
Influence of phytogenics (clove, garlic, and Pawpaw) on growth, gut health and immune status of broiler chickens 
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ABSTRACT 
The study assessed the growth performance, gut health, immune response, and antioxidative status of broiler chickens fed Clove Meal (CL), Garlic Meal (GA), and Pawpaw Leaf Meal (PLM) in diets.
Three hundred and sixty 1-day old Ross 308 broiler chicks were randomly assigned into nine dietary treatments  in a completely randomised design. Each treatment had five replicates with eight birds per replicate. Treatments 1 and 2 were fed basal diets designating as; positive control (vaccinated) and negative control (not vaccinated), while diets of treatment 3 to 9 contained 0.15%CL, 0.25%GA, 3.0%PLM, 0.15%CL+0.25%GA, 0.15%CL+3.0%PLM, 0.25%GA+3.0%PLM, 0.15%CL+0.25%GA+3.0%PLM, respectively. Growth performance indices (ADW, ADFI and FCR,) were measured. At day 35, intestinal and blood samples were collected according to established guidelines. The resulting data were analysed using descriptive statistics and ANOVA to compare means.
Birds fed phytogenic had lower FCR compared with the control groups with exception of birds fed 0.15% CL (1.61) and 0.25% GA (1.61). Birds fed with  phytogenic and positive control  had higher villi height than those fed negative control (2209.80µm). Birds fed 0.15%CL+0.25GA+3%PLM had higher Glutathione Peroxidase concentration (16.33units/mg protein), Glutathione S Transferase (64.16units/mg protein), Superoxide Dismutase (7.28units/mg protein), and Total Antioxidant Capacity (4.11units/mg protein) compared to other treatments.
Basal diet with a combination of 0.15% clove, 0.25% garlic and 3% pawpaw leaf meals improved the FCR, gut morphology,glutathione peroxidase concentration and total antioxidant capacity.
From the data obtained, 3% pawpaw leaf meal (PLM) appears optimal among the tested levels. 
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1. INTRODUCTION
Farms in commercial and large-scale broilers production systems face one of the biggest problems of ensuring the optimal health of the birds at minimum cost of production.
Various measures have been embraced to improve the health and productivity of poultry over the years including vaccination programs and synthetic drugs. Nevertheless, there have been a number of concerns raised by the on-going and even unselective use of antibiotics which include the occurrence of drug residues in meat and meat products, the rise of antibiotic resistance, and in some instances failure of vaccines. These have brought up peeved public health issues and also increased the interest in safer and more sustainable options to poultry nutrition and management.
There has been increasing search for effective and safe alternatives. Some researchers have proposed the use of phytogenics, bacterial phages, prebiotics, probiotics, eubiotics and organic minerals as alternatives to antibiotics in the production of livestock (Nguyen et al., 2020). Nonetheless, the application of these plant-derived compounds as strategic nutritional interventions to protect the health of poultry, promote their innate immunity, and maintain their productivity nowadays is seen as the key to the safety and healthy consumption of the products obtained due to the poultry (Muhammad et al., 2025). Phytogenic compounds are secondary plant metabolites that are accountable towards the colour and smell of plants (Liu et al., 2018). They are also endowed with different bio-active compounds including thymol, eugenol, carvacrol, cineole, capsaicin among many others that have antifungal, antibacterial, antioxidant and antiviral effects (Yang et al., 2019). Many researchers have also reported that they have positive effects on antimicrobial, antiviral, anti-inflammatory, antioxidative, growth-promoting, and immunomodulatory in livestock (Yang et al., 2019). The mono effects of these phytogenics are well-chosen, and the lack of information about their joint application is very evident. There is a possibility of synergistic actions whereby the overall effect of two or more phytogenics is highly-influenced as compared to the overall effect of the individual ones, which is still under-explored. As a result, there is no detailed information on the effectiveness of particular phytogenic blends in the scientific community to serve as synergistic agents that can be used to improve growth performance, increase antioxidant status, and enhance strong immune response in broiler chicken. These combinatorial effects are thus a necessary step to elucidate in the optimisation of natural strategies in using poultry production as a way of sustainable and effective production. 
 The objective of the present research was to determine the effects of the clove (Syzgium aromaticum), garlic (Allium sativum) and pawpaw (Carica papaya) leaf-supplemented diets in terms of growth performance, antioxidative potential, and immunological response of the broiler chicken.


2. MATERIAL AND METHODS 
This research was conducted at UPTOWN’S farm at Ayegun, Olomi road, Academy, Ibadan, Oyo state.
2.1 STUDY DURATION
 35 days.
2.2 SAMPLE PREPARATION
Clove (Syzgium aromaticum), garlic (Allium sativum) and pawpaw (Carica papaya) leaves were purchased from nearby market in Ibadan, dried till constant weight were achieved while fresh pawpaw leaves were sourced from University of Ibadan premises. They were air-dried for 30 days. The ingredients were milled to pass through 1mm sieve and stored at room temperature in air-tight containers until use.

