic perturbation, oxidative
challenge, and microbiota instability — supports a mechanistic rationale
for nutritional strategies that aim to (i) buffer oxidative damage, (ii)
stabilize intestinal conditions, and (iii) facilitate post-challenge recovery
of a functional microbiota.

Feed-based interventions with antioxidants and acidifying compo-
nents are among the most practical approaches for large-scale poultry
systems because they can be implemented uniformly and continuously
without handling stress. Antioxidant strategies commonly include vita-
mins and synthetic phenolic antioxidants that protect lipids and cellular
structures against peroxidation and may support immune competence
under stress (Vraka et al., 2017; Rostagno, 2020; Khalifa et al., 2021;
Hayanti et al., 2022; Hetényi et al., 2024; Zhou et al., 2024). Vitamin C
(ascorbic acid) is often discussed in poultry nutrition due to its roles in
redox homeostasis and stress adaptation, including potential benefits
under heat and other stressors (Shojadoost et al., 2021; Hieu et al.,
2022). Vitamin E (a-tocopherol), as a lipid-phase antioxidant, is a cen-
tral component of protection against membrane lipid peroxidation and
has been linked to improved oxidative status, immune-related outcomes
and growth of poultry (Vraka et al., 2017; Khalifa et al., 2021; Hayanti
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et al., 2022). Organic acids — used as acidifiers and functional additives
— can modulate gastrointestinal pH, influence nutrient digestibility,
and exert antimicrobial effects in a pH-dependent manner, thereby
contributing to a more favorable gut environment (Skinner et al., 1991;
He et al., 2020). Fumaric acid, in particular, has been used in poultry
feeds as an acidifier; its potential benefits include support of perfor-
mance and mitigation of intestinal challenges through physicochemical
and microbial mechanisms (Skinner et al., 1991; He et al., 2020).

Despite extensive use of antioxidants and organic acids, two trans-
lational gaps remain prominent. First, supplementation timing is likely
critical: early-life administration may shape microbial assembly and
intestinal maturation differently than later-life supplementation, yet
comparative timing data for complex additives are limited and often not
evaluated alongside a defined antimicrobial perturbation (Mandal et al.,
2020). Second, studies frequently rely on performance outcomes alone,
but the intestinal ecosystem — particularly the cecal microbiota — may
carry important explanatory signals for both growth responses and
post-antibiotic recovery (Diaz Carrasco et al., 2019; Mandal et al., 2020;
Sebdk et al., 2024). Recent work applying high-throughput microbiome
and resistome profiling under fluoroquinolone exposure demonstrates
that antibiotic dose and treatment windows can produce distinct
microbiota/resistome signatures, with partial normalization following
withdrawal (Temmerman et al., 2022; Ma et al., 2023). In parallel,
shotgun metagenomics is increasingly used to move beyond broad
taxonomic patterns toward functional inference (e.g., gene repertoires
related to resistance and microbial metabolism), reinforcing the cecum
as a key reservoir for genetic richness relevant to health and production
(Pena et al., 2025). To our knowledge, direct comparisons of early-life
versus later supplementation with an antioxidant-acidifier feed addi-
tive under a defined, short enrofloxacin exposure, coupled with longi-
tudinal cecal microbiota profiling across pre- and post-treatment
timepoints, remain limited.

Therefore, the objective of the present study was to evaluate whether
the timing of an antioxidant-acidifier feed additive modifies growth
performance and cecal microbiota trajectories in broilers under a
defined enrofloxacin perturbation. We hypothesized that supplementa-
tion timing would differentially influence intestinal ecosystem devel-
opment and the trajectory of post-antibiotic community recovery, with
downstream consequences for flock robustness and production-related
endpoints. The study was not designed to demonstrate a uniform pro-
tective effect of the additive across all endpoints, but rather to test
whether additive timing modulates the biological response to antibiotic
perturbation. By integrating production metrics with microbiota
profiling across key developmental and post-treatment timepoints, this
study aims to provide practical, mechanistically informed evidence for
nutritional strategies that enhance resilience in modern broiler pro-
duction and align with antimicrobial stewardship objectives.

Because the present study was designed to address production and
cecal microbiota responses under field-relevant conditions, host oxida-
tive and inflammatory biomarkers were not included; consequently,
antioxidant-related mechanisms are interpreted here as biologically
plausible rather than directly demonstrated. However, evidence remains
limited on whether the timing of antioxidant-acidifier supplementation
modulates broiler performance and cecal community trajectories under
a defined fluoroquinolone perturbation. By combining a pen-replicated
production trial with longitudinal shotgun metagenomics, this study
provides timing-resolved, practice-relevant data to inform nutrition
strategies that support robustness during antimicrobial exposure.

Materials and methods
Ethical approval
The study was approved by the competent Hungarian authority

(Permit No. GY/20/02058-6/2024). The chickens were handled ac-
cording to the ethical standards and guidelines of European Union
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regulations (Directive 2010/63/EU, 2010). All procedures were per-
formed to minimize discomfort and ensure the well-being of the broilers
used in this study.

Experimental design, animals and housing

A total of 1,200 one-day-old Ross 308 male broiler chicks were used.
The trial was conducted from hatch to day 42 at the poultry facility of
Széchenyi Istvan University (Mosonmagyardvar, Hungary). Birds were
reared on deep litter in pens of 50 birds per pen. Twenty-four pens were
used, corresponding to four replicate pens per treatment group. A
schematic overview of the experimental treatments, additive timing,
and pen-level sampling scheme is provided in Supplementary Table S1.
Six experimental groups were established: (1) Control (C; no feed ad-
ditive and no enrofloxacin), (2) enrofloxacin only (EF), (3) feed additive
for 4 weeks (A4; additive from d15 to 42), (4) additive for 4 weeks plus
enrofloxacin (A4+EF), (5) feed additive for 6 weeks (A6; additive from
dl to 42), and (6) additive for 6 weeks plus enrofloxacin (A6+EF).
Enrofloxacin was administered via drinking water using Baytril 100 mg/
mL oral solution (A.U.V.), purchased from Tolnagro Kft. (Szekszard,
Hungary), at 10 mg/kg body weight for five consecutive days between
day 15 and day 19 of age. Environmental conditions (temperature,
relative humidity, lighting program, and ventilation) were set according
to Ross 308 management recommendations. Feed and water were pro-
vided ad libitum.

Nutrition, feed composition and analytical determination

Birds received three diets according to production phase: starter (d1
to 10), grower (d11 to 24), and finisher (d25 to 42). The composition,
calculated nutrient content, and energy value of the diets are provided in
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Tables 1 and 2. The tested feed additive was included at 4% (w/w) in the
relevant phases. In A4 and A4+EF, the additive was included from d15
(grower) through d42 (finisher); in A6 and A6+EF, it was included from
d1 through d42 (all phases). The additive contained fumaric acid, heat-
stable vitamin C, and vitamin E; inclusion levels in the complete feeds
were 20 g/kg fumaric acid, 0.2 g/kg heat-stable vitamin C, and 115 mg/
kg all-rac-a-tocopheryl acetate. The fumaric acid was used at the
maximum inclusion level permitted under current regulations. Consid-
ering the effective vitamin content of the commercial products used for
C and E vitamin supplementation in the feed additive, the final vitamin
content provided by supplementation in the diets was 70 mg L-ascor-
bate-2-monophosphate/kg diet and 38.5 mg p-a-tocopherol/kg diet.

Feed samples were collected from each diet for analysis of dry mat-
ter, crude protein, crude fiber, ether extract, and ash. All chemical an-
alyses were performed following the AOAC methods (2012). Vitamin E
concentration of experimental diets fed in our study was measured by
high-performance liquid chromatography (HPLC) (Shimadzu, Japan),
according to the method published by Analytical Methods Committee
(1991). The content of L-ascorbate-2-monophosphate in feeds was
quantified by reverse-phase HPLC with UV detection at 254 nm (AFIA,
1999). Analyzed nutrient contents and vitamin levels of diets are pre-
sented in Table 3.

Growth performance measurements, cecal sampling and storage

Individual body weight was recorded on days 1, 10, 24, and 42
(aligned with diet changes). Feed residues were weighed at the end of
each feeding phase, and new feed was provided for the subsequent
phase. Average daily gain (ADG) was calculated per bird for each phase,
and feed intake and feed conversion ratio (FCR) were evaluated per pen.
For all performance analyses, the pen was considered the experimental

Table 1

Composition of diets (g/kg, air dry basis) during the three phases of the study.
Ingredient Control Control Control Additive Additive Additive

Starter Grower Finisher Starter Grower Finisher

Corn 637.3 668.3 703.4 572.5 605.1 650.9
Soybean meal, extracted 230.0 192.0 146.0 245.1 205.0 150.0
Corn gluten meal 65.0 70.0 75.0 65.0 70.0 75.0
Monocalcium phosphate 17.4 15.5 14.4 17.5 15.7 14.3
Limestone (feed grade) 11.3 10.0 9.1 11.1 9.7 9.2
Vegetable oil 3.4 12.0 20.0 14.6 23.0 28.0
Antioxidant-acidifier feed additive® 0.0 0.0 0.0 40.0 40.0 40.0
L-Lysine HCl 7.3 6.7 6.9 7.0 6.4 6.9
Butylated hydroxytoluene 5.0 5.0 5.0 5.0 5.0 5.0
Sodium bicarbonate 4.3 3.9 3.9 4.3 3.9 3.9
Sodium chloride 1.0 1.2 1.2 1.0 1.2 1.2
L-Arginine 3.9 3.5 3.8 3.6 3.3 3.8
L-Threonine 2.8 2.1 2.1 2.4 2.1 2.1
DL-Methionine 4.3 3.6 3.5 4.3 3.7 3.6
L-Valine 1.9 1.5 1.5 1.8 1.4 1.6
L-Isoleucine 1.8 1.6 1.8 1.6 1.4 1.8
L-Tryptophan 0.4 0.4 0.4 0.3 0.3 0.5
Choline chloride 0.8 0.8 0.6 0.8 0.8 0.6
Trace mineral premixh 1.0 1.0 1.0 1.0 1.0 1.0
Vitamin premix‘ 0.5 0.5 0.5 0.5 0.5 0.5
MAXIBAN G160 0.6 0.5 0.0 0.6 0.5 0.0

# Feed additive provided the following per kg of complete feed: 20 g fumaric acid (Yantai Hengyuan Bioengineering Co., Shandong, China); 0.2 g ROVIMIX STAY-C
35 (DSM, Heerlen, The Netherlands); 0.115 g Vitamin E 50% WS (ORFFA Additives Ltd., Breda, The Netherlands).

> Trace mineral premix provided per kg of complete feed: 120.6 mg Mn (MnO and MnSO4-H20); 109.9 mg Zn (ZnO and ZnSO4-H20); 48.6 mg Fe (FeSO4-H20); 16.0
mg Cu (CuS04-5H20); 1.2 mg I (Ca(I03)2); 0.4 mg Se (Na2SeOs and selenomethionine).

¢ Vitamin premix provided per kg of complete feed as follows:

Starter diet: vitamin A, 12,000 IU (retinyl acetate); cholecalciferol, 5,000 IU; vitamin E, 80 mg (dl-a-tocopheryl acetate); riboflavin, 10.6 mg; thiamine, 3.6 mg;
pantothenic acid, 16.55 mg; niacin, 59.8 mg; folic acid, 2.1 mg; biotin, 0.18 mg; pyridoxine, 5.76 mg; cyanocobalamin, 0.038 mg; menadione, 3.6 mg.

Grower diet: vitamin A, 10,000 IU (retinyl acetate); cholecalciferol, 4,500 IU; vitamin E, 65 mg (dl-a-tocopheryl acetate); riboflavin, 10.6 mg; thiamine, 3.6 mg;
pantothenic acid, 16.55 mg; niacin, 59.8 mg; folic acid, 2.1 mg; biotin, 0.18 mg; pyridoxine, 5.76 mg; cyanocobalamin, 0.038 mg; menadione, 3.6 mg.

Finisher diet: vitamin A, 9,000 IU (retinyl acetate); cholecalciferol, 4,000 IU; vitamin E, 55 mg (dl-a-tocopheryl acetate); riboflavin, 10.6 mg; thiamine, 3.6 mg;
pantothenic acid, 13.98 mg; niacin, 55.8 mg; folic acid, 1.7 mg; biotin, 0.18 mg; pyridoxine, 5.76 mg; cyanocobalamin, 0.024 mg; menadione, 3.6 mg.

4 MAXIBAN G160 (Elanco Products Co., Hook, Hampshire, UK).
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Table 2
Calculated nutrient composition (%) and metabolizable energy content of the diets.
Nutrient Control Control Control Additive Additive Additive
Starter Grower Finisher Starter Grower Finisher
AMEn (kcal/kg)* 3000 3100 3200 3000 3100 3200
Crude protein (%) 21.50 20.00 18.50 21.50 20.00 18.50
Ether extract (%) 3.81 4.68 5.49 4.74 5.59 6.03
Crude fiber (%) 2.63 2.46 2.24 2.61 2.42 2.17
Ash (%) 6.04 5.53 5.10 6.04 5.52 5.06
Lysine (%) 1.44 1.29 1.19 1.44 1.29 1.19
Methionine (%) 0.76 0.68 0.65 0.76 0.68 0.79
Methionine + cystine (%) 1.08 0.99 0.94 1.08 0.99 0.94
Threonine (%) 1.00 0.88 0.81 0.97 0.88 0.81
Tryptophan (%) 0.23 0.21 0.19 0.23 0.21 0.19
" AMEn: apparent metabolizable energy corrected to zero nitrogen retention and equivalent MJ/kg values are 12.55, 12.97, and 13.39.
Table 3
Analyzed nutrient composition (g/kg, as-fed basis) and vitamin levels (mg/kg, as-fed basis) of the diets.
Item Control Control Control Additive Additive Additive
Starter Grower Finisher Starter Grower Finisher
Dry matter (g/kg) 936.6 938.9 931.2 930.1 928.6 931.8
Crude protein (g/kg) 217.6 202.8 190.4 216.4 204.7 189.6
Ether extract (g/kg) 39.7 43.9 53.7 46.1 54.2 59.4
Crude fiber (g/kg) 30.4 28.7 23.4 29.2 27.1 229
Ash (g/kg) 60.2 57.0 52.0 62.0 56.8 51.3
L-ascorbate-2-monophosphate (mg/kg) <5 <5 <5 72 70 71
d-a-tocopherol (mg/kg) 53 51 46 85 80 78

unit (n = 4 pens/treatment). Feed intake and FCR were adjusted for
mortality and these corrected values were used for statistical analyses.
For mortality analyses, only unscheduled deaths were counted; birds
removed at the predefined cecal sampling time points (d14, d20, and
d42) were excluded from mortality records and were not treated as
mortality events.

Cecal sampling was performed at three time points selected relative
to the enrofloxacin window: pre-treatment (d14), immediately post-
treatment (d20), and end of production (d42). From each pen, two
birds were randomly selected at each sampling point (total n = 8 birds/
treatment/time point). Birds were euthanized by percussive blow to the
head in accordance with animal welfare requirements. The abdominal
cavity was opened, ceca were excised, and cecal contents were collected
aseptically into sterile tubes containing 1.5 mL phosphate-buffered sa-
line. Phosphate-buffered saline was used solely to facilitate sample
transfer and transport. Samples were transported on dry ice and stored
at —80°C until further processing.

Metagenomic DNA extraction and Oxford Nanopore sequencing

Total metagenomic DNA was extracted using the ZymoBIOMICS
DNA Miniprep Kit (Zymo Research, USA) according to the manufac-
turer’s protocol. DNA quantity was assessed using a Qubit fluorometer
(Thermo Fisher Scientific, Waltham, MA, USA). Shotgun metagenomic
sequencing was performed on an Oxford Nanopore MinION Mk1B de-
vice (Oxford Nanopore Technologies, Oxford, UK) using the Native
Barcoding Kit 24 V14 SQK-NBD114.24 and FLO-MIN114 (R10.4.1) flow
cells, following ONT specifications. Basecalling (with super accuracy
basecalling mode) and demultiplexing of the long-read raw sequences
were performed with Dorado v7.6.8 (Oxford Nanopore Technologies,
2025) as implemented in MinKNOW v 24.11.10.

Long reads were preprocessed using NanoLyse v1.2.1 and NanoFilt,
v2.8.0 and quality metrics were inspected with NanoPlot v1.43.0 (De
Coster et al., 2018). We performed de novo assembly using metaFlye
v2.9.5-b1801 (Kolmogorov et al., 2020). Taxonomic classification was
conducted with Kraken2 (v2.1.3) using an NCBI RefSeq Complete
Genome bacterial database, and species-level abundance was estimated
with Bracken; only taxa with >0.1% relative abundance were retained.

For downstream ecological analyses, genus-level count tables were
aggregated to pen level by summing counts across the two birds sampled
per pen at each time point, yielding one community profile per pen per
time point. For diversity analyses, data were normalized in QIIME 2
(version: 2025.7), beta-diversity was computed using Bray-Curtis
dissimilarity, and alpha-diversity was calculated using Shannon and
Simpson indices. Ordination was performed using principal coordinates
analysis (PCoA). Read processing and taxonomic profiling were con-
ducted using the ONT wf-metagenomics workflow (v2.13.0) with the
corresponding workflow reference database build. Quality filtering fol-
lowed the workflow defaults, and taxa below 0.1% relative abundance
were excluded from downstream ecological analyses. Assembly sum-
mary and reference-based metrics (e.g., N50/L50, total length, genome
fraction, misassemblies, mismatch/indel rates) were obtained using
MetaQUAST. Complete taxonomic table (genus level) is provided as an
online-only Supplementary Excel file.

Statistical analysis

Performance outcomes (BW, ADG, ADFI, and FCR) were analyzed at
the pen level (experimental unit; n = 4 pens/treatment) using a 3 x 2
factorial model with additive (organic acid + antioxidant) timing (none,
A4, A6), enrofloxacin exposure (No/Yes), and their interaction as fixed
effects. When appropriate, planned contrasts were extracted from the
fitted models and are reported as mean differences (A) with 95% con-
fidence intervals. Model assumptions were evaluated by visual inspec-
tion of residual-versus-fitted plots and normal Q-Q plots, together with
the Shapiro-Wilk test for residual normality and Levene’s test for ho-
mogeneity of variances. No major deviations were detected that would
warrant an alternative modelling approach. No major deviations were
detected that would invalidate the applied linear models. Given the pen-
level design (n = 4 pens per treatment), effect sizes and 95% confidence
intervals are reported alongside P values to support interpretation of the
magnitude and direction of treatment effects.

For microbiota analyses, two birds per pen were sampled at each
time point. To avoid pseudoreplication, genus-level metagenomic
counts were aggregated within pen and time point (counts summed
across the two birds), yielding one community profile per pen per time
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point (n = 4 pens/treatment/time point). Aggregated counts were con-
verted to relative abundances for community analyses. Alpha diversity
(Shannon and Simpson indices) was calculated from genus-level profiles
and compared using the same factorial structure within each sampling
time point. Beta diversity was assessed using Bray—Curtis dissimilarity
and visualized by principal coordinates analysis (PCoA); community
differences were tested by PERMANOVA (adonis2, vegan) with 9,999
permutations.

For targeted differential abundance at d42, the 14 most abundant
genera were analyzed on centered log-ratio (CLR)-transformed relative
abundances (pseudocount = 1). A linear model including additive
timing and enrofloxacin exposure was fitted, and the enrofloxacin effect
(Yes — No) is reported with 95% confidence intervals. P values were
adjusted using the Benjamini-Hochberg false discovery rate (FDR)
within the targeted set. All analyses were performed in R (v4.1.0). Sta-
tistical significance was set at P < 0.05, whereas 0.05 < P < 0.10 was
interpreted conservatively as indicating a tendency.

Results
Growth performance

Body weight (BW) was comparable across treatments at placement
(d1), indicating balanced baseline conditions (Table 4). By d42, mean
BW ranged from 2406 + 44 g (A4+EF) to 2579 + 45 g (A4), without
significant main effects or interaction in the factorial model (additive
timing: P = 0.723; enrofloxacin: P = 0.290; additive timing x enro-
floxacin: P = 0.178). Summary pen-level BW and ADG data are reported
in Table 4, the underlying raw pen-level performance dataset is provided
in Supplementary Table S3, whereas sample-level read and assembly
metrics are reported in Supplementary Table S2.

Average daily gain

Average daily gain (ADG) increased with age in all groups and
reached its maximum during the finisher phase (d25 to 42), with pen-
level means ranging from 80.6 to 88.1 g/bird/d (Table 4; Fig. 1).
Numerically, the highest finisher ADG was observed in A4 (88.1 + 1.8
g/bird/d) and the lowest in A4+EF (80.6 + 2.3 g/bird/d); however,
these differences were not statistically significant in the factorial model
(additive timing: P = 0.795; enrofloxacin: P = 0.230; additive timing x
enrofloxacin: P = 0.354).

Across the entire rearing period (d1 to 42), overall ADG ranged from
56.3 to 60.4 g/bird/d. The highest mean overall ADG was recorded in A4
(60.4 + 1.1 g/bird/d) and the lowest in A4+EF (56.3 + 1.0 g/bird/d),
without significant main effects or interaction (additive timing: P =
0.675; enrofloxacin: P = 0.349; additive timing x enrofloxacin: P =
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0.223). Phase-specific ADG results are summarized in Table 4 and
visualized in Fig. 1.

Feed intake and feed conversion

Mortality-corrected average daily feed intake (ADFI) increased with
age in all groups and was highest during the finisher phase (d25 to 42),
with pen-level means ranging from 135.8 to 144.4 g/bird/d (Table 5).
Across the entire rearing period (d1 to 42), total ADFI ranged from 83.9
to 88.6 g/bird/d, with no significant main effects or interaction in the
factorial model (additive timing: P = 0.202; enrofloxacin: P = 0.606;
additive timing x enrofloxacin: P = 0.187). In planned contrasts,
finisher ADFI tended to be higher in A4 than in the control (A = +7.2 g/
bird/d, 95% CI: —0.9 to +15.2; P = 0.077), whereas total ADFI tended to
be lower in A6 than in the control (A = —4.2 g/bird/d, 95% CI: —8.8 to
+0.4; P = 0.069). In the grower phase (d11 to 24), ADFI differed by
additive timing (P < 0.001), whereas enrofloxacin exposure and the
interaction were not significant (enrofloxacin: P = 0.342; additive
timing x enrofloxacin: P = 0.632).

Mortality-corrected feed conversion ratio (FCR) during the finisher
phase (d25 to 42) ranged from 1.657 to 1.763 kg/kg, and total FCR (d1
to 42) ranged from 1.559 to 1.640 kg/kg (Fig. 2). Total FCR did not
differ significantly among treatments (additive timing: P = 0.155;
enrofloxacin: P = 0.479; additive timing x enrofloxacin: P = 0.667). A
supplementation timing effect was detected for grower-phase FCR (d11
to 24; P = 0.017), with no significant effect of enrofloxacin exposure or
interaction. Phase-specific ADFI and FCR results are summarized in
Table 5, and FCR is visualized in Fig. 2.

Mortality

Mortality differed across treatments (Table 6). Cumulative mortality
was highest in EF (8.9 + 2.9%) and in A4 (7.9 + 2.7%), whereas the
combined additive + enrofloxacin groups showed the lowest mortality
(A4+EF: 1.5 4 0.9%; A6+EF: 2.5 & 1.3%). In the factorial model, the
supplementation timing x enrofloxacin interaction was significant (P =
0.029), whereas the main effects of supplementation timing (P = 0.467)
and enrofloxacin exposure (P = 0.235) were not significant (Fig. 3).

Cecal microbiota profiles

Genus-level taxonomic profiles were generated from 142 individual
cecal samples collected at d14 (n = 46), d20 (n = 48), and d42 (n = 48).
For downstream community analyses, genus-level read counts from the
two birds sampled per pen at each time point were aggregated to a single
pen-level profile (sum of counts; at d14, two pens contributed a single
sample after QC), and pen was treated as the experimental unit (n = 4

Table 4

Body weight (BW) and average daily gain (ADG) of broilers across treatments (pen-level).
Treatment n (pens) BW dl BW d10 BW d24 BW d42 ADG d1-10 ADG d11-24 ADG d25-42 ADG d1-42

g (g/bird/d)

Control 4 40.9 +£ 0.3 222+6 983 + 13 2480 £ 71 18.2 + 0.6 54.0 £1.3 83.1 £3.3 58.1 £1.7
Enrofloxacin 4 40.9 £ 0.3 214 +5 1005 + 18 2529 + 53 17.3+ 0.4 56.6 + 1.2 83.8 £3.3 59.0 £ 1.5
A4 4 41.3 £ 0.2 223+ 8 988 + 16 2579 + 45 18.2+ 0.8 54.6 £ 1.1 88.1 £1.8 60.4 £ 1.1
A4+enrofloxacin 4 40.7 £ 0.2 221 + 4 954 + 12 2406 + 44 179+ 0.4 52.4 +£ 0.8 80.6 + 2.3 56.3 £ 1.0
A6 4 40.9 + 0.4 196 + 14 956 + 28 2474 + 64 154+ 1.4 542+1.1 83.3+28 57.4+1.7
A6+enrofloxacin 4 40.9 £ 0.2 212+ 5 976 + 17 2445 + 63 17.2 + 0.6 53.8 £ 0.9 81.6 + 3.0 57.2+ 1.5
P-value (Additive timing) 0.923 0.080 0.274 0.723 0.078 0.251 0.795 0.675
P-value (Enrofloxacin) 0.390 0.777 0.854 0.290 0.753 0.988 0.230 0.349
P-value (Additive timing X Enrofloxacin) 0.328 0.266 0.240 0.178 0.224 0.123 0.354 0.223

Values are means + SEM.
The pen was the experimental unit (n = 4 pens per treatment; 50 birds per pen).

Body weight (BW) was recorded on d1, d10, d24 and d42. ADG was calculated for the starter (d1 to 10), grower (d11-24), finisher (d25 to 42), and overall (d1 to 42)

periods.

Treatment groups: Control, Enrofloxacin (EF), 4-week antioxidant supplement (A4), A4+EF, 6-week antioxidant supplement (A6), and A6+EF.
P-values are from a two-factor model including additive timing (none, A4, A6), enrofloxacin exposure (yes/no), and their interaction.
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Fig. 1. Average daily gain (ADG) by production phase across treatments (pen-level). Bars represent means + SEM (n = 4 pens per treatment; pen as the experimental
unit). ADG is shown for the starter (d1 to 10), grower (d11-24), finisher (d25 to 42), and overall (d1 to 42) periods. Treatment groups: Control (C), Enrofloxacin (EF),
4-week antioxidant supplement (A4), A4+EF, 6-week antioxidant supplement (A6), and A6+EF. Statistical comparisons were performed using a two-factor model

including additive timing, enrofloxacin exposure, and their interaction.

Table 5

Mortality-corrected average daily feed intake (ADFI) and feed conversion ratio (FCR) by phase across treatments (pen-level).

Treatment n (pens) ADFI (g/bird/d) FCR (kg feed/kg gain)

di-10 d11-24 d25-42 d1-42 d1-10 d11-24 d25-42 d1-42
Control 4 22.3+£0.9 783+ 1.2 137.2 £ 2.7 88.1 £1.3 1.249 £+ 0.018 1.569 + 0.022 1.662 + 0.035 1.599 + 0.022
Enrofloxacin 4 19.7 £ 0.8 78.1 £ 0.8 140.1 £ 2.8 87.6 £1.2 1.208 £+ 0.027 1.539 + 0.039 1.763 + 0.094 1.640 + 0.042
A4 4 228 +1.1 71.7 £ 1.3 144.4 + 1.9 88.6 £+ 1.2 1.318 + 0.057 1.420 + 0.024 1.657 + 0.046 1.559 + 0.021
A4+enrofloxacin 4 22.2+0.5 69.3 £ 0.6 1359 + 2.1 849 +1.1 1.241 £+ 0.027 1.436 + 0.018 1.687 + 0.025 1.573 £ 0.013
A6 4 179 £ 2.6 73.1+1.9 135.8 + 3.6 83.9+25 1.244 £+ 0.062 1.510 + 0.071 1.663 + 0.054 1.585 + 0.035
A6+enrofloxacin 4 21.0 £ 0.7 72.8 £ 0.9 137.3+ 2.8 86.1 +1.4 1.239 + 0.014 1.455 + 0.037 1.686 + 0.030 1.578 + 0.015
P-value (Additive timing) 0.096 <0.001 0.431 0.202 0.412 0.017 0.694 0.155
P-value (Enrofloxacin) 0.983 0.342 0.539 0.606 0.210 0.485 0.249 0.479
P-value (Additive timing x Enrofloxacin) 0.119 0.632 0.099 0.187 0.666 0.670 0.714 0.667

Values are means + SEM.

The pen was the experimental unit (n = 4 pens per treatment; 50 birds per pen).
ADFI values are mortality-corrected and expressed as g/bird/day.

FCR values are mortality-corrected and expressed as kg feed/kg gain.

ADFI and FCR are reported for the starter (d1 to 10), grower (d11 to 24), finisher (d25 to 42), and overall (d1 to 42) periods.
P-values are from a two-factor model including additive timing (none, A4, A6), enrofloxacin exposure (yes/no), and their interaction.
Treatment groups: Control (C), Enrofloxacin (EF), 4-week antioxidant supplement (A4), A4+EF, 6-week antioxidant supplement (A6), and A6+EF.

pens/treatment). Sequencing depth is reported at the individual-sample
level for transparency (Table 7; Supplementary Figure S1), and no
samples were excluded based on sequencing depth. The full genus-level
relative abundance table for all samples is available in Supplementary
Table S4.

Alpha diversity (Shannon index) and genus richness computed from
pen-level genus profiles showed substantial overlap among treatments
at each sampling time point (Supplementary Figure S2). Although di-
versity patterns differed across time points, within d20 and d42 no
significant main effects or interactions were detected for Shannon di-
versity (d20: additive timing P = 0.207, enrofloxacin P = 0.362, inter-
action P = 0.519; d42: additive timing P = 0.878, enrofloxacin P =
0.696, interaction P = 0.609) or richness (d20: additive timing P =
0.187, enrofloxacin P = 0.845, interaction P = 0.737; d42: additive
timing P = 0.479, enrofloxacin P = 0.235, interaction P = 0.690). A
substantial fraction of genus-level profiles remained unassigned at the
genus rank (reported as “Unknown”), accounting for approximately
50-63% of the mean relative abundance depending on time point. This
unassigned fraction is expected for genus-rank classification in shotgun
metagenomics due to database and rank-resolution limitations; there-
fore, diversity metrics were computed from the full genus-level profiles

including the unassigned fraction.

Bray-Curtis dissimilarities were computed from genus-level relative
abundances (without rarefaction), and sequencing depth distributions
are shown in Supplementary Figure S1. Bray-Curtis dissimilarity
revealed a strong separation by sampling timepoint (PERMANOVA: F =
34.09, R? = 0.329, P = 0.001), indicating pronounced age-associated
shifts in genus-level community structure. When analyzed within time-
points, d20 showed no detectable separation by treatment group or
enrofloxacin exposure (PERMANOVA: treatment R? = 0.114, P = 0.351;
enrofloxacin R? = 0.007, P = 0.895; Fig. 4). At d42, treatment-group
differences remained non-significant (treatment R*> = 0.147, P =
0.100), but enrofloxacin exposure showed a trend toward community
separation (enrofloxacin R? = 0.047, P = 0.070; Fig. 5). Pairwise PER-
MANOVA outputs (including FDR-adjusted P-values) and the underlying
PCoA coordinates are provided in Supplementary Table S5.

Planned contrasts and effect sizes

To complement the factorial ANOVA, pre-specified contrasts were
evaluated at the pen level to quantify the magnitude and direction of the
key comparisons (Table 8). These contrasts are presented primarily to
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Fig. 2. Mortality-corrected feed conversion ratio (FCR) by production phase across treatments (pen-level). Bars represent means + SEM (n = 4 pens per treatment;
pen as the experimental unit). FCR values are mortality-corrected and shown for the starter (d1 to 10), grower (d11 to 24), finisher (d25 to 42), and overall (d1 to 42)
periods. Treatment groups: Control (C), Enrofloxacin (EF), 4-week antioxidant supplement (A4), A4+EF, 6-week antioxidant supplement (A6), and A6+EF. Statistical
comparisons were performed using a two-factor model (additive timing, enrofloxacin, and their interaction).

Table 6
Mortality during the rearing period (d1 to 42) across treatments (pen-level).

Treatment n (pens) Mortality (%, d1-42) Mortality (n/pen, d1-42)
Control 4 4.4+1.2 2.2+ 0.6
Enrofloxacin 4 8.9+29 45+15
A4 4 7.9 +2.7 4.0+ 1.4
A4+enrofloxacin =~ 4 1.5+ 0.9 0.8 £ 0.5
A6 4 6.4 +1.7 3.2+ 0.9
A6+enrofloxacin =~ 4 25+13 1.2+ 0.6
P-value (Additive timing) 0.467

P-value (Enrofloxacin) 0.235

P-value (Additive timing x 0.029

Enrofloxacin)

Values are means + SEM. The pen was the experimental unit (n = 4 pens per
treatment). Mortality is reported as percentage (%) and as number of birds per
pen for d1 to 42. Only unscheduled deaths were included; birds removed at
predefined cecal sampling time points were excluded from mortality calcula-
tions. P-values are from a two-factor model including additive timing (none, A4,
A6), enrofloxacin exposure (yes/no), and their interaction. Treatment groups:
Control (C), Enrofloxacin (EF), 4-week antioxidant supplement (A4), A4+EF, 6-
week antioxidant supplement (A6), and A6+EF.

describe effect direction and magnitude, not to imply statistical signif-
icance when confidence intervals overlap zero. During the finisher phase
(d25 to 42), A4 showed numerically higher ADG relative to the control
(A = +5.0 g/bird/d, 95% CI: —3.4 to +13.3; P = 0.228), whereas A6
showed no evidence of improvement versus the control (A = +0.2 g/
bird/d, 95% CIL: —8.2 to +8.5; P = 0.969). Across the full rearing period
(d1-42), the direction of effects was similar (A4 vs control: A = +2.3 g/
bird/d, 95% CI: —2.0 to +6.6; P = 0.273; A6 vs control: A = —0.7 g/
bird/d, 95% CI: —5.0 to +3.6; P = 0.745). Within enrofloxacin-exposed
birds, ADG was numerically lower in A4+EF compared with EF
(finisher: A = —3.1 g/bird/d, 95% CI: —11.5 to +5.2; P = 0.441; overall:
A = —2.6 g/bird/d, 95% CI: —6.9 to +1.7; P = 0.212), whereas the
corresponding comparison for A6+EF was smaller and not significant.
Feed intake and feed efficiency contrasts were directionally consistent
with these patterns; notably, finisher ADFI tended to be higher in A4
than in the control (A = +7.2 g/bird/d, 95% CI: —0.9 to +15.2; P =
0.077), but overall FCR was numerically lower in A4+EF than in EF (A =
—0.066, 95% CI: —0.146 to +0.014; P = 0.098).

To identify whether enrofloxacin exposure was associated with
consistent shifts among the dominant cecal genera at slaughter age, a

targeted differential abundance analysis was performed at d42,
restricted a priori to the 14 genera with the highest mean relative
abundance (Table 9; Fig. 6). Abundances were analyzed on centered log-
ratio (CLR) transformed counts with supplement timing included as a
covariate. Among these dominant genera, enrofloxacin exposure was
associated with a lower abundance of Phocaeicola (EF effect: ACLR =
—0.913, 95% CI: —1.519 to —0.306; P = 0.004; FDR q = 0.061).
Escherichia also showed a nominal decrease with enrofloxacin exposure
(ACLR = —0.671, 95% CI: —1.294 to —0.048; P = 0.035), but this did
not remain significant after FDR adjustment across the targeted genus
set (@ = 0.265). No other dominant genus differed after FDR correction
(Table 9).

To make the age effect explicit, dominant assigned genera were also
visualized at d14. Compared with d14, the d42 cecal profiles showed
reduced relative prominence of Bacteroides and Alistipes and increased
contribution of Helicobacter, Acinetobacter, and Escherichia, consistent
with the strong timepoint effect detected by PERMANOVA and the age-
driven restructuring observed in ordination analyses (Figs. 7-9).

Discussion

Across a full 42-d rearing period, the antioxidant-acidifier additive
produced modest but structured effects on performance and gut com-
munity patterns, and these effects depended on (i) supplementation
window and (ii) exposure to an antimicrobial perturbation. The central
result is therefore not a single large performance shift, but a coherent
pattern: (1) performance metrics showed directional differences that
were generally not statistically significant under the factorial model, (2)
mortality displayed an additive timing x enrofloxacin interaction, and
(3) cecal community profiles remained strongly age-driven, with
treatment-associated signals that were most interpretable when framed
as perturbation and recovery dynamics.

In well-managed commercial production systems, growth perfor-
mance can be relatively resilient to nutritional perturbations; therefore,
the lack of significant main effects on ADG is not unexpected. Still, the
effect-size structure is biologically informative. In the finisher phase, A4
showed the highest mean ADG, and planned contrasts suggested a pos-
itive direction versus Control (A ~ +5.0 g/bird/d; CI spanning zero), but
the combination of enrofloxacin with A4 was numerically lower than
enrofloxacin alone (A ~ —3.1 g/bird/d; CI spanning zero). Over the
entire period, the same directional pattern persisted (A4 numerically
highest; A4+EF numerically lowest), again with confidence intervals
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Fig. 3. Mortality across treatments during the rearing period (d1 to 42). Bars represent pen-level means + SEM (n = 4 pens per treatment). Mortality is expressed as
percentage (%) of birds per pen and includes only unscheduled deaths; birds removed at predefined cecal sampling time points were excluded from mortality
calculations. Treatment groups: Control (C), Enrofloxacin (EF), 4-week antioxidant-acidifier supplementation (A4), A4+EF, 6-week antioxidant-acidifier supple-
mentation (A6), and A6+EF. Statistical comparisons were performed using a two-factor model including additive timing, enrofloxacin exposure, and their

interaction.

Table 7

Sequencing depth and genus-level alpha diversity of cecal microbiota across sampling timepoints and treatment groups.

Day Treatment n (samples) Classified reads (genus-level) Richness (genera) Shannon (genus-level) Simpson (genus-level)
14 Control 7 146 043 + 49 072 100 + 18 1.95 + 0.23 0.677 + 0.066
14 Enrofloxacin 8 158 057 + 38 336 89 +13 1.64 + 0.06 0.610 + 0.034
14 A4 8 204 403 + 45 692 112 +£ 18 1.76 + 0.10 0.615 + 0.046
14 A4+enrofloxacin 8 157 849 + 37 436 88 +7 1.78 + 0.09 0.652 + 0.030
14 A6 8 202 540 + 33 032 118 £9 1.85 + 0.15 0.632 + 0.050
14 A6+enrofloxacin 7 194 368 + 40 845 122 + 36 1.94 + 0.19 0.687 + 0.045
20 Control 8 239 506 + 56 971 157 + 33 1.99 + 0.08 0.687 + 0.021
20 Enrofloxacin 8 181 495 + 41 707 177 + 49 2.03 +0.17 0.654 + 0.044
20 A4 8 174 747 + 53 701 142 + 44 1.88 + 0.10 0.673 + 0.027
20 A4+enrofloxacin 8 167 576 =+ 38 431 110 + 19 1.79 4+ 0.05 0.666 + 0.016
20 A6 8 130 821 + 38 745 108 + 25 2.10 + 0.12 0.717 + 0.039
20 A6+enrofloxacin 8 160 263 + 36 189 104 £ 15 1.89 £+ 0.09 0.691 + 0.021
42 Control 8 205 434 + 41 318 196 + 41 1.73 +£0.17 0.552 + 0.050
42 Enrofloxacin 8 161 406 + 35 286 131 + 23 1.73 £ 0.12 0.604 + 0.048
42 A4 8 219 078 + 42 510 188 + 36 1.60 + 0.07 0.497 + 0.023
42 A4+enrofloxacin 8 153 762 + 39 879 159 + 43 1.79 £ 0.17 0.624 + 0.033
42 A6 8 153 486 + 36 496 137 + 28 1.69 + 0.12 0.563 + 0.046
42 A6-+enrofloxacin 8 139 518 + 44 629 130 + 29 1.63 +0.14 0.539 + 0.037

Values are means + SEM.

Samples were collected at d14 (pre-treatment), d20 (post-treatment), and d42 (end of production).

Treatment groups: Control (C), Enrofloxacin (EF), 4-week antioxidant supplement (A4), A4+EF, 6-week antioxidant supplement (A6), and A6+EF.

Sequencing depth is reported as the number of genus-classified reads per sample (Kraken2-based classification at genus rank). Alpha diversity metrics were calculated
from genus-level relative abundance profiles and include richness (number of detected genera), Shannon diversity, and Simpson index.

Sequencing depth and per-sample alpha-diversity metrics are reported descriptively at the individual-sample level; inferential diversity and compositional analyses

were performed on pen-aggregated profiles with pen as the experimental unit.

that overlap zero. This constellation suggests that the additive’s net
performance expression may be context- and window-dependent, and
that the most consequential “signal” may lie not in a mean ADG shift per
se, but in whether supplementation helps birds maintain trajectory
through (or after) a defined perturbation.

A second clue comes from intake-related tendencies. In planned
contrasts, finisher ADFI tended to be higher in A4 than in the control (P
= 0.077), whereas total ADFI tended to be lower in A6 than in the
control (P = 0.069). Without overstating, this pattern raises a practical
question: does a longer early-life inclusion window (A6) slightly limit
intake without yielding a net performance benefit, compared with a
shorter, later window (A4) that may better match the metabolic de-
mands of birds during the final stages of the production cycle? That
hypothesis remains to be tested mechanistically (e.g., palatability, acid
load, or metabolic partitioning), but the present data provide a rationale
for treating “additive timing” as a primary design factor rather than a
secondary detail.

Although most performance differences were not statistically sig-
nificant, the pattern across endpoints suggested that supplementation
timing may be more influential than duration. Birds supplemented from
week 3 onward (A4) consistently showed the most favorable direction of
ADG and intake during the final weeks of the production period, sup-
porting the concept that aligning nutritional support with the period of
highest metabolic load can be critical for expressing small but mean-
ingful production effects. Similar “subtle performance-stronger physi-
ology” constellations have been reported in antioxidant-focused studies,
where growth responses were limited but feed efficiency and gut barrier-
related outcomes improved, together with shifts toward a more favor-
able microbiota profile (Xiao et al., 2024). In this context, our data are
best interpreted as evidence for additive timing-sensitive trends rather
than universal growth promotion.

