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Background: Antibiotic resistance has intensified the search for alternatives 
in poultry production. Essential oils (EOs), particularly blends of carvacrol and 
thymol, have shown potential as natural growth promoters and antimicrobials. 
This study evaluated a composite carvacrol-thymol EO as an antibiotic substitute 
in broiler production, focusing on growth performance, serum biochemistry, 
intestinal morphology, and gut microbiota.
Materials and methods: A total of 672 Aibayi-Yijia broilers were randomly 
assigned to seven treatment groups: control (CK), EO1 (200 g/t feed), EO2 (600 
g/t feed), EO3 (1200 g/t feed), EO1+AG (EO 200 g/t + FON 0.15 g/kg feed), 
EO3+AG (EO 1200 g/t + FON 0.15 g/kg feed), and AG (FON 0.15 g/kg feed). 
Growth performance, serum biochemistry (TP, ALB, GLB, GLU, AST, GGT, 
CHOL, TG, IL), jejunal histology (villus height, crypt depth, V:C ratio), and cecal 
microbiota (16S rRNA sequencing) were assessed.
Results: Supplementation with EO (600 g/t) or florfenicol followed by 1200 
g/t EO significantly increased ABW and ADFI (p < 0.05). EO (200 g/t or 1200 g/t) 
supplementation after antibiotics reduced serum TP, ALB, GLB, and CHOL (p < 0.05). 
Histological analysis showed increased villus height and V:C ratios with 1200 g/t EO. 
Cecal microbiota shifted, with increased Bacteroidetes and decreased Firmicutes.
Discussion: The composite carvacrol-thymol EO blend showed promise as 
an antibiotic alternative, improving growth performance, supporting intestinal 
health, and modulating the gut microbiota. Further research is needed to optimize 
dosing, assess long-term safety, and explore EO interactions for scalable use.
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1 Introduction

Intensification of livestock production has increased demands for faster growth, improved 
feed conversion efficiency, and higher meat quality in broiler chickens (1). In broiler production, 
antibiotics are commonly added to feed to enhance growth and prevent disease (2). However, 
indiscriminate use has promoted antimicrobial resistance and generated drug residues. It has 
also caused environmental contamination, thereby threatening animal health and food safety 
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(3, 4). Recent national regulations have restricted or banned antibiotic 
growth promoters in feed. Consequently, researchers and producers are 
pursuing environmentally friendly, effective alternatives.

Plant essential oils (EOs) are volatile, bioactive phytochemicals 
proposed as alternatives to antibiotics because of their antibacterial, 
anti-inflammatory, antioxidant and digestion promoting properties 
(5, 6). Wińska and colleagues reviewed the antibacterial activities and 
mechanisms of multiple EOs and their constituents (7). Vlaicu et al. 
summarized experimental evidence that EOs affect digestion, 
intestinal morphology, immunity and growth performance, and 
discussed their potential as antibiotic substitutes (6, 8). In particular, 
the monoterpenoid phenols carvacrol and thymol exhibit pronounced 
antimicrobial activity, modulate the gut microbiota and improve 
intestinal health, thereby contributing to enhanced feed efficiency and 
growth in poultry (9, 10). Several reports indicate that a thymol-
carvacrol eutectic markedly improves intestinal morphology and 
barrier function and significantly enhances growth and health in 
broilers (11, 12). EO efficacy is influenced by inclusion level, 
component ratio and timing of administration. Consequently, the 
precise mechanisms and optimal application protocols required to 
replace antibiotics remain to be determined.

Arbor Acres Plus broilers were used to evaluate a composite 
essential oil (carvacrol + thymol) as an alternative to antibiotics. 
Different inclusion levels and feeding schedules of the blend were 
compared with a conventional florfenicol regimen. Effects on 
production performance (ABW, ADG, ADFI, F/G) and serum 
biochemistry (TP, ALB, GLB, CHOL) were assessed. Small intestinal 
histomorphology (villus height, crypt depth, V: C) and cecal 
microbiota (16S rRNA) were also examined. The study aimed to 
provide theoretical support and practical guidance for the use of plant 
essential oils in antibiotic free broiler diets.

2 Materials and methods

2.1 Experimental materials

Male day-old Arbor Acres Plus (AA) broiler chicks were obtained 
from Beijing Dafa Chia Tai Co., Ltd. (also listed as Beijing Dafa 
Zhengda Co., Ltd.). The essential oil feed additive (total effective 
essential-oil content ≥3.5%; carvacrol ≥2.3%; thymol ≥1.2%) was 
supplied by Guangzhou Wisdom Bio-Technology Co., Ltd. (also listed 
as Guangzhou Zhiteqi Bio-technology Co., Ltd.). Florfenicol soluble 
powder (30% w/w) was purchased from Henan Muxiang Biological 
Co., Ltd. (Henan Muxiang Animal Pharmaceutical/Biotech).

2.2 Experimental design and grouping

A total of 700 one-day-old male Arbor Acres (AA) broiler (initial 
body weight, 45.75 ± 0.30 g) were selected and housed in cages under 
continuous lighting. The house temperature was maintained at 
34 ± 1 °C for 3 days before broiler placement; comprehensive 
disinfection was performed prior to arrival. Thereafter, temperature 
was reduced by 2 °C per week until it reached 24 °C, and this 
temperature was kept until the end of the trial. Feed and water were 
provided ad libitum throughout the experiment. Ventilation, hygiene 
and manure removal were routinely maintained, and regular 

disinfection was performed. Diets were formulated for two phases: 
starter (1–21 d) and grower (22–42 d). Basal diets met the nutrient 
recommendations of NRC (1994) and the Chinese feeding standard 
NY/T 33-2004. Dietary amino-acid balance was achieved using an 
ideal digestible amino-acid profile. The ingredient composition and 
nutrient levels of the experimental diets are presented in Table 1.

The EO inclusion levels were selected with reference to the dose 
response patterns reported by Yang et al. (13) in broilers receiving 
thymol–carvacrol cocrystal and by Hong et al. (14), who demonstrated 
clear graded effects of encapsulated essential oils in meat ducks. Based 
on this evidence, EO was included at 200, 600, and 1,200 g/t to cover 
a biologically relevant response range. Florfenicol was included at 
0.15 g/kg, a dosage commonly applied in poultry practice and widely 
used as a reference level in comparative studies on antibiotic 
alternatives. To further assess potential EO antibiotic interactions, two 
combination treatments were added: low-dose EO + florfenicol and 
high-dose EO + florfenicol.

At the start of the trial, AA broiler chicks were randomly assigned 
to one control group and six treatment groups. Each treatment 
included eight replicates of 12 birds per replicate, resulting in 672 
birds after day-one sampling and culling. Grouping details are shown 
in Table 2.

2.3 Determination of indicators and 
methods

2.3.1 Measurement of growth performance of AA 
broiler chicks

Growth performance was monitored throughout the experiment. 
Birds were fasted for 12 h prior to weighing. Fasted body weights (BW) 
were recorded at 1, 21 and 42 d of age, and the weights of sampled birds 
were noted. Performance parameters were calculated for each replicate 
and comprised average body weight (ABW), average daily gain (ADG), 
average daily feed intake (ADFI), feed: gain ratio (F/G) and mortality 
rate (MER). Calculations were performed as follows:

	
( ) − +

=
× + ×
2 1 3

1 1 1 1

G G GADG g
A T B T 	

(1)

In Equation (1), the variables were defined as follows: G1 was the 
initial pen weight (g). G2 was the final pen weight (g). G3 was the 
combined weight of birds that died or were culled at removal (g). A1 
was the number of birds remaining per cage (birds). T1 was the total 
experimental duration (days, d). B1 was the number of birds that died 
or were culled (birds).

	
( ) −

=
× + ×

4 5

1 1 1 1

G GADFI g
A T B T 	

(2)

In Equation (2), the variables were defined as follows: G4 was the 
total amount of feed supplied (g). G5 was the feed remaining in the 
trough (g). A1 was the number of birds remaining per cage (birds). T1 
was the total experimental duration (days, d). B1 was the number of 
birds that died or were culled (birds).
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In Equation (3), the variables were defined as follows: C1 was the 
average daily feed intake (g). C2 was the average daily gain (g).

2.3.2 Determination of serum biochemical 
parameters in AA broiler chickens

Birds were sampled at 21 and 42 d of age. For each replicate, one 
bird close to the replicate mean body weight was selected. The wing 
root (brachial) vein was disinfected with 70% ethanol and blood was 
collected using a single use needle. Whole blood was drawn into plain 
vacuum tubes without anticoagulant (red top tubes). At least twice the 
volume required for planned serum assays was collected. Tubes were 
allowed to clot and were incubated in a 37 °C water bath for 
approximately 31 min. Samples were centrifuged at 3,500 rpm for 
10 min; the pale-yellow supernatant (serum) was transferred to sterile, 
labeled microcentrifuge (Eppendorf) tubes and stored at −80 °Cuntil 
analysis.

Serum biochemical parameters were measured using an 
automated clinical chemistry analyzer. Assays included γ-glutamyl 
transferase (GGT), aspartate aminotransferase (AST), total protein 
(TP), albumin (ALB), glucose (GLU), triglycerides (TG), total 
cholesterol (CHOL) and globulin (GLB). All clinical biochemistry 
tests were performed at the Diagnostic Center of the Veterinary 
Teaching Hospital, China Agricultural University.

Serum concentrations of interleukin-6 (IL-6) and interleukin-10 
(IL-10) were quantified by ELISA. A multifunctional microplate 
reader (Tecan) was used for absorbance measurements. Commercial 
ELISA kits were obtained from Shanghai Jianglai Biotech (Shanghai 
Jianglai Biological Technology Co., Ltd.).

TABLE 1  Ingredients and nutrient composition of diets.

Component 1 ~ 21 d 
(Level/%)

22 ~ 42 d 
(Level/%)

Ingredient component

Corn 48.8834 53.08

Soybean meal 38.7448 33.4638

Soybean oil 3.6825 4.704

Wheat middling 5 5

Limestone 1.05 1.05

NaCl 0.1385 0.1326

Sodium bicarbonate 0.2395 0.2502

Choline chloride 0.1 0.1

Dicalcium P 1.6214 1.6954

L-lysine 0.0869 0.1084

DL-methionine 0.2767 0.2424

Threonine 0.0562 0.0533

Vitamin Premix1 0.02 0.02

Mineral Premix2 0.1 0.1

Total 100 100

Nutrient component3

CP% 22 20

Energy 3,000 3,100

Lys% 1.12 1.02

Methionine cystine 0.76 0.76

Threonine 0.67 0.67

Tryptophan 0.2036 0.1993

Valine 0.8201 0.8168

Leucine 1.4454 1.4712

Isoleucine 0.7324 0.7255

Arginine 1.2502 1.2253

Met% 0.5048 0.5002

Histidine 0.4737 0.4748

Glycine Serine 1.7128 1.6931

Tryptophan 0.2036 0.1993

Lys + Met 1.5048 1.5002

Potassium 0.9745 0.8789

Sodium 0.175 0.175

Chlorine 0.175 0.175

Calcium 0.89 0.89

1Vitamin premix provided per kg of diet: VA 12500 IU; VB₁ 2.0 mg; VB₂ 6.0 mg; VB₆ 3.0 mg; 
VB₁₂ 0.025 mg; VD₃ 2,500 IU; VK₃ 2.65 mg; VE 50 mg; pantothenic acid 10.5 mg; niacin 
50 mg; biotin 0.0325 mg; folic acid 0.25 mg.
2Mineral premix provided per kg of diet: Zn 75 mg; Mn 100 mg; Cu 8 mg; Fe 80 mg; Se 
0.15 mg; I 0.35 mg.
3All nutrient levels were calculated values.

TABLE 2  Experimental design.

Group Dosage 
level

Number 
of days of 
breeding

Distribution 
of samples

CK, A (Control 

group, Feed)
Basic diet 0–42 days (all)

96 (8 replicates, 12 

each replicate)

EO1, B (Low-dose 

essential oil group, 

Feed)

EO1 200 g/t 0–42 days (all)

EO2, C (Medium-

dose essential oil 

group, Feed)

EO2 600 g/t 0–42 days (all)

EO3, D (High-dose 

essential oil group, 

Feed)

EO3 1,200 g/t 0–42 days (all)

EO1+AG, 

E(EO1+Florfenicol)

EO1 

200 g/t + AG 

0.15 g/kg

Antibiotics 

(days 7–21), 

Feed B for 

remaining 

days

EO3+AG, 

F(EO3+Florfenicol)

EO3 

1,200 g/t + AG 

0.15 g/kg

Antibiotics 

(days 7–21), 

Feed D for 

remaining 

days

AG, G (Florfenicol) AG (0.15 g/kg)

Antibiotics 

(days 7–21), 

Feed A for 

remaining 

days
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2.3.3 Determination of villus height and crypt 
depth in the small intestine of AA broiler chickens

At 42 d of age, 56 AA broilers were slaughtered. Approximately 
2 cm segments of the duodenum, jejunum and ileum were excised, 
gently flushed with phosphate buffered saline (PBS) to remove luminal 
contents, and fixed in 4% paraformaldehyde. Tissues were processed 
for paraffin embedding using standard procedures (trimming, 
dehydration, clearing, infiltration and embedding), sectioned and 
stained with hematoxylin and eosin (H&E). Slides were examined 
with a light microscope, and intact, straight villi and their adjacent 
crypts were measured using Image-Pro Plus 6.0. For each section, five 
complete villi (red arrows in Supplementary Figure 1) and five crypts 
(yellow arrows in Supplementary Figure 1) were measured, and the 
villus height to crypt depth ratio (V: C) was calculated.

2.3.4 16S rRNA gene sequencing of the gut 
microbiota

A total of 112 AA broilers were slaughtered by cervical dislocation 
at 21 and 42 days of age. Fresh cecal digesta were aseptically collected 
from each bird and immediately snap frozen in liquid nitrogen. 
Samples were stored at −80 °C until further analysis.

Microbiota quantification was carried out following the protocol 
of Sun et al. (46). Purified material was submitted to Biomarker 
Technologies Co., Ltd. (Beijing, China) for 16S rRNA gene sequencing.

2.4 Statistical analysis

Data were entered into Microsoft Excel and analyzed using IBM 
SPSS Statistics 22.0 (IBM Corp., Armonk, NY, USA). One-way 
analysis of variance (ANOVA) was used for comparisons among three 
or more groups. When ANOVA indicated a significant effect, multiple 
comparisons were performed using Duncan’s multiple range test or 
the least significant difference (LSD) post-hoc test, as appropriate. 
Results were reported as mean ± standard error of the mean (SEM). 
All tests were two tailed, and p < 0.05 was considered statistically 
significant.

3 Results

3.1 Effects of dietary compound plant 
essential oils on broiler growth 
performance

As shown in Table 3, over days 1–42 the experimental groups 
EO2, EO1+AG, EO3+AG and AG had significantly higher average 
body weight (ABW) than CK (p < 0.05). EO2 and EO3+AG also 
showed increased average daily feed intake (ADFI) (p < 0.05). No 
significant differences in average daily gain (ADG) were observed 
among groups (p > 0.05). The AG group exhibited the highest 
mortality rate. During days 1–21, ADG was higher in AG than in CK 
(p < 0.05). The EO1+AG group had lower ADFI than CK (p < 0.05). 
F/G was reduced in AG relative to CK (p < 0.05). No differences in 
ABW were detected among groups (p > 0.05). The highest mortality 
in this phase was observed in EO3. From days 22–42, ABW was 
greater in EO2, EO1+AG, EO3+AG and AG compared with CK 
(p < 0.05). ADFI was lower in EO3+AG (p < 0.05). No significant 

differences in ADG or F/G were found among groups (p > 0.05). The 
AG group again showed the highest mortality.

3.2 Effects of dietary composite plant 
essential oils on serum biochemical 
parameters

Figure 1 and Supplementary Table 1 summarize the serum 
biochemical and cytokine results. At 21d, dietary supplementation 
with the composite plant essential oil did not affect total protein (TP) 
or globulin (GLB) (p > 0.05). Albumin (ALB) was higher in EO1+AG 
than in CK (p < 0.05). Aspartate aminotransferase (AST) activity was 
increased in EO1, EO1+AG, EO3+AG and AG compared with CK 
(p < 0.05). Total cholesterol (CHOL) and interleukin-10 (IL-10) were 
elevated in EO1+AG versus CK (p < 0.05). By contrast, glucose (GLU) 
in EO1, gamma glutamyl transferase (GGT) in EO3+AG and AG, 
triglycerides (TG) in EO2, and interleukin-6 (IL-6) in EO2, EO3, 
EO1+AG, EO3+AG and AG were all lower than CK (p < 0.05).

At 42 d, no treatment effects were detected for GLU, AST or IL-10 
(p > 0.05). TP, ALB and GLB were reduced in EO1+AG and EO3+AG 
compared with CK (p < 0.05). CHOL was lower in EO1+AG, EO3+AG 
and AG than in CK (p < 0.05), and CHOL in the antibiotic 
supplemented groups (EO1+AG, EO3+AG, AG) was lower than in the 
essential oil only groups (EO1, EO2) (p < 0.05). GGT was higher in 
AG than in CK (p < 0.05). IL-6 was increased in EO1+AG relative to 
CK (p < 0.05).

3.3 Effects of dietary composite plant 
essential oils on small-intestinal 
morphology

As shown in Supplementary Table 2 and Figure 2, ileal villus 
height (V) and villus to crypt ratio (V/C) did not differ significantly 
among EO1, EO2, EO3, EO1+AG, EO3+AG and AG versus CK 
(p > 0.05). Crypt depth (C) was increased in EO3+AG compared with 
CK (p < 0.05); other groups showed no significant change (p > 0.05). 
In the duodenum, villus height and crypt depth did not differ among 
groups (p > 0.05). The duodenal V/C ratio was higher in EO3+AG 
than in CK (p < 0.05), and was also higher in EO3+AG than in EO3, 
EO1+AG and AG (p < 0.05). In the jejunum, crypt depth and V/C 
ratio did not differ among treatments (p > 0.05). Jejunal villus height 
was greater in EO3+AG than in CK (p < 0.05).

3.4 Effects of dietary supplementation with 
a compound plant essential oil on the 
intestinal microbiota of broilers

3.4.1 Microbial community composition in the 
cecum of 42-day-old AA broilers

3.4.1.1 Phylum level relative abundance
The phylum level composition of cecal microbiota in 42-day-old 

AA broilers was examined (Supplementary Figure 2). Samples were 
grouped as A (CK), B (EO1), C (EO2), D (EO3), E (EO1+AG), F 
(EO3+AG) and G (AG). The relative abundances of the top ten phyla 
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were plotted as bar charts. Across all groups, Firmicutes, Bacteroidetes, 
Proteobacteria, Tenericutes and Verrucomicrobia were dominant. 
Relative to the CK group, all treatments reduced the relative 
abundance of Firmicutes (EO1, p < 0.05; EO2 and EO3, p > 0.05; 
EO1+AG, EO3+AG, and AG, p < 0.05). The abundance of 
Bacteroidetes increased in EO1 (p < 0.05), EO3 (p < 0.05), EO1+AG 
(p < 0.05), EO3+AG (p < 0.05), and AG (p < 0.05), but decreased in 
EO2. Proteobacteria increased in EO2 (p < 0.05), EO1+AG, EO3+AG, 
and AG, but decreased in EO1 and EO3. Tenericutes decreased in EO2 
and AG, whereas it increased in EO1, EO3, EO1+AG, and 
EO3+AG. Phyla with a relative abundance <1% included 
Verrucomicrobia, Cyanobacteria, Actinobacteria, Fusobacteria, and 
Acidobacteria.

3.4.1.2 Family level relative abundance
Family level composition of the cecal microbiota was assessed in 

42-day-old AA broilers (Figure 3). Plot the relative abundances of the 
top 10 families of samples in different groups on the X-axis. The 
dominant families across all treatments were Ruminococcaceae, 
Lachnospiraceae, Rikenellaceae, the Clostridiales vadinBB60 group, 
Lactobacillaceae, Erysipelotrichaceae, Christensenellaceae and 
Enterobacteriaceae.

3.4.1.3 Genus level relative abundance
Genus level cecal microbiota in 42-day-old AA broilers was 

examined (Supplementary Figure 3). Samples were grouped as A 
(CK), B (EO1), C (EO2), D (EO3), E (EO1+AG), F (EO3+AG) and G 
(AG). The ten most abundant genera across all groups were Alistipes, 
Faecalibacterium, the Clostridiales vadinBB60 group, unclassified 
members of Lachnospiraceae, Ruminococcaceae UCG-014, 
Ruminococcus, Lactobacillus, the Ruminococcus torques group, 
Negativibacillus and the Eubacterium coprostanoligenes group.

Relative to the CK group, Alistipes and Clostridiales vadinBB60 
were consistently enriched across all treatments, whereas 
Faecalibacterium was uniformly depleted (p < 0.05). Unclassified 
Lachnospiraceae declined in EO1, EO1+AG, EO3+AG and AG, but 
was unchanged or elevated in EO2 and EO3. Ruminococcaceae 
UCG-014 increased under essential oil only treatments (EO1, EO2, 
EO3), but declined under the combined regimens (EO1+AG, p < 0.05; 
EO3+AG) and the antibiotic treatment (AG, p < 0.05). Lactobacillus 
showed treatment specific responses: it increased in EO1+AG 
(p < 0.05) and AG (p < 0.05), but decreased in EO2. Negativibacillus 
showed treatment dependent changes, being reduced in EO1, 
EO1+AG and EO3+AG while increasing in some EO treatments. 
These shifts indicated that the composite essential oil and florfenicol 

TABLE 3  Effects of dietary compound plant essential oils on growth performance of AA broilers.

Items ABW/g ADG/g ADFI/g F/G MER/%

1 ~ 21 Age

A(CK) 957 ± 0.05 42.47 ± 2.99ab 56.31 ± 3.28b 1.33 ± 0.03b 2.08

B(EO1) 963 ± 0.03 42.40 ± 3.25ab 55.74 ± 2.21ab 1.32 ± 0.07ab 4.17

C(EO2) 959 ± 0.02 43.69 ± 2.09ab 55.84 ± 1.06ab 1.28 ± 0.06ab 5.21

D(EO3) 942 ± 0.03 41.08 ± 2.92a 54.13 ± 3.40ab 1.32 ± 0.03ab 8.33

E(EO1+AG) 943 ± 0.03 42.50 ± 3.43ab 53.60 ± 2.49a 1.27 ± 0.07ab 4.17

F(EO3+AG) 965 ± 0.04 42.57 ± 3.87ab 54.21 ± 3.27ab 1.28 ± 0.14ab 1.04

G(AG) 961 ± 0.03 44.80 ± 3.93b 55.50 ± 2.12ab 1.24 ± 0.08a 2.08

22 ~ 42 Age

A(CK) 2,540 ± 0.19 a 61.21 ± 7.73 116.08 ± 11.56ab 1.91 ± 0.10 9.38

B(EO1) 2,663 ± 0.08 ab 61.80 ± 4.63 113.05 ± 5.87ab 1.83 ± 0.12 11.5

C(EO2) 2,728 ± 0.15 b 65.08 ± 12.81 119.35 ± 11.17ab 1.90 ± 0.39 6.25

D(EO3) 2,606 ± 0.37 ab 60.49 ± 9.96 106.30 ± 19.22a 1.75 ± 0.07 6.25

E(EO1+AG) 2,694 ± 0.11 b 64.66 ± 5.29 118.36 ± 9.03ab 1.84 ± 0.11 8.33

F(EO3+AG) 2,705 ± 0.19 b 69.40 ± 9.93 122.45 ± 11.32b 1.78 ± 0.14 9.38

G(AG) 2,706 ± 0.19 b 65.54 ± 14.11 116.27 ± 20.16ab 1.79 ± 0.17 16.7

1 ~ 42 Age

A(CK) 60.85 ± 4.61 a 51.62 ± 4.42 85.46 ± 6.46ab 1.66 ± 0.05b 11.5

B(EO1) 63.82 ± 1.79 ab 51.86 ± 3.25 83.69 ± 3.43ab 1.62 ± 0.08ab 15.6

C(EO2) 65.41 ± 3.49 b 54.12 ± 6.71 86.82 ± 5.75b 1.62 ± 0.15ab 11.5

D(EO3) 62.44 ± 2.48 ab 50.55 ± 6.12 79.58 ± 10.50a 1.57 ± 0.03a 14.6

E(EO1+AG) 64.58 ± 2.51 b 53.31 ± 2.80 85.19 ± 4.95ab 1.60 ± 0.07ab 12.5

F(EO3+AG) 64.86 ± 4.40 b 55.66 ± 4.22 87.50 ± 6.34b 1.57 ± 0.07a 10.4

G(AG) 64.88 ± 4.37 b 54.91 ± 6.62 85.15 ± 9.61ab 1.55 ± 0.08a 18.8

In the same column, values with the same or no letter superscripts mean no significant difference (p > 0.05), while with different small letter superscripts mean significant difference (p < 0.05).
Treatments: (A) Control (CK), basal diet; (B) EO1, essential oils 200 g/t; (C) EO2, essential oils 600 g/t; (D) EO3, essential oils 1,200 g/t; (E) EO1+AG, EO 200 g/t + florfenicol (0.15 g/kg, days 
7–21); (F) EO3+AG, EO 1200 g/t + florfenicol (0.15 g/kg, days 7–21); (G) AG, florfenicol (0.15 g/kg, days 7–21).
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FIGURE 1

Effects of dietary compound plant essential oils on serum biochemical. Serum biochemical and immune indices of AA broilers. (1) Total protein; (2) 
albumin; (3) globulin; (4) glucose; (5) aspartate aminotransferase; (6) γ-glutamyl transferase; (7) total cholesterol; (8) triglycerides; (9) interleukin-6; (10) 
interleukin-10. Dietary treatments: CK, control (basal diet without antibiotics or essential oils); EO1, low EO (essential oils, 200 g/t); EO2, medium EO 
(essential oils, 600 g/t); EO3, high EO (essential oils, 1,200 g/t); EO1+AG, low EO + antibiotic (essential oils, 200 g/t + florfenicol, 0.15 g/kg, days 7–21); 
EO3+AG, high EO + antibiotic (essential oils, 1,200 g/t + florfenicol, 0.15 g/kg, days 7–21); AG, antibiotic (florfenicol, 0.15 g/kg, days 7–21). Different 
letters indicate significant differences among treatments (p < 0.05).

FIGURE 2

Histological morphology of the small intestine in AA broilers. Representative hematoxylin and eosin (H&E) stained sections of the intestine. Scale bar, 
500 μm; magnification, 400×. (A) Jejunum; (B) ileum; (C) duodenum. Numbers 1–7 indicate dietary treatments: 1, CK (control, basal diet); 2, EO1 (EO 
200 g/t); 3, EO2 (EO 600 g/t); 4, EO3 (EO 1200 g/t); 5, EO1+AG (EO 200 g/t + florfenicol 0.15 g/kg, days 7–21); 6, EO3+AG (EO 1200 g/t + florfenicol 
0.15 g/kg, days 7–21); 7, AG (florfenicol 0.15 g/kg, days 7–21).
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modulated key cecal genera, with distinct effects depending on dose 
and combination.

3.4.2 Alpha diversity analysis of cecal microbiota
Alpha diversity metrics were calculated for each group. Coverage 

values approached 1.00 in all treatments, indicating that sequencing 
depth adequately reflected cecal microbial diversity. Rarefaction 
curves (Supplementary Figure 4) showed that observed OTU counts 
increased with sequencing effort and plateaued at high read depths, 
confirming that sequencing depth was sufficient.

Statistical comparisons of diversity indices are summarized in 
Supplementary Table 3 and Figure 4. According to the ACE index, 
EO3+AG and AG differed significantly from CK (p < 0.05), and the 
essential oil only groups (EO1, EO2) differed from the combined 
antibiotic groups (EO3+AG, AG) (p < 0.05). Chao1 analysis showed 
that AG differed from CK and EO1 (p < 0.05), while EO2 differed 
from EO1+AG, EO3+AG and AG (p < 0.05). Shannon indices 
revealed significant differences between EO1 and both EO1+AG and 
AG (p < 0.05), and between EO3 and AG (p < 0.05). No significant 
differences were detected in Simpson indices among groups (p > 0.05).

4 Discussion

Numerous recent studies have explored the use of essential oils 
(EOs) in livestock and poultry production (10, 12, 42, 50–52). 
Accumulating evidence shows that EOs can promote growth by 
increasing average daily gain (ADG) and average daily feed intake 
(ADFI) (15). They also lower the feed to gain ratio (F/G) and reduce 
mortality (16). For example, dietary supplementation with 400 mg/kg 
EO improved broiler growth and reduced feed conversion (p < 0.05) 
(17). Zheng et al. reported that blends of monoglyceride lauric acid and 
cinnamaldehyde (350 and 500 mg/kg) increased ADG and improved 
F/G. These blends also enhanced intestinal morphology, improved 
antioxidant status and downregulated inflammatory markers; the 

500 mg/kg dose produced the greatest benefit (18). Alagawany et al. 
found that lemongrass EO enhanced growth performance, lipid 
metabolism, immune responses and antioxidant capacity in quail, 
while reducing intestinal pathogens and overall health risk (19). 
Various plant EOs have been evaluated as dietary supplements for 
poultry, and their potential as eco-friendly alternatives to antibiotics in 
organic production has been reported (8, 20).

In the present trial, supplementation with a composite plant 
essential oil (carvacrol + thymol), either alone or combined with 
florfenicol, improved body weight in Arbor Acres broilers. From 22 to 
42 d, average body weight (ABW) was higher in EO2, EO1+AG, 
EO3+AG and AG than in CK (p < 0.05). Average daily feed intake 
(ADFI) was lower in EO3+AG during this interval (p < 0.05). Over 
the entire 1–42 d period, ABW increased in EO2, EO1+AG, EO3+AG 
and AG (p < 0.05), while ADFI was higher in EO2 and EO3+AG 
(p < 0.05). No differences in average daily gain (ADG) were detected 
among groups (p > 0.05). These results indicate that EO2 and the 
combined EO + antibiotic regimens (EO1+AG, EO3+AG, AG) 
enhanced growth performance under the conditions tested, consistent 
with earlier reports (21–23). The effects may reflect the aroma and 
bioactivity of essential oils, which can increase feed palatability, 
stimulate salivation and promote gut motility, thereby supporting feed 
intake and physiological function. However, several studies reported 
no effect of EO supplementation on growth metrics (24–27). Such 
discrepancies likely arise from differences in EO composition, 
inclusion level, bird strain or experimental conditions.

Blood maintains internal homeostasis, and hematological 
indices reflect the interplay between nutrition and disease (28, 29). 
Total protein (TP) and albumin (ALB) are central to acid base 
balance, plasma oncotic pressure and tissue protein homeostasis. 
Aspartate aminotransferase (AST), a major hepatocellular 
transaminase, participates in amino acid catabolism and synthesis 
and serves as an indicator of amino acid metabolism (30, 31). 
Higher protein intake raises amino acid turnover and stimulates 
transaminase activity; elevated TP and ALB thus indicate a 

FIGURE 3

The family level abundance of cecal luminal microbiota. Treatments: (A) Control (CK), basal diet; (B) EO1, essential oils 200 g/t; (C) EO2, essential oils 
600 g/t; (D) EO3, essential oils 1,200 g/t; (E) EO1+AG, EO 200 g/t + florfenicol (0.15 g/kg, days 7–21); (F) EO3+AG, EO 1200 g/t + florfenicol (0.15 g/kg, 
days 7–21); (G) AG, florfenicol (0.15 g/kg, days 7–21).
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favorable nutritional state (8, 32). Glucose (GLU) reflects energy 
status and, when increased, is generally associated with improved 
immunity and stress resistance (33). In the present study, at 42 d, 
TP was significantly lower in EO1+AG and EO3+AG compared 
with CK (p < 0.05). ALB and globulin (GLB) were also reduced in 
EO1+AG and EO3+AG (p < 0.05). Serum cholesterol (CHOL) 
decreased in EO1+AG, EO3+AG and AG relative to CK (p < 0.05). 
These findings suggest that essential oils promote lipid catabolism. 
One plausible mechanism is that linoleic acid in thyme essential oil 
binds cholesterol and inhibits hepatic 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase. This inhibition may enhance 
conversion of cholesterol to bile acids and increase excretion, 
thereby lowering circulating lipids. Consistent with our results, 
Hong et al. reported that dietary supplementation with 125 ppm 
essential oil extract (blend of lemon, oregano and anise) and 
100 ppm antibiotic (oxytetracycline) significantly reduced serum 
CHOL in broilers (p < 0.05). They also observed significant 
differences in very low density lipoprotein among control, essential 
oil and antibiotic groups, with the essential oil group showing the 
lowest values (14).

Intestinal structural integrity was evaluated by villus height (V), 
crypt depth (C) and the villus: crypt ratio (V/C) (8, 27, 34). Taller villi 
and shallower crypts indicate greater digestive and absorptive capacity. 
The intestine is both the main digestive organ and the largest immune 
organ; it is essential for nutrient digestion, absorption and defence 
against pathogens (35, 36). Modern broiler production exposes birds 
to multiple stressors for example, elevated ammonia, lighting regimes, 
stocking density, basal diet, transport, ambient temperature and 
humidity, noise and pathogens which readily induce intestinal 
damage, diarrhea and growth retardation (37–39). Dietary 
cinnamaldehyde increased jejunal villus height and tended to raise the 
jejunal V/C in heat stressed broilers, suggesting improved intestinal 
morphology and nutrient digestibility (40). Jiménez et al. reported 
that cinnamaldehyde increased villus height in piglets and protected 
villi from free radical damage via antioxidant effects (41). Similar 
benefits enhanced barrier integrity, increased villus height, reduced 
crypt depth and enlarged villus surface were reported after essential 
oil supplementation (42–44). In the present study, jejunal villus height 
and duodenal V/C were significantly increased in the EO3+AG group 
compared with CK (p < 0.05). These findings indicate that the tested 

FIGURE 4

Alpha diversity index of sample. (1) Abundance-based Coverage Estimator; (2) Chao Index; (3) Simpson Diversity Index; (4) Shannon Diversity Index. 
Treatments: (A) Control (CK), basal diet; (B) EO1, essential oils 200 g/t; (C) EO2, essential oils 600 g/t; (D) EO3, essential oils 1,200 g/t; (E) EO1+AG, EO 
200 g/t + florfenicol (0.15 g/kg, days 7–21); (F) EO3+AG, EO 1200 g/t + florfenicol (0.15 g/kg, days 7–21); (G) AG, florfenicol (0.15 g/kg, days 7–21). 
Different letters indicate significant differences among treatments (p < 0.05).
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essential oil preparation, at the studied dose, can support intestinal 
development in AA broilers.

The gut microbiota of livestock and poultry normally exists in a 
dynamic equilibrium and has a strong self-repair capacity. 
Disturbances such as environmental stress, dietary shifts, improper 
antibiotic use and pathogen overgrowth can damage the mucosa and 
trigger disease. Dietary inclusion of EOs has been reported to 
reshape microbial composition, improve nutrient digestibility and 
support immune function. EOs are proposed to suppress harmful 
taxa (e.g., Clostridium perfringens, Escherichia coli) while promoting 
beneficial genera (e.g., Lactobacillus, Bifidobacterium), thus 
optimizing the microbial environment and preserving mucosal 
integrity. The phylum Proteobacteria includes many opportunistic 
pathogens, such as E. coli and Salmonella, which can impair 
productivity (17, 42, 45). By contrast, Lactobacillus is regarded as 
beneficial in broiler intestines because it acidifies the lumen, inhibits 
pathogens and contributes to gut health. Consistent with these 
observations, Irawan et al. found that a carvacrol–thymol blend 
reduced pathogenic E. coli in the cecum and ileum and modulated 
Lactobacillus populations in broilers (32).

The taxonomic composition of the gut microbiota is shaped by 
several factors, including host age, diet, anatomical site and antibiotic 
exposure (46, 47). Many studies report that Bacteroidetes, Firmicutes 
and Proteobacteria are the dominant phyla, with Bacteroidetes and 
Firmicutes typically being the most abundant (17, 48, 49). These 
groups play central roles in nutrient absorption and energy 
metabolism and collectively support host nutrient uptake and energy 
storage. In broilers, the relative abundances of Verrucomicrobia, 
Cyanobacteria, Actinobacteria, Fusobacteria and Acidobacteria did 
not decline markedly, suggesting a stable community structure. 
Changes in host health therefore often reflect shifts in specific 
pathogenic taxa, rather than broad reductions in overall microbial 
diversity.

5 Conclusion

Supplementation of the basal diet with the composite essential oil 
(carvacrol + thymol) at 600 g/t, or a regimen of florfenicol (0.15 g/kg 
during the starter phase) followed by 1,200 g/t essential oil in the 
grower phase, significantly increased average body weight (ABW) and 
average daily feed intake (ADFI). Average daily gain (ADG) and feed: 
gain ratio (F/G) were not affected. The combined regimen of early 
antibiotic use followed by later essential oil supplementation (200 g/t 
or 1,200 g/t) significantly reduced total protein (TP), albumin (ALB), 
globulin (GLB) and total cholesterol (CHOL). Histological analysis 
showed that 1,200 g/t essential oil supplementation increased jejunal 
villus height and duodenal villus: crypt ratio (V/C). Cecal 16S rRNA 
sequencing revealed an increased relative abundance of Bacteroidetes 
and a concomitant decrease in Firmicutes, indicating a shift in 
microbial composition. Taken together, the composite essential oil 
demonstrated potential as an antibiotic alternative to improve 
production performance, support intestinal development and 
modulate the gut microbiota under the tested dosing schedules. 
Further systematic studies on dose response relationships, long term 
safety, component interactions (synergy/antagonism) and delivery 
strategies are warranted to enable reproducible and scalable 
application in antibiotic free poultry production.
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