2.3 EXPERIMENTAL DESIGN
 Three hundred and sixty one-day old Ross 308 broiler chicks were sourced from a reputable hatchery in Ibadan Oyo state, Nigeriaand subjected to individual weighing and tagging.Treatment were prepared as foolow;
T1 – Basal diet with no phytogenic plant (Vaccinated, Positive Control)
T2 - Basal diet with no phytogenic plant (Unvaccinated, Negative Control)
T3 – Basal diet + 3.00% Pawpaw Leaf Meal (PLM)
T4 – Basal diet + 0.15% Clove Meal (CM) 
T5 – Basal diet + 0.25% Garlic Meal (GM)
T6 – Basal diet + 3.00% PLM + 0.15% CM
T7 – Basal diet + 3.00% PLM + 0.25% GM
T8 – Basal diet + 0.15% CM + 0.25% GM
T9 – Basal diet + 3.00% PLM + 0.15% CM + 0.25% GM


2.4 PROCEDURE AND METHODOLOGY 
 The birds were managed according to standard practices. After arrival of the chicks, they were subjected to individual weighing, tagging, after which they were allotted into nine dietary groups comprising five replicates of eight birds each, in a completely randomised design. The birds were not vaccinated with the exception of the positive control group. Throughout the five-week experimental period, the birds were provided access to feed and water without restrictions.
Upon conclusion of the feeding trial, blood samples were collected from all animals via jugular venipuncture following a 12-hour fasting period. Whole blood was preserved in K₃EDTA (Tripotassium ethylenediaminetetraacetic acid) vacutainers, while serum samples were obtained using non-heparinised tubes, allowed to clot for 30 minutes at room temperature, and centrifuged at 3,000 × g for 15 minutes at 24 °C (WHO, 2010). All biological samples were immediately frozen at -20 °C pending further analysis and also a standardised histological procedure was employed to evaluate intestinal morphometry. Three birds per treatment group were randomly selected and euthanised for intestinal sampling. The small intestine was excised and flushed with sterile phosphate-buffered saline (PBS) to remove luminal contents. Segments (3–4 cm) were aseptically collected from the duodenum, jejunum (pancreatic loop to Meckel’s diverticulum), and ileum (Meckel’s diverticulum to the ileo-ceco-colic junction) for histological assessment following the method of Giannenas et al. (2011).
University of  Ibadan Animal care and Research ethics committee Number was obtained for the research (UI-ACUREC/090-0525/29).



2.6 STATISTICAL ANALYSIS 
Data were analysed using ANOVA (SAS, 2020) and differences between treatment means differences were separated using Duncan Multiple Range Test (P<0.05).


3. RESULTS AND DISCUSSION

Growth performance
Phytogenics were documented to improve growth performance by enhancing nutrient digestibility, gut health, and immune function. In the present study, the inclusion of 3% Pawpaw (Carica papaya) Leaf Meal (PLM) in the diet resulted in a significantly higher Average Daily Gain (ADG) of 52.85g and improved Feed Conversion Ratio (FCR) of 1.48. The synergistic effect of combining PLM with garlic was further demonstrated, as the unit receiving PLM supplemented with 0.25% garlic achieved the optimal FCR of 1.41. In a simple contrast, the negative control group, which received no supplementation, vaccination, or medication, exhibited the poorest performance metrics in both ADG and FCR. Statistical analysis confirmed that these observed differences in growth performance were significant (P<0.05). These findings are consistent with the existing scientific literature Omidiwura et al. (2020) and Oloruntola (2019), that at a 3% PLM inclusion rate growth performance is enhanced and the gut health without adverse effects. The positive outcomes associated with low-level garlic and clove supplementation which is supported with some previous research. For instance, studies on clove essential oil or powder, by Al-Mufarrej et al. (2019), document dose-dependent improvements in weight gain and FCR at low concentrations (e.g., 100–300 mg/kg), while at higher inclusion rates may depress performance. Similarly, variable outcomes are reported for garlic, which often depend on its dose and formulation. A consensus, supported by researchers like Ismail et al. (2021), indicates that moderate inclusion rates can yield significant immune-modulatory and growth-promoting benefits.
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[bookmark: _jopsmmy0qq94]Table 1:	Effect of Clove, Garlic, and Pawpaw Leaf Meals Supplementation on Growth performance of Broiler Chicken 
	Parameters
	PC
	NC
	0.15% CL
	0.25% GA
	3%
PLM

	0.15%CL+ 0.25%GA
	0.15%CL
+3%PLM
	3%PLM+ 0.25%GA
	0.25%CL
+0.15%GA
+3%PLM
	SEM
	P-Value

	IBW (g)
	40.28
	40.18
	39.98
	40.20
	40.14
	40.10
	40.06
	39.90
	40.16
	0.07
	0.975

	ADWG (g)
	47.93abc
	44.22c
	47.31bc
	47.94abc
	52.85a
	50.51ab
	50.91ab
	52.52ab
	51.82ab
	0.65
	0.011

	ADFI (g)
	78.65
	77.96
	75.66
	77.15
	78.23
	74.90
	75.31
	73.69
	79.61
	0.91
	0.864

	FCR 
	1.65ab
	1.78a
	1.61ab
	1.61ab
	1.48c
	1.49c
	1.48c
	1.41c
	1.54c
	0.03
	0.035


a,b,c Means in the same row with different superscripts differ (P<0.05), FCR: Feed Conversion Ratio, ADFI: Average Daily Feed Intake, ADGW: Average Daily Gain Weight, IBW: Initial Body Weight, NC: Negative Control, PC: Positive Control, SEM: Standard Error of Mean, CL: Clove Meal, GA: Garlic, PLM: Pawpaw Leaf Meal.





Intestinal Morphology
Intestinal morphology data provide insight on how diet affects absorptive surfaces, gut health and nutrient uptake. In this research, inclusion of CL, GA and PLM significantly affected several parameters such as villus height (VH), villus width (VW), crypt depth (CD), muscle thickness (MT), and the villus height:crypt depth (VH/CD) ratio. Birds on the negative control had the lowest villi height (2.21) and lowest VH/CD ratio (3.80). In contrast, birds on supplemented treatments had significantly higher villi height (up to 3.19) and markedly improved VH/CD ratios (up to 7.03). The improved morphology suggests enhanced absorptive capacity, longer villi provide greater surface area for nutrient absorption, and shallow crypts indicate lower epithelial cell turnover and less stress related tissue renewal (Uni et al., 2020) 
These morphological improvements likely underlie the better growth performance in supplemented birds. The improved VH/CD ratio is of particular interest; higher ratios are widely considered to signify healthier and more efficient intestines (Hashemi and Davoodi, 2011). The fact that crypt depth was reduced in combining treatments, as seen in 0.15 % CL + 0.25 % GA + 3 % PLM had a CD of 4.35, the lowest in the study, which further confirms the improved gut health. The mechanisms by which CL, GA and PLM improve morphology may include antimicrobial effects reducing pathogen load, antioxidant effects reducing epithelial oxidative damage, and stimulation of digestive enzyme secretion. For instance, allicin (from garlic) and eugenol (from clove) have been shown to promote gut health by modulating microbiota and reducing inflammation (Abd El-Hack et al., 2022). The pawpaw leaf meal may add further benefits via proteolytic enzymes (papain) and bioactive phenolics supporting gut integrity and nutrient absorption(Chaijan et al., 2024).
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[bookmark: _6okk68lamr7]Table 2: Influence of clove, garlic, and pawpaw leaf meals on gut morphology of broiler chickens
	Parameters
	PC
	NC
	0.15% CL
	0.25% GA
	3%
PLM

	0.15%CL+ 0.25%GA
	0.15%CL
+3%PLM
	3%PLM+ 0.25%GA
	0.25%CL
+0.15%GA
+3%PLM
	SEM
	P-Value

	VH (µm)
	2707.50a
	2209.80b
	2723.50a
	3123.70a
	3036.50a
	3027.40a
	3186.20a
	2809.10a
	2898.60a
	71.358
	0.018

	VW (µm)
	271.94b
	222.60b
	271.24ab
	308.22a
	305.62a
	300.33a
	317.34a
	282.2a
	291.8a
	7.195
	0.041

	CD (µm)
	678.84a
	580.50b
	587.78b
	636.73ab
	557.09b
	474.83c
	631.40ab
	478.97c
	434.76c
	21.229
	0.049

	CW (µm)
	272.23
	223.19
	268.80
	312.60
	306.90
	300.49
	266.04
	284.05
	291.84
	8.826
	0.410

	MT (µm)
	273.56de
	293.99cd
	297.45cd
	332.18ab
	261.23e
	313.29bc
	311.43bc
	362.96a
	345.19a
	8.128
	0.030

	VH/CD
	4.01c
	3.80c
	4.72bc
	4.91bc
	5.45abc
	7.03a
	5.08abc
	5.87abc
	6.73ab
	0.270
	0.023


abc Means along the same row with different superscripts are significantly different (P < 0.05) SEM: Standard error of mean; 
CD: Crypt Width; CD: Crypt Depth; VW: Villi Width; VH: Villi Height MT: Muscle Thickness; VH/CD: Villi Height to Crypt Depth Ratio



Haematology 
Haematological indices provide insight into the health, immune status and safety of alternative feed additives in broiler production. The haematological indices of broiler chickens fed supplemented diets are shown in Table 3. There were no significant (P>0.05) differences in the haematologial parameters analysed, with the exception of PCV, WBC, and lymphocytes across the treatments. This agrees with previous reports that phytogenic feed additives, when included at appropriate levels, are safe and non-toxic to broilers (Abd El-Hack et al., 2020; Windisch et al., 2008). Birds fