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Numerous studies have assessed the benefits and optimal dosage of supplementation with essential oils (EOs), including 
extracts from plants of the Apiaceae family, as an alternative to antibiotic growth promoters (AGPs) in broilers. However, 
little consideration has been given to the actual chemical composition of the evaluated EOs when drawing critical conclu-
sions, even though EO composition can vary with different extraction conditions and plant characteristics. Therefore, the 
present study was conducted to evaluate the effects of EOs from seeds of plants of the Apiaceae family: coriander (CEO), 
ajwain (AjEO), and dill (DEO), containing 56.8% linalool, 68.2% thymol, and 41.1% carvone, respectively, on the growth 
performance, gut health, and immune status of broilers. In total, 660 one-day-old broiler chicks were divided into 11 experi-
mental diet groups and fed for 35 days with either the control diet, basal diet with added AGP (lincomycin, 500 mg/kg), or 
one of nine EO diets supplemented with CEO, AjEO, or DEO at 200, 400, and 600 mg/kg. Final body weights were improved 
by supplementation with not only AGP but also any EO except AjEO at 600 mg/kg; within each EO, supplementation of 
CEO at 400 mg/kg, AjEO at 200 mg/kg, and DEO at 200 mg/kg afforded the best growth performance. EO supplementation 
had beneficial effects on gut morphology, such as increased villus height in the duodenum, jejunum, and ileum, and against 
harmful microbiota, such as reduction of Escherichia coli and Salmonella spp. populations. Furthermore, EOs enhanced hu-
moral immunity and improved meat quality by reducing drip loss, likely consequent to their antioxidant properties. Overall, 
this study presents evidence that CEO, AjEO, and DEO can each play a pivotal role in replacing AGPs, as well as providing 
information regarding optimal doses for broilers.
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Introduction

Dietary subtherapeutic antibiotics play a significant role in 
improving the growth performance and gut health of broilers[1]. 
However, this practice was discouraged due to emergence of an-
tibiotic resistance in birds and further transfer of antibiotic re-
sistance genes to human. The European Union and China have 
banned the use of antibiotic growth promoters (AGPs) since 2006 
and 2020, respectively, with numerous other countries consider-
ing similar measures, as human health can be directly affected 
by AGP residues in meat[2,3]. Consequently, broiler production 
faces significant challenges including decreased growth perfor-
mance and increased disease prevalence, potentially leading to 
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substantial economic losses. This necessitates the identification 
of a suitable replacement for AGPs that offers equivalent benefits 
without any harmful effects[4].

Alternatives to reduce and/or eliminate AGPs include prebi-
otics, probiotics, organic acids, antimicrobial peptides, bacterio-
phages, enzymes, and phytogenics such as essential oils (EOs)
[5,6]. EOs have received considerable attention because they are 
natural, readily available, nontoxic, cost-effective, and residue-
free. Notably, various EOs exhibit antimicrobial, antioxidant, 
anti-inflammatory, anti-stress, and growth-promoting effects in 
chickens[7]. EOs can alleviate oxidative stress through several 
mechanisms, including direct antioxidant action and expression 
of antioxidant enzymes[8]. Therefore, EOs with antimicrobial 
and antioxidant properties could be used to support broiler gut 
health and growth performance as possible replacements for 
AGPs.

EOs extracted from the seeds of plants belonging the Apiace-
ae family, such as coriander (Coriandrum sativum; CEO), ajwain 
(Trachyspermum ammi; AjEO), and dill (Anethum graveolens; 
DEO), exhibit antibacterial and antioxidant potential in vitro and 
are commonly available in South Asian countries[7]. Moreover, 
we previously demonstrated that these EOs exert considerable 
antibacterial effects against Escherichia coli, Salmonella en-
teritidis, and Salmonella gallinarum of poultry origin and have 
antioxidant properties[9]. In addition, several in vivo studies in-
dicate the beneficial effects of CEO[10] and AjEO[11–13] on the 
growth performance and gut health of broilers; however, to our 
knowledge, no information is yet available regarding the effects 
of DEO on broiler production.

The bioactive compounds in an EO and their respective con-
centrations are key factors that determine its efficacy as an alter-
native to AGPs in broiler production. However, none of the in 
vivo studies reported the actual measured values of the chemi-
cal components of CEO or AjEO employed in their experiments, 
even though the qualitative and quantitative composition of these 
EOs likely differs owing to differences in the extraction condi-
tions[14], genotype, climatic conditions, mode of reproduction, 
and morphological characteristics of the plant[15–18]. The bio-
active compounds in an EO and their respective concentrations 
are the key factors to determine its efficacy as an alternative to 
AGPs in broiler production. Therefore, the present study was 
conducted using CEO, AjEO, and DEO with actual chemical 
composition to robustly establish the viability of each EO from 
the Apiaceae family as a substitute for AGPs, and to determine 
the optimal dosage for growth performance, intestinal health, and 
disease prevention in broilers.

Materials and Methods

Ethical approval
This study was conducted in accordance with the guidelines 

of the Organization of Research, Innovation and Commercial-
ization, University of Veterinary and Animal Sciences, Lahore, 
Pakistan. All procedures involving birds were approved by this 
committee (No. DR/168).

Birds, experimental design, and dietary treatments
In total, 660 one-day-old broiler chicks (Cobb 500), with an 

average body weight of 42.5 g, were obtained from a commer-
cial hatchery and randomly divided into 11 dietary groups. Each 
group was replicated in six pens with 10 chicks per pen. The 
experimental diets consisted of: 1) a basal diet having no antibi-
otic or EOs (control; CON); 2) the basal diet supplemented with 
AGP (lincomycin 500 mg/kg); 3–5) basal diet supplemented with 
three concentrations of CEO (200, 400, and 600 mg/kg); 6–8) 
basal diet supplemented with three concentrations of AjEO (200, 
400, and 600 mg/kg); and 9–11) basal diet supplemented with 
three concentrations of DEO (200, 400, and 600 mg/kg). The 
EOs were extracted from the seeds of coriander, ajwain, and dill 
by hydro-distillation technique, and their bioactive constituents 
were identified using gas chromatography-mass spectrometry, 
as already described in our previous report[9], before using in 
current study. The major bioactive compounds in CEO, AjEO, 
and DEO were linalool (56.8%), thymol (68.2%), and carvone 
(41.1%) and limonene (19.9%), respectively (Fig. 1). The start-
er (1–14 d) and grower (15–35 d) basal diets were formulated 
to meet or exceed the nutrient requirements of the broilers, as 
shown in Table 1. The EOs were mixed with the basal diet via a 
post-pelleting spray. The prepared diets were packed and stored 
in polyethylene bags. Experimental diets and water were provid-
ed ad libitum throughout the experimental period. The birds were 
housed in floor pens (1.1 × 0.76 m) on fresh rice husks. All birds 
were vaccinated against Newcastle disease virus (NDV) at the 3rd 
and 19th day of age, infectious bronchitis (IBV) at the 3rd day of 
age, and infectious bursal disease at the 13th day of age.
Growth performance

Body weight (BW) of the birds was recorded weekly to cal-
culate the average daily gain (ADG; g/d). Feed consumption was 
recorded to calculate average daily feed intake (ADFI; g/d). The 
feed conversion ratio (FCR) was calculated using feed intake and 
weight gain data.
Sample collection and carcass characteristics

Following experimental completion at 35 d, six birds per 
group with a near-average BW were randomly chosen and 
slaughtered by severing the jugular vein. The slaughtered birds 
were used for sample collection and carcass evaluation. Portions 
(approximately 2 to 3 cm) from the middle of duodenum, jeju-
num, and ileum were fixed in 10% buffered formaldehyde solu-
tion for morphological evaluation. The breast, leg quarters, giz-
zard, heart, liver, abdominal fat, spleen, bursa, and thymus were 
separated and individually weighed. Breast muscle samples were 
collected to evaluate the meat quality.
Ileal microbiota count

Abdominal cavities of the slaughtered birds were opened and 
the pre-cecal contents were collected under aseptic conditions in 
sterile plastic bags. Plastic bags containing ileal digesta samples 
were immediately placed in ice containers and transported to the 
laboratory for enumeration of E. coli, Salmonella, and Lactoba-
cillus spp. populations. Samples were processed on the same day 
for bacteriological enumeration. Briefly, 1 g of ileal digesta was 
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serially diluted 10-fold with normal saline. An aliquot (10 µL) 
from each of the 10−3 to 10−5 dilutions was streaked on McCon-
key (for E. coli), Salmonella Shigella (for Salmonella spp.), and 
Lactobacilli agar (for Lactobacillus spp.). The bacterial colonies 
per gram of each sample were enumerated using a colony coun-
ter; the numbers are expressed as log10 colony-forming units 
(CFU) per gram[19].
Morphometric analysis

Villus height (VH), measured from the top of the villus to the 
villus-crypt junction, and crypt depth (CD), measured from the 
junction to the base of the crypt, in addition to the villus height-
to-crypt depth ratio (VH:CD), were assessed to evaluate the duo-
denal, jejunal, and ileal morphology indicative of gut health in 
broilers, as suggested by Gopinger et al.[20]. Briefly, 1 cm cross 
sectional lengths of the intestinal samples were embedded in par-
affin wax. Sections (5 μm thick) were cut using a microtome and 
then stained with hematoxylin–eosin. The VH and CD from six 
randomly selected villi and associated crypts in one section per 
chicken were measured. All measurements were performed using 
a microscope (Labomed T121100, Los Angeles, CA, USA). Im-
ages were captured using a digital camera (Euromex D C. 12355 
F050, Berchem, Belgium), then calibrated using Labomed Pixel-
ProTM software.
Meat quality parameters

The breast muscle samples were used to calculate the pH, col-
or, drip loss, and thiobarbituric acid reactive substance (TBARS) 
values[21,22]. The pH of the breast muscles was measured us-
ing a pH meter with a meat-penetrating probe (WTW, pH 3210 
SET2, Weilheim, Germany). The probe was calibrated with buf-
fers at pH 4.00 and 7.00 prior to sample measurement. Color de-
termination was conducted using the Minolta Colorimeter (Kon-
ica Minolta® CR-410, Osaka, Japan). Colors L* (lightness), a* 
(redness), and b* (yellowness) were recorded directly from the 
exposed surface of the breast fillets. A standard Minolta calibra-
tion plate was used to calibrate the chromatograph before test-
ing. Drip loss of breast muscles was determined by weighing the 
samples before and after storage at 3 ± 1°C in a commercial retail 

cooler. The samples were stored in plastic Ziploc bags for 24 h. 
The samples were blotted with paper towels to remove excess 
moisture before weighing.

For TBARS measurement, breast muscle samples (2 g) were 
placed in 50 mL falcon tubes containing 50 µL 7.2% butylated hy-
droxytoluene along with 15 mL distilled water and then homog-
enized. Subsequently, 1 mL of the homogenate was transferred 
to a test tube containing 2 mL thiobarbituric acid/trichloroacetic 
acid solution and vortexed. The tubes were then incubated in a 
boiling water bath at 90°C for 15 min, cooled to 25°C, vortexed, 
and centrifuged at 2000 rpm (Neofuge, 15R, Heal Force, Shang-
hai, China) for 15 min at 4°C. The absorbance of the resulting 
supernatant was measured at 531 nm using a spectrophotometer 
(Shimadzu, UV-1800, Kyoto, Japan) to calculate the TBARS. 
The results are expressed as mg of malondialdehyde (MDA) per 
kg of meat[23].
Humoral immunity and serum biochemical indices

Blood samples were collected from the wing vein of birds be-
fore slaughtering and serum was separated immediately by cen-
trifugation at 1000 × g for 10 min at 4°C, and stored at −30ᴼC un-
til further processing. Serum samples were used to determine the 
immune response of birds by analyzing antibody titers against 
NDV and IBV using hemagglutination (HA) and hemaggluti-
nation-inhibition (HI) tests and enzyme-linked immunosorbent 
assay, respectively[24]. Serum total protein, glucose, triglycer-
ide, and cholesterol levels were calorimetrically quantified using 
commercial kits (Merck Specialties Pvt., Ltd., Darmstadt, Ger-
many).
Statistical analysis

Data were analyzed by one-way analysis of variance using 
JMP Pro 16 (SAS Institute, Cary, NC, USA). When significant 
(P ≤ 0.05) treatment effects were observed, the means were sepa-
rated using Tukey’s honestly significant difference test.

Results

Growth performance
Table 2 shows the effects of CEO, AjEO, and DEO supple-

Fig. 1.  Chemical structures of the main bioactive compounds identified in cori-
ander, ajwain, and dill seed essential oils. (a) Linalool (56.8%) in CEO; (b) Thymol 
(68.2%) in AjEO; (c-1) Carvone (41.1%) and (c-2) Limonene (19.9%) in DEO. CEO, 
coriander essential oil; AjEO, ajwain essential oil; DEO, dill seed essential oil.
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mentation on the final BW, ADG, ADFI, and FCR of broiler 
chickens. Birds fed diets supplemented with AGP or any EO, ex-
cept AjEO (600 mg/kg), were heavier (P < 0.05) than the control 
group, with CEO (400 mg) supplementation resulting in better 
performance than AGP supplementation. CEO (400 mg/kg) and 
AjEO (200 mg/kg) supplementation resulted in the highest final 
body weights (P < 0.05) in the CEO and AjEO groups. Supple-
mentation with AGP or EOs affected ADG to different degrees, 
depending on the growth phase (starter: 1–14 d, early grower: 
15–18 d, late grower: 29–35 d). In the starter phase, the ADG 
of birds receiving AGP or EO supplementation was higher (P < 
0.05) than that for birds in the control group; in turn, the ADG (P 
< 0.05) from DEO (200 mg/kg) supplementation was higher than 
that from the AGP diet. Among the AjEO and DEO groups, AjEO 
(200 mg/kg) and DEO (200 mg/kg) supplementation yielded the 
highest ADG (P < 0.05). In the early grower phase, the ADG of 
birds supplemented with AGP or any EO, except for AjEO (400 
or 600 mg/kg) and DEO (400 or 600 mg/kg), was higher (P < 
0.05) than that of birds in the control group. In the late grower 
phase, the positive effects of AGP or EO supplementation disap-
peared, except in the CEO (400 mg/kg) group, in which the ADG 
remained higher than that of the control group.

In contrast, regardless of the growth phase, ADFI did not dif-
fer between the AGP or EO groups and the control group; more-
over, EO concentration did not affect the within-group findings. 
Alternatively, responses of FCR to AGP or EO supplementation 
in all growth phases almost paralleled those of ADG. In the start-
er phase, the FCR of birds with AGP or any EO supplementa-
tion was improved (P < 0.05) in comparison with that in birds 
fed the CON diet, with DEO (200 mg/kg) and AjEO (200 mg/
kg) supplementation affording better FCR (P < 0.05) than that 
from the AGP diet. In the early grower phase, the FCR of birds 
with AGP or any EO supplementation, except for AjEO (400 or 
600 mg/kg) and DEO (400 or 600 mg/kg), was improved (P < 
0.05) compared with that of birds in the control group. In the late 
grower phase, the positive effects of AGP or EO supplementation 
disappeared, except in the CEO (400 mg/kg), AjEO (200 mg/kg), 
and DEO (200 mg/kg and 600 mg/kg) groups, which maintained 
a better FCR than that of the control group.
Carcass characteristics

The birds fed diets supplemented with AGP, or any EO ex-
cept AjEO (600 mg/kg), were heavier (P < 0.05) at slaughter 
than birds fed the CON diet; however, the gizzard, liver, and ab-
dominal fat weights did not differ (P > 0.05) between the vari-
ous groups (Table 3). The breast weights of birds fed AGP were 
not significantly different from those of birds fed the CON diet. 
However, dietary supplementation with CEO (400 and 600 mg/
kg), AjEO (200, 400, and 600 mg/kg), and DEO (200, 400, and 
600 mg/kg) produced heavier breasts (P < 0.05) than those of 
birds fed the CON diet. Leg quarter weights did not differ be-
tween either the AGP or EO group and the control group. Heart 
weights were not significantly different between the AGP and 
control groups; however, supplementation with AjEO (200 and 
400 mg/kg) and DEO (200 mg/kg) resulted in heavier hearts (P < 
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Table 1. Ingredients (%) and nutrient composition of 
basal diets

Ingredient (%) Starter Grower
Maize 57.8 57.8
Soybean meal 31.2 28.9
Canola meal 7.7 8.0
Dicalcium phosphate 1.0 1.0
Limestone 1.0 1.0
Lysine sulfate 0.4 0.37
DL methionine 0.3 0.3
L-threonine 0.1 0.1
L-valine 0.02 0.03
Minerals premixa 0.05 0.05
Vitamins premixb 0.03 0.03
Soda bicarbonate 0.1 0.1
Vegetable oil - 2
Salt 0.3 0.3
Phytasec 0.01 0.01
Axtra enzymed 0.01 0.01

Calculated nutrient composition (% as fed-basis)
Metabolizable energy (kcal/kg) 2975 3100
Crude protein 22.0 20.5
Crude fat 2.85 4.75
Crude fiber 3.5 3.5
Calcium 0.9 0.84
Total phosphorus 0.79 0.77
Available phosphorus 0.45 0.4
Lysine 1.22 1.1
Methionine 0.46 0.43
Met+Cys 0.91 0.80
Threonine 0.83 0.73
Tryptophan 0.2 0.18
Arginine 1.28 1.15
Valine 0.89 0.8
Isoleucine 0.77 0.71

Analyzed nutrient composition (%)
Crude protein 22.2 21.3
Ether extract 2.62 4.63
Crude fiber 3.41 3.43
Total ash 4.93 4.82
Calcium 0.9 0.86
Phosphorus 0.79 0.79

a80 mg Fe, 12 mg Cu, 85 mg Mn, 60 mg Zn, 0.8 mg I, 0.1 mg Se, 125 
mg anti-oxidant mixture.
b12,000 IE retinol, 2,400 IE cholecalciferol, 50 mg DL-alpha-tocoph-
erol, 1.5 mg menadione, 2.0 mg thiamine, 7.5 mg riboflavin, 3.5 mg 
pyridoxine, 20 μg cyanocobalamin, 35 mg niacin, 12 mg D-pantothenic 
acid, 460 mg choline chloride, 1.0 mg folic acid, and 0.2 mg biotin. 
cRonozyme® HiPhos GT (Phytase 10,000 FTU/g); DSM Nutritional 
Products Ltd., Switzerland. dAxtra® XAP (endo-1,4-beta-xylanase, 
20,000 U/g; alpha-amylase 2000 U/g; protease 40,000 U/g); Danisco 
Animal Nutrition/DuPont, Wilshire, UK.
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0.05) than those of birds fed the CON diet.
Intestinal microbial population

Figure 2 shows the effects of CEO, AjEO, and DEO supple-
mentation on the ileal microbiota, including E. coli, Salmonella, 
and Lactobacillus spp. The counts of E. coli in the ileum were 
significantly decreased (P < 0.05) by supplementation with AGP 
and all EOs, with all EO supplementation conditions except CEO 
(200 mg/kg) and DEO (200 mg/kg) yielding significantly lower 
counts (P < 0.05) than those following AGP supplementation. 
The Salmonella spp. counts were similar to those for E. coli. Sup-
plementation with AGP and all EOs significantly decreased (P < 
0.05) the Salmonella spp. count, with AjEO (400 and 600 mg/kg) 
and DEO (400 and 600 mg/kg) supplementation also affording 
lower counts (P < 0.05) than those following AGP supplementa-
tion. In contrast, supplementation with AGP or any EO did not 
alter (P > 0.05) the Lactobacillus spp. counts.
Intestinal morphology

Figure 3 shows the effects of CEO, AjEO, and DEO supple-
mentation on VH, CD, and VH:CD in the duodenum, jejunum, 
and ileum in the small intestine of broilers. The duodenum exhib-
ited increased VH for birds fed diets supplemented with AGP and 
all EOs (P < 0.05), except CEO (600 mg/kg) and AjEO (600 mg/
kg), in comparison to that for birds fed the CON diet; however, 
the CD did not differ between either the AGP or EO group and 
the control group, and was not affected by the EO concentration 
within each group (Fig. 3a). VH:CD was significantly increased 
by CEO (200 and 400 mg/kg), AjEO (400 mg/kg), and DEO (400 
mg/kg) supplementation (P < 0.05) but not by supplementation 
with AGP.

The jejunum showed increased VH for birds fed diets supple-
mented with any EO (P < 0.05), except CEO (600 mg/kg) and 
DEO (400 and 600 mg/kg), but not with AGP, compared to that 
for birds fed the CON diet; however, CD remained unaffected 
by any treatment (P > 0.05) (Fig. 3b). VH:CD increased (P < 
0.05) in the CEO (200 and 400 mg/kg) groups compared to that 
in the control group. Increased VH was observed in the ileum 
only following CEO (200 mg/kg) and DEO (400 mg/kg) supple-
mentation (P < 0.05) in comparison to that for birds fed the CON 
diet; the AGP diet had no effect. CD and VH:CD ratios remained 
unaffected (Fig. 3c).
Immune organ indices and humoral immunity

Table 4 shows the effects of CEO, AjEO, and DEO supple-
mentation on immune organs such as the spleen, thymus, and 
bursa, as well as antibody titers against NDV and IBV. The 
spleen, thymus, and bursa indices, expressed as percentages of 
slaughter BW, were not affected by supplementation with AGP 
or any EO (P > 0.05), except for DEO (400 mg/kg) supplemen-
tation, in which the bursa index was higher (P < 0.05) than that 
in the CEO (600 mg/kg) group. In contrast, the antibody titer 
against NDV was not altered by AGP supplementation but was 
increased by CEO (600 mg/kg), AjEO (400 and 600 mg/kg), 
and DEO (600 mg/kg) (P < 0.05). Similarly, the antibody titers 
against IBV were also increased by EO supplementation: CEO 
(600 mg/kg), AjEO (600 mg/kg), and DEO (200, 400, and 600 
mg/kg) (P < 0.05), but not by AGP supplementation. CEO (600 
mg/kg) yielded the highest antibody titer within the CEO groups.
Meat quality

Table 5 shows the effects of CEO, AjEO, and DEO supple-

Table 2. Effect of coriander, ajwain, and dill seed essential oil supplementation on final body weight, average daily gain, 
average daily feed intake, and feed conversion ratio of broiler chickens from 1 to 35 days of age

Effect CON AGP
Supplement (mg/kg) in diet

SEM P-valueCEO (mg/kg) AjEO (mg/kg) DEO (mg/kg)
200 400 600 200 400 600 200 400 600

Final BW (g) 1967d 2153bc 2167bc 2299a 2139bc 2231ab 2104c 2068cd 2244ab 2079c 2151bc 16.4 <0.001
ADG (g/d)
d 1 to 14 30.8e 33.6bcd 34.1abcd 35.2abc 33.1d 35.4ab 33.1cd 33.2cd 36.0a 33.3cd 33.6bcd 0.25 <0.001
d 15 to 28 64.0e 70.9abcd 70.3abcd 74.7a 72.1abc 73.3ab 69.6abcde 65.6de 71.9abc 67.3cde 68.6bcde 0.68 <0.001
d 29 to 35 73.2b 80.6ab 82.4ab 90.6a 77.2ab 83.1ab 76.9ab 79.6ab 86.7ab 77.8ab 84.9ab 1.58 0.033
ADFI (g/d)
d 1 to 14 43.7ab 44.0ab 44.0ab 43.0b 45.4a 43.0ab 42.9b 43.4b 43.6ab 42.8b 44.6ab 0.15 <0.001
d 15 to 28 110.4 110.6 111.2 110.1 110.9 110.3 111.4 110.8 110.6 108.8 112.6 0.22 0.115
d 29 to 35 177.4ab 179.4ab 200.0a 177.5ab 190.5ab 172.0b 182.5ab 175.4b 180.2ab 175.5b 181.2ab 1.71 0.021
FCR (FI/BW)
d 1 to 14 1.42a 1.31bc 1.29bcd 1.22cd 1.38ab 1.21d 1.30bcd 1.31bc 1.21d 1.29bcd 1.33ab 0.01 <0.001
d 15 to 28 1.73a 1.56cde 1.58bcde 1.48e 1.54cde 1.51de 1.61abcd 1.69ab 1.54cde 1.62abcd 1.64abc 0.01 <0.001
d 29 to 35 2.44a 2.23abcd 2.42ab 1.99d 2.51a 2.10cd 2.40abc 2.23abcd 2.09d 2.29abcd 2.14bcd 0.04 <0.018

CON, control; AGP, antibiotic growth promoter; CEO, coriander essential oil; AjEO, ajwain essential oil; DEO, dill seed essential oil; BW, body 
weight; ADG, average daily gain; ADFI, average daily feed intake; FCR, feed conversion ratio.
Values are expressed as means with pooled SEM values, n=6.
a,b,c,d,e: Means sharing the same superscript in a row do not statistically significantly differ (P > 0.05).
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mentation on the quality of breast muscles including pH, color 
(L*, a* and b* values), drip loss, and TBARS of broiler chick-
ens. The pH and color (L*, a* and b*) of breast meat were not 
changed (P > 0.05) by supplementation with AGP or any EO. 
Drip loss was not affected by AGP supplementation but was sig-
nificantly reduced (P < 0.05) by supplementation with CEO (600 
mg/kg), AjEO (200 and 400 mg/kg), and DEO (200 and 600 mg/

kg) than that of the CON group. CEO (600 mg/kg) supplemen-
tation caused the lowest drip loss within the CEO groups. EO 
(but not AGP) supplementation also improved the antioxidant ca-
pacity in breast muscles: dietary EO supplementation with CEO 
(400 and 600 mg/kg), AjEO (200, 400, and 600 mg/kg), and DEO 
(200 and 600 mg/kg) afforded decreased (P < 0.05) TBARS val-
ues. To clarify whether the drip loss of breast muscle is associ-
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Table 3. Effect of coriander, ajwain, and dill seed essential oil supplementation on slaughter body weight and carcass char-
acteristics of broiler chickens from 1 to 35 days of age

Parameter CON AGP
Supplement (mg/kg) in diet

SEM P-valueCEO (mg/kg) AjEO (mg/kg) DEO (mg/kg)
200 400 600 200 400 600 200 400 600

SBW (g) 1923d 2179abc 2159abc 2293a 2135bc 2209ab 2154abc 2034cd 2236ab 2105bc 2183ab 21.2 0.016
Carcass characteristics
Breast (g) 356c 410bc 461abc 563a 498ab 520ab 535ab 526ab 548a 540a 508ab 10.6 <0.001
(% SBW) (18.6) (18.9) (21.4) (24.6) (23.4) (23.5) (24.8) (25.8) (24.6) (25.7) (23.3)
Leg quarter (g) 263ab 321a 261b 278ab 244b 274ab 270ab 262b 267ab 241b 257b 4.2 0.004
(% SBW) (13.75) (14.73) (12.07) (12.12) (11.45) (12.43) (12.57) (12.92) (11.97) (11.45) (11.75)
Gizzard (g) 30.0 31.4 32.0 32.1 30.0 33.9 32.3 39.1 32.4 33.2 33.0 0.61 0.104
(% SBW) (1.57) (1.44) (1.48) (1.40) (1.40) (1.54) (1.50) (1.93) (1.45) (1.58) (1.52)
Heart (g) 9.77b 12.3ab 12.8ab 12.6ab 11.6ab 14.5a 13.1a 11.8ab 13.5a 12.6ab 12.3ab 0.23 0.002
(% SBW) (0.51) (0.57) (0.59) (0.55) (0.54) (0.66) (0.61) (0.58) (0.6) (0.6) (0.57)
Liver (g) 56.2 58.9 60.6 51.0 52.3 61.2 58.6 55.4 57.2 56.7 53.0 0.92 0.290
(% SBW) (2.93) (2.71) (2.81) (2.23) (2.46) (2.78) (2.73) (2.73) (2.57) (2.7) (2.43)
Abdominal fat (g) 37.2 36.6 41.7 37.4 38.3 39.5 37.4 42.6 41.2 36.2 35.7 0.95 0.869
(% SBW) (1.93) (1.68) (1.93) (1.63) (1.81) (1.79) (1.73) (2.09) (1.84) (1.72) (1.63)

CON, control; AGP, antibiotic growth promoter; CEO, coriander essential oil; AjEO, ajwain essential oil; DEO, dill seed essential oil; SBW, slaughter 
body weight; (% SBW), percentage of slaughterhouse body weight. Values are expressed as means with pooled SEM values, n=6.
a,b,c,d: Means sharing the same superscript in a row do not statistically significantly differ (P > 0.05).

Fig. 2. Effect of dietary supplementation with CEO, AjEO, and DEO on viable bacterial counts (log10 CFU/g) in the ileal 
digesta of broiler chickens. (a) Escherichia coli population (log10 CFU/g), (b) Salmonella population (log10 CFU/g), and (c) Lacto-
bacillus population (log10 CFU/g). CON, basal diet; AGP, lincomycin (500 mg/kg); C200, C400, and C600, CEO at 200, 400, and 600 
mg/kg, respectively; A200, A400, and A600, AjEO at 200, 400, and 600 mg/kg, respectively; D200, D400, and D600, DEO at 200, 
400, and 600 mg/kg, respectively. CEO, coriander essential oil; AjEO, ajwain essential oil; DEO, dill seed essential oil; CFU/g, colony 
forming units per gram. One-way analysis of variance E. coli population: SEM = 0.12, P < 0.001; Salmonella population: SEM = 0.07, 
P < 0.001; Lactobacillus population: SEM = 0.05, P = 0.632. Tukey’s honestly significant difference test a,b,c: Different letters show 
significant differences among treatments (P < 0.05). Values are the means ± standard error of the mean (n = 6).
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ated with TBARS, the dependency of drip loss on TBARS was 
investigated. The results showed a positive correlation between 
drip loss and the TBARS value of breast meat of chickens fed the 
CON diet and the values of birds fed the nine diets supplemented 
with the three EOs (CEO, AjEO, and DEO) at 200, 400, and 600 
mg/kg (Fig. 4).

Serum biochemical indices
Table 6 shows the effects of CEO, AjEO, and DEO supple-

mentation on serum biochemical indices, total protein, glucose, 
triglycerides and cholesterol of broiler chickens. The serum total 
proteins, glucose, and triglycerides were not affected by supple-
mentation with AGP or any EO (P > 0.05). In contrast, the serum 
cholesterol concentration was not changed by AGP supplementa-

Fig. 3. Effect of dietary supplementation of CEO, AjEO, and DEO on duodenal (a), jejunal (b) and ileal (c) morphology [vil-
lus height (VH), crypt depth (CD), VH:CD] of broiler chickens. CON, basal diet; AGP, lincomycin (500 mg/kg); C200, C400, and 
C600, CEO at 200, 400, and 600 mg/kg, respectively; A200, A400, and A600, AjEO at 200, 400, and 600 mg/kg, respectively; D200, 
D400, and D600, DEO at 200, 400, and 600 mg/kg, respectively. CEO, coriander essential oil; AjEO, ajwain essential oil; DEO, dill 
seed essential oil. One-way analysis of variance duodenum: VH (SEM = 13.06, P < 0.001), CD (SEM =3.96, P < 0.001), VH:CD (SEM 
= 0.18, P < 0.001); jejunum: VH (SEM = 19.62, P < 0.001), CD (SEM =3.13, P = 0.09), VH:CD (SEM = 0.16, P < 0.001); ileum: VH 
(SEM = 13.77, P < 0.001), CD (SEM =3.51, P = 0.126), VH:CD (SEM = 0.18, P = 0.148). Tukey’s honestly significant difference test 
a,b,c,d: Different letters show significant differences among treatments (P < 0.05).
Values are the means ± standard error of the mean (n = 6).
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tion but was numerically reduced by supplementation with any 
EO, with several, including CEO (600 mg/kg), AjEO (600 mg/
kg), and DEO (600 mg/kg), affording significant decreases (P < 
0.05) compared to the value in birds fed the CON diet.

Discussion

Previous studies have demonstrated the effects of EOs of 
the Apiaceae family, especially CEO[10] and AjEO[11–13], on 
various performance parameters through in vivo chicken experi-
ments, although data for DEO remains limited. However, none 
of the studies on CEO or AjEO utilized materials with defined 
analytical values, even for the major components, which could 
markedly influence the performance results. Therefore, the pres-
ent study was conducted using EOs for which the chemical com-
position had been determined to robustly establish the viability of 
CEO, AjEO, and DEO as substitutes for AGPs, and to determine 
the optimal dosage for enhancing broiler growth performance, 
intestinal health, and immunity.

The results of this study showed that feeding with a diet sup-
plemented with any concentration (200, 400, or 600 mg/kg) of 

CEO, which contained 56.8% linalool, significantly improved 
the final BW of broilers, similar to the results obtained using 
AGP. This finding is consistent with those obtained by Ghaza-
nfari et al.[10], who reported increased BW gain in broilers fed 
a 0.03% CEO diet. Although the linalool content of CEO was 
not provided in the study[10], other reports mentioned values 
ranging from 66.1 to 75.3%[25–28], which are relatively close 
to the value obtained in our study. Supplementation with 200 and 
400 mg/kg AjEO containing 68.2% thymol also significantly in-
creased the final BW. This result aligns with those from Falaki 
et al.[11], who used a 0.015% AjEO diet, but differs from the 
results in Chowdhury et al.[12], obtained using a 0.04% AjEO 
diet. These discrepancies may be attributed to variations in thy-
mol content in AjEO, which was reported to range from 15.5 to 
67.4% in previous studies[14,29–31], implying that the feeding 
level of the AjEO diet in the latter experiment[12] may have 
resulted in underdosing of thymol. Furthermore, we found that 
feeding a diet supplemented with any concentration (200, 400, 
and 600 mg/kg) of DEO, containing 41.1% carvone and 19.9% 
d-limonene, significantly improved the final BW. To our knowl-
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Table 4. Effects of coriander, ajwain, and dill seed essential oil supplementation on immune organ indices and humoral im-
munity in broiler chickens

CON AGP
Supplement (mg/kg) in diet

SEM P-valueCEO (mg/kg) AjEO (mg/kg) DEO (mg/kg)
200 400 600 200 400 600 200 400 600

Immune organs (% SBW)
Spleen 0.15 0.13 0.17 0.15 0.15 0.19 0.12 0.18 0.16 0.17 0.15 0.01 0.683
Thymus 0.34 0.37 0.34 0.35 0.34 0.35 0.35 0.35 0.36 0.35 0.36 0.01 0.426
Bursa 0.15ab 0.16ab 0.17ab 0.19ab 0.14b 0.18ab 0.15ab 0.18ab 0.20ab 0.23a 0.20ab 0.01 0.029
Humoral immunity
NDV 3.00b 3.33b 3.67b 5.00ab 6.00a 4.67ab 6.33a 6.33a 3.67b 4.00ab 6.00a 0.19 0.006
IBV 1477c 1968abc 1438c 1762bc 3046a 2101abc 2144abc 2777ab 2814ab 2854ab 2804ab 96.1 0.014

CON, control; AGP, antibiotic growth promoter; CEO, coriander essential oil; AjEO, ajwain essential oil; DEO, dill seed essential oil; NDV, New-
castle disease virus; IBV = infectious bronchitis virus; (% SBW), percentage of slaughterhouse body weight. Values are expressed as means with 
pooled SEM values, n=6. a,b,c: Means sharing the same superscript in a row do not statistically significantly differ (P > 0.05).

Table 5. Effect of coriander, ajwain, and dill seed essential oil supplementation on the breast meat quality of broiler chickens

Meat quality CON AGP
Supplementation (mg/kg) in diet

SEM P-valueCEO (mg/kg) AjEO (mg/kg) DEO (mg/kg)
200 400 600 200 400 600 200 400 600

pH 5.77 5.8 5.85 5.69 5.83 5.68 5.74 5.75 5.88 5.83 5.84 0.01 0.296
L* 54.3 54.1 53.7 52.5 54.4 52.7 54.4 54.6 55.1 54.7 53.4 0.24 0.375
a* 11.8 12.4 11.4 11.7 12.5 12.6 11.5 11.5 12.5 11.8 12.6 0.12 0.165
b* 12.4 13.4 12.2 13.8 13 13.4 13.8 12.1 12.1 14.1 13.2 0.17 0.124
Drip loss (%) 3.19a 2.96ab 3.19a 3.08a 2.44cd 2.36d 2.59bcd 2.89abc 2.51bcd 3.32a 2.59bcd 0.05 <0.001
TBARS  
(mg MDA/kg tissue) 0.207a 0.172abc 0.178ab 0.136bcd 0.115cd 0.094d 0.114cd 0.133bcd 0.103d 0.180ab 0.145bcd 0.01 <0.001

CON, control; AGP, antibiotic growth promoter; CEO, coriander essential oil; AjEO, ajwain essential oil; DEO, dill seed essential oil. Values are 
expressed as means with pooled SEM values, n=6.
a,b,c,d: Means sharing the same superscript in a row do not statistically significantly differ (P > 0.05).
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edge, this is the first evidence of the beneficial effects of dietary 
DEO. Considering that previous in vivo studies reported the 
toxic effects of carvone, regardless of DEO characteristics such 
as promising antioxidant, antimicrobial, anti-inflammatory, and 
antitumor properties[32,33], our finding provides new insights 
regarding potential ingredients for AGP alternatives.

Growth is a complex process involving not only metabolism 
but also the digestion and absorption of nutrients, which are 
closely related to gut health. Intestinal morphology and micro-
biota balance are key parameters for evaluating gut health. The 
small intestine, which comprises the duodenum, jejunum, and 
ileum, is the main absorption site and contains a series of finger-
like projections, termed villi, that greatly increase the surface 
area available for nutrient absorption. The present results showed 

that AGP treatment did not improve the VH and VH:CD in the 
duodenum, jejunum, and ileum, except for the VH in the duo-
denum. However, CEO supplementation at 200 and 400 mg/kg 
significantly improved the VH and VH:CD in the duodenum and 
jejunum, and CEO supplementation at 200 mg/kg improved the 
VH in the ileum, suggesting that dietary CEO supplementation 
exerts positive effects on the gut morphology of broiler chickens.

In terms of microbiota balance, similar to the results following 
AGP treatment, any level of CEO supplementation prevented the 
growth of E. coli and Salmonella, whereas that of Lactobacillus 
remained unaffected. Our results regarding intestinal morphol-
ogy and intestinal microbiota are consistent with the findings by 
Ghazanfari et al.[10], who reported improved duodenal, jejunal, 
and ileal morphology in broilers fed a 0.03% CEO diet, and re-

Fig. 4.  Dependency of drip loss on the TBARS value of breast meat in chickens fed CEO, AjEO, and DEO. CON, basal diet; 
C200, C400, and C600, CEO at 200, 400, and 600 mg/kg, respectively; A200, A400, and A600, AjEO at 200, 400, and 600 mg/kg, 
respectively; D200, D400, and D600, DEO at 200, 400, and 600 mg/kg, respectively. TBARS, thiobarbituric acid reactive substance; 
CEO, coriander essential oil; AjEO, ajwain essential oil; DEO, dill seed essential oil. Correlation analysis was conducted between the 
raw data of drip loss and TBARS using bivariate fit model in JMP Pro 16 (SAS Institute, Cary, NC, USA), and the treatment means 
were used to graph the data in Microsoft Excel 2016 (Microsoft Corporation, Redmond, WA).
Values are the means ± S.E. of data from six individual measurements in each group.

Table 6. Effect of coriander, ajwain, and dill seed essential oil supplementation on the serum biochemical indices of broiler chickens

Serum trait CON AGP
Supplement (mg/kg) in diet

SEM P-valueCEO (mg/kg) AjEO (mg/kg) DEO (mg/kg)
200 400 600 200 400 600 200 400 600

Total proteins 3275 3050 3398 3067 3092 3432 3295 3167 3022 3039 3268 37.9 0.16
Glucose 212 217 227 240 226 244 216 218 228 212 207 3.86 0.625
Triglycerides 117 131 96.3 101 118 116 124 89.6 110 102 104 2.89 0.054
Cholesterol 194a 189ab 141abc 144abc 136bc 165abc 153abc 132c 163abc 148abc 139bc 4.03 0.002

CON, control; AGP, antibiotic growth promoter; CEO, coriander essential oil; AjEO, ajwain essential oil; DEO, dill seed essential oil.
Values are expressed as means with pooled SEM values, n=6.
a,b,c: Means sharing the same superscript in a row are not statistically significant (P > 0.05).



10

duced E. coli and unchanged Lactobacillus counts in broilers fed 
0.02 and 0.03% CEO diets. Notably, although numerous studies 
have demonstrated antimicrobial efficacy in vitro[7,9], experi-
mental in vivo evidence is limited. Using the same batch of CEO 
as employed in the present study, we have previously shown that 
CEO exerts antibacterial effects by measuring the zone of inhibi-
tion and minimum inhibitory concentration against E. coli and 
S. gallinarum[9]. The present findings of antibacterial activity in 
vivo confirmed those of Ghazanfari et al.[10] and extended them 
to include the possibility of extrapolation of in vivo effects from 
in vitro studies. These main effects of CEO on antibacterial activ-
ities and gut health may be attributed to linalool, which is a major 
bioactive component (56.8%) of CEO. In particular, linalool has 
been confirmed as a potent antimicrobial agent that causes dam-
age to the membrane of pathogenic microbes leading to reduction 
in the bacterial count[34–36], and it can also enhance the VH in 
broiler intestine and the activity of digestive enzymes, possibly 
improving the digestibility and absorption of nutrients[34].

AjEO supplementation at 400 mg/kg improved VH:CD in 
duodenum. Moreover, AjEO supplementation reduced E. coli 
and Salmonella spp. counts in the intestine, although the Lacto-
bacillus count remained unchanged, which is consistent with the 
previously reported in vitro antibacterial potential of AjEO[9]. 
Considering that thymol, a major bioactive component of AjEO, 
has been shown to exert antimicrobial activity against E. coli and 
Salmonella[37,38] through its lipophilic properties[37], this com-
pound may exert significant effects on the gut health of broilers. 
However, the present results of morphological and antibacterial 
changes contrast with those reported by Chowdhury et al.[13], 
who also provided data on growth performance inconsistent with 
the results of the present study, possibly owing to a much lower 
thymol content than that (68.2%) of the AjEO evaluated herein.

Furthermore, DEO supplementation at all concentrations 
improved the VH, and at 400 mg/kg improved VH:CD in the 
duodenum. Additionally, DEO supplementation at 200 and 400 
mg/kg, led to improvement in VH in the jejunum, and ileum, 
respectively. Similar to the results obtained for CEO and AjEO 
in the current study, all levels of DEO supplementation resulted 
in a reduction in E. coli and Salmonella spp. populations in the 
intestines of broilers but had no effect on the Lactobacillus count. 
These in vivo results parallel the findings of our previously pub-
lished in vitro study[9], in which DEO significantly inhibited the 
growth of E. coli and S. enteritidis. These correlations between 
the in vitro and in vivo results are plausible based on the func-
tion of the major bioactive compound in DEO, carvone, which 
is an extremely potent antimicrobial agent that directly targets 
the cell membrane of bacterial species, disrupts its integrity, and 
increases its permeability[39]. As in vivo data on DEO are lack-
ing in broiler chickens, the improvements in gut health observed 
in the present study in the context of accurate analytical values 
for DEO provide valuable insights regarding its potential as an 
alternative to AGPs.

In this study, we evaluated immune organ indices and serum 
antibody titer responses to NDV and IBV vaccine antigens to 

assess humoral immunity in broilers. The immune organ indices 
were not affected by either AGP or EO supplementation, except 
in the thymus of birds fed a diet containing 400 mg/kg DEO. 
AGP did not increase the specific antibody titers against either 
NDV or IBV compared to those in birds fed the CON diet. How-
ever, supplementation with 600 mg/kg CEO, AjEO, or DEO im-
proved antibody titers against both viruses. Furthermore, even 
at lower doses, AjEO supplementation at 400 mg/kg and DEO 
supplementation at 200 and 400 mg/kg increased antibody titers 
against NDV and IBV, respectively. To our knowledge, virtually 
no data are available to confirm humoral immunity in response 
to CEO, AjEO, or DEO, except for those reported by Chowdhury 
et al.[13], who found an improved response against NDV follow-
ing AjEO supplementation at 400 mg/kg in broilers. Our results 
confirmed the effectiveness of AjEO on humoral immunity, al-
though some discrepancies exist in the growth performance and 
gut health between the two studies. As suggested by Nameghi et 
al.[40], bioactive compounds of EOs can act as strong antioxi-
dants and may help maintain the structural integrity of immune 
cells; thus, the positive effects of EOs on humoral immunity ob-
served in the present study may be ascribed to their antioxidant 
properties. This is further supported by our prior in vitro findings 
that the CEO, AjEO, and DEO used in the present study exhibit 
significant antioxidant activities including peroxide value, TBA, 
DPPH, and oxidative stability index[9]. Notably, antioxidant ef-
fects of the EOs in vivo are not only due to direct antioxidant 
action but also involve the induction of antioxidant enzymes, 
such as catalase and superoxide dismutase[8,41]. Given that the 
bioactive compounds linalool in CEO, thymol in AjEO, and car-
vone in DEO are responsible for the antioxidant properties of 
these EOs[42–44], further investigation at the molecular level is 
needed to elucidate the detailed mechanism by which each EO 
stimulates immune responses in broilers.

In conjunction with the antioxidant properties of the EOs, the 
TBARS value of breast meat decreased in all EO supplemen-
tation groups, except CEO supplementation at 200 mg/kg and 
DEO supplementation at 400 mg/kg, whereas it remained unaf-
fected by AGP. The changes in TBARS values caused by EO 
supplementation were reflected in the drip loss, although signifi-
cant reduction in drip loss was not obtained in some groups de-
spite a significant reduction in TBARS (Table 5). With regard to 
whether oxidative damage to muscles is involved in the degree 
of tissue drip loss, Adeyemi et al.[45] and Hazrati et al.[46] sug-
gested that drip loss in breast meat can be improved by enhancing 
antioxidant stability, as higher drip loss is associated with protein 
and lipid deterioration owing to oxidative processes. Consistent 
with this, our study showed a positive correlation between the 
TBARS value and drip loss levels (Fig. 4), suggesting that the 
antioxidant properties of the tested EOs play an important role in 
the downregulation of drip loss in the muscle of chickens. To the 
best of our knowledge, these findings provide the first evidence 
that these EOs can improve meat quality, likely by reducing ox-
idative damage. It should be further noted that reduced serum 
cholesterol concentration consequent to supplementation with 
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any EO at high concentration could help reduce cardiovascular 
risk and lower cholesterol content in meat if the concentration of 
cholesterol mainly reflects low-density lipoprotein levels. Given 
that linalool in CEO, thymol in AjEO, and carvone in DEO act 
as inhibitors of hepatic 3-hydroxy-3-methylglutaryl coenzyme A 
reductase activity, thereby affording cholesterol-lowering prop-
erties[44,47,48], the use of these EOs may be desirable as feed 
additives for both producers and consumers to provide healthy, 
resilient chickens.

Thus, this study demonstrated that feeding diets supplement-
ed with EOs for 35 days generally led to improvements in growth 
performance, intestinal health, meat quality, and humoral immu-
nity in broilers. Detailed review of growth performance revealed 
that the ADG was also improved by supplementation with any 
EO, albeit in a manner dependent on the growth phase (Table 
2); in particular, the ADG of birds in the later phase was less 
profoundly affected by EO supplementation, implying that the 
beneficial effects on feed efficiency of any EO would be reduced 
in older chickens. One possible reason for the limited effects of 
EO supplementation on ADG in older birds could be the extreme 
deficiency of antioxidant agents in supplemented EOs. However, 
the lack of observed improvement in ADG in older birds that were 
fed EOs at higher concentrations does not support this possibil-
ity. Alternatively, considering that the fractional turnover rate of 
proteins in the body is much higher in the early stages than in the 
later stages[49], it can be hypothesized that younger chicks re-
quire more resilient intestines to efficiently absorb nutrients and/
or a more efficient process of producing antioxidant molecules 
to scavenge the superoxide produced by protein turnover-related 
oxidative metabolism. These requirements in younger birds may 
be fulfilled by EO supplementation. Further studies focusing on 
the effect of EO supplementation on the age-dependent growth 
performance of chicks are needed to support this hypothesis. Ad-
ditional studies are also needed to clarify the detailed mechanism 
underlying the growth-enhancing effect of EO supplementation 
in young chicks.

In conclusion, final BW was improved by supplementation 
with not only AGP but also any EO except AjEO at 600 mg/kg; 
in particular, supplementation with CEO at 400 mg/kg, AjEO 
at 200 mg/kg, and DEO at 200 mg/kg yielded the best growth 
performance within each EO group. EO supplementation exerted 
beneficial effects on gut morphology, such as increased VH and 
VH:CD in the duodenum, increased VH in the jejunum and il-
eum, and against harmful microbiota, such as the reduction of E. 
coli and Salmonella spp. populations. Furthermore, EO supple-
mentation enhanced not only humoral immunity but also meat 
quality, as evidenced by reduced drip loss, likely owing to the 
associated antioxidant properties. Therefore, it can be concluded 
that any of the tested EOs may play a pivotal role in replacing 
AGPs in broilers. However, additional studies are needed to as-
sess the mechanism of action of each EO on the growth perfor-
mance of broilers, as greater improvement in feed efficiency is 
obtained when younger chicks are provided EO–supplemented 
feed.
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