A key translational aspect of the model is the use of fluoroquinolone
perturbation. Fluoroquinolones are classified among the highest-priority
medically important antimicrobials for human medicine, reinforcing the
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Fig. 4. Bray-Curtis principal coordinates analysis (PCoA) of genus-level cecal
community profiles across sampling time points. Genus-level read counts from
the two birds sampled per pen at each time point were aggregated to a single
pen-level profile (sum of counts; at d14, two pens contributed one sample after
QC). Bray-Curtis dissimilarities were computed from pen-level relative abun-
dances. Each point represents one pen. Points are colored by sampling time
point (d14, d20, d42). Percent variation explained is shown on the axes.
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Fig. 5. Bray—Curtis PCoA of genus-level cecal community profiles at d42
stratified by enrofloxacin exposure. Pen-level profiles were constructed by
aggregating genus-level read counts from the two birds sampled per pen at d42
(sum of counts). Bray—Curtis dissimilarities were computed from pen-level
relative abundances. Each point represents one pen. Points are colored by
enrofloxacin exposure (Yes/No). Percent variation explained is shown on
the axes.

One Health relevance of strategies that can support flock robustness
while limiting reliance on such drugs (GBD 2021 Antimicrobial
Resistance Collaborators, 2024). In this context, the most striking
outcome is the mortality pattern: enrofloxacin alone showed the highest
mortality (~8.9%), whereas both additive + enrofloxacin groups
showed the lowest mortality (~1.5-2.5%), yielding a significant addi-
tive timing x enrofloxacin interaction (P = 0.029). This does not
demonstrate a causal protective mechanism, but it does indicate that the
additive window meaningfully modified the system-level response to an
antimicrobial perturbation in this production setting.

What could underlie such an interaction? One plausible interpreta-
tion is that enrofloxacin acts as an ecological disturbance in the gut,
whereas dietary acidifying and antioxidant components may influence
how the system responds to and recovers from that perturbation. The
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present dataset cannot disentangle host-driven from microbiota-driven
contributions, yet the mortality interaction — paired with the age-
structured microbiota changes — supports the idea that “performance-
only” endpoints may miss the most consequential biology of
perturbation-recovery.

The combination of enrofloxacin with the 4-week supplementation
window (A4+EF) tended to underperform relative to A4 alone, consis-
tent with the notion that antimicrobial perturbation can impose recov-
ery costs that are not captured by a single endpoint. Prior work indicates
that antibiotic exposure may induce persistent changes in the gut
ecosystem and metabolic pathways even after withdrawal (Elokil et al.,
2020), and high-dose enrofloxacin has been associated with altered in-
testinal physiology and community structure despite occasional per-
formance benefits (Morales-Barrera et al., 2016). Importantly, our
strongest system-level signal was observed in robustness rather than
mean growth: mortality was highest under enrofloxacin alone and was
markedly lower when the additive was co-administered, particularly in
the A4+4EF and AG6+EF groups, consistent with reports that
antioxidant-oriented interventions can reduce losses under stress con-
ditions (Nath et al., 2023), but antibiotic-driven destabilization of the
intestinal ecosystem has been linked to increased vulnerability in
broilers (Le Roy et al., 2019).

Cecal community composition followed a clear age-associated
pattern, consistent with field evidence showing that broiler cecal
microbiota develop along conserved trajectories, but still reflecting
between-flock and management effects (Kers et al., 2022). Against this
dominant temporal signal, treatment effects are best interpreted as
modulations of a moving target rather than static shifts. In other words,
the meaningful question is not “does treatment change the microbiota?”,
but “does treatment change how the community moves from one
developmental state to the next — especially across a disturbance
window?”

To keep inference rigorous, treatment-linked taxa signals were
evaluated with methods attentive to the compositional nature of
sequencing-based community data (Gloor et al., 2017). At day 42, tar-
geted differential abundance analysis identified only a limited number
of taxa with robust evidence after multiple-testing correction, with the
strongest adjusted signal involving Phocaeicola under enrofloxacin
exposure. The constrained number of significant taxa is not a weakness;
it is exactly what one expects when (i) age dominates community vari-
ance, (ii) interventions are relatively moderate, and (iii) the study is
designed around a realistic production environment rather than a
maximally perturbed challenge model. Practically, this supports a
cautious but useful conclusion: the additive did not “rewrite” the cecal
microbiota; rather, it likely influenced how the system navigated
perturbation and return toward a mature configuration, with any re-
sidual signature at day 42 being comparatively subtle.

At the community level, cecal microbiota profiles were dominated by
age-related succession, and treatment-associated signatures were
comparatively subtle. Consistent with this, enrofloxacin exposure
showed only a trend-level separation of d42 community structure in
Bray-Curtis space. Therefore, rather than claiming broad “microbiome
normalization,” the results support a conservative interpretation in
which the additive and enrofloxacin primarily modulated perturba-
tion-recovery trajectories and only selected dominant taxa showed
consistent directional shifts. This framing avoids over-interpretation and
remains biologically plausible, aligning with production-relevant
endpoints.

Organic acids and antioxidant vitamins are among the most scalable,
low-handling interventions in broiler systems. Meta-analytic evidence
indicates that organic acids can improve performance — particularly
FCR — yet effects are heterogeneous and context-dependent and typi-
cally do not match antibiotic growth promoters under challenge
(Polycarpo et al., 2017). This literature fits the present pattern: the feed
additive’s impact on mean growth was modest, whereas the more
compelling observation was a system-level interaction under
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Table 8

Planned contrasts for key performance endpoints derived from the pen-level factorial model (additive timing x enrofloxacin).
Outcome Unit Planned contrast Estimate (A) 95% CI (low) 95% CI (high) P value
ADG25 42 g/bird/d A4 vs Control 4.971 -3.39 13.332 0.2276
ADG25_42 g/bird/d A6 vs Control 0.159 —8.202 8.52 0.9686
ADG25_42 g/bird/d A4+EF vs EF -3.134 —11.495 5.227 0.4412
ADG25 42 g/bird/d A6+EF vs EF —2.162 —10.523 6.199 0.5936
ADG1_42 g/bird/d A4 vs Control 2.316 —1.985 6.616 0.2728
ADG1_42 g/bird/d A6 vs Control —0.676 —4.977 3.624 0.7449
ADG1 42 g/bird/d A4+FEF vs EF —2.647 —6.948 1.653 0.2122
ADG1 42 g/bird/d A6+EF vs EF -1.718 —6.019 2.582 0.4122
ADFI finisher_gpd g/bird/d A4 vs Control 7.178 —0.871 15.228 0.0773
ADFI finisher_gpd g/bird/d A6 vs Control —1.401 —9.45 6.649 0.719
ADFI finisher_gpd g/bird/d A4+EF vs EF —4.23 —12.28 3.819 0.2841
ADFI finisher_gpd g/bird/d A6+EF vs EF —2.814 —10.864 5.235 0.4721
ADFI_total_gpd g/bird/d A4 vs Control 0.467 —4.096 5.029 0.8323
ADFI total_gpd g/bird/d A6 vs Control —4.205 —8.767 0.358 0.0687
ADFI total_gpd g/bird/d A4+FEF vs EF —2.722 —7.285 1.84 0.2261
ADFI _total_gpd g/bird/d A6+EF vs EF -1.5 —6.063 3.062 0.4984
FCR_finisher ratio A4 vs Control —0.004 —0.161 0.152 0.9533
FCR finisher ratio A6 vs Control 0.001 —0.155 0.157 0.989
FCR finisher ratio A4+FF vs EF —0.076 —0.232 0.08 0.3191
FCR_finisher ratio A6+EF vs EF —-0.078 —0.234 0.079 0.3103
FCR_total ratio A4 vs Control —0.04 —0.12 0.04 0.3055
FCR _total ratio A6 vs Control —0.013 —0.093 0.067 0.7311
FCR_total ratio A4+EF vs EF —0.066 —0.146 0.014 0.0979
FCR_total ratio A6+EF vs EF —0.062 —0.142 0.018 0.1197

Estimates are expressed as mean differences (A) with 95% confidence intervals.

Average daily gain (ADG), Daily feed intake (ADFI), Feed conversion ratio (FCR).

Table 9

Targeted genus-level differential abundance at d42 restricted to the 14 most abundant genera (mean relative abundance).
Genus Mean relative abundance at EF effect (CLR, 95% CI (low) 95% CI (high) P value FDR q Mean RA (No Mean RA

d42 Yes-No) value EF) (EF)

Phocaeicola 0.045394 —0.912573 —1.518686 —0.30646 0.004 0.0605 0.053547 0.037241
Escherichia 0.077368 —-0.671127 —1.293915 —0.048339 0.0353 0.2648 0.095177 0.059559
Streptomyces 0.011739 —0.786381 —1.681351 0.108589 0.0835 0.4176 0.013165 0.010314
Acinetobacter 0.091323 0.57097 —0.210922 1.352862 0.1482 0.4405 0.054055 0.128591
Ruthenibacterium 0.011785 —0.525173 —1.271206 0.22086 0.163 0.4405 0.013653 0.009918
Bacteroides 0.061408 —0.402401 —0.992331 0.187529 0.1762 0.4405 0.067367 0.055449
Faecalibacterium 0.01339 —0.526864 —1.364578 0.31085 0.2116 0.4535 0.015506 0.011274
Flavonifractor 0.019873 —0.236596 —0.676105 0.202913 0.2839 0.5323 0.020227 0.01952
Mailhella 0.013268 —0.343676 —1.248332 0.56098 0.448 0.6824 0.014526 0.012009
Helicobacter 0.212182 0.285159 —0.554448 1.124766 0.4973 0.6824 0.185635 0.238729
Methanobrevibacter 0.017938 —0.436874 —1.732839 0.85909 0.5005 0.6824 0.020342 0.015534
Alistipes 0.083823 —0.278849 —1.43969 0.881993 0.6307 0.7277 0.074523 0.093122
Campylobacter 0.031896 —0.185355 —1.292676 0.921967 0.7375 0.7901 0.024843 0.03895
Barnesiella 0.053017 0.008367 —0.661941 0.678675 0.98 0.98 0.049817 0.056217

Enrofloxacin effect estimates are CLR differences (Yes — No) from OLS models adjusted for additive timing; P values are nominal, and q values are Benjamini-Hochberg
FDR-adjusted within the targeted set. Enrofloxacin (EF), false discovery rate (FDR), confidence interval (CI).

antimicrobial perturbation. One mechanistic interpretation — kept
explicitly as a hypothesis — is that acidification may shift luminal
conditions (and thereby microbial metabolism/competition); however,
antioxidants may support epithelial and immune stability under stress,
together shaping resilience during and after disturbance. The present
work therefore adds a practical nuance: in multi-component feed addi-
tives, timing may be as important as ingredient identity, because it de-
termines which developmental window the intervention actually
“meets” (microbiota assembly, immune maturation, or late grow-out
metabolic load).

Several limitations should be stated because they define how far
interpretation can go. First, pen-level replication (n = 4/treatment) is
appropriate for a controlled production trial but limits power for
detecting small treatment effects and increases uncertainty around
marginal comparisons. Accordingly, the results should be interpreted
primarily on the basis of effect direction, effect size, confidence in-
tervals, and consistency across endpoints rather than on isolated P
values alone. Second, microbiota analyses are constrained by
sequencing depth variability and by the fact that taxonomic shifts are
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not equivalent to functional shifts; the study was not designed to infer
resistome or gene-level outcomes, and we intentionally avoid such
claims. Third, oxidative and inflammatory biomarkers were not
measured; therefore, “antioxidant mechanism” is plausible but not
demonstrated. These limitations are not fatal; rather, they point to a
clear next step: if the mortality interaction is repeatable, the highest-
yield follow-up would be a focused perturbation-recovery experiment
that integrates targeted host biomarkers with compositional-aware
community analysis to test whether resilience can be predicted early
(e.g., at day 20) and whether additive timing can be optimized without
compromising intake.

From a production perspective, the dataset supports the view that the
additive is compatible with commercial growth trajectories, whereas the
timing-dependent interaction observed under enrofloxacin exposure
invites a more ambitious interpretation: nutritional strategies may help
stabilize outcomes under perturbation, which is the scenario where
antimicrobial use decisions are often made. From a One Health
perspective, that framing matters: when fluoroquinolones are under
heightened stewardship scrutiny due to human-health importance, even
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Fig. 6. Forest plot of enrofloxacin-associated differences in CLR-transformed abundance for the 14 dominant genera at d42, estimated from OLS models adjusted for
additive timing. Points indicate effect estimates (Yes — No) and horizontal lines show 95% confidence intervals.
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Fig. 7. Dominant genera (mean relative abundance) across treatments at d14. Stacked bars show mean genus-level relative abundance by treatment group at d14.
The top 10 genera, ranked by overall mean relative abundance at d14, are shown; remaining genera are grouped as “Other.” “Unknown” denotes reads not assigned

to a genus rank.

modest improvements in robustness that reduce the need for—or the
negative system-level consequences of—antimicrobial interventions can
be valuable (Velazquez-Meza et al., 2022). The key remaining question
is whether an optimized additive timing strategy can consistently
convert subtle microbiota signatures into predictable resilience at flock

scale.
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Conclusions

This study shows that an antioxidant-acidifier feed additive
administered in different supplementation windows yields modest but
structured production responses and timepoint-dominated cecal micro-
biota trajectories in broilers, with the clearest system-level signal
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Stacked bars show mean genus-level relative abundance by treatment group at d20. The top 10 genera (ranked by overall mean relative abundance at d20) are
shown; remaining genera are grouped as “Other.” “Unknown” denotes reads not assigned to a genus rank.
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The top 10 genera (ranked by overall mean relative abundance at d42) are shown; remaining genera are grouped as “Other.” “Unknown” denotes reads not assigned

to a genus rank.

emerging under antimicrobial perturbation. Although growth perfor-
mance differences were generally small and not statistically significant
in the factorial model, effect-size patterns indicated that additive timing
(from week 3 onward) may exert a greater influence than supplemen-
tation maintained over the full production period. Importantly, the
corrected mortality data confirmed a significant additive timing x
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enrofloxacin interaction, supporting the concept that nutritional stra-
tegies may contribute to robustness and recovery capacity when the gut
ecosystem is challenged. Cecal microbiota profiles were driven primar-
ily by age, and treatment-associated signatures were subtle; accordingly,
the additive is best viewed as a resilience-supporting rather than
microbiota-reprogramming intervention under the present conditions.
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Together, these findings indicate that supplementation timing is a
relevant design variable when functional feed additives are evaluated
under antimicrobial perturbation.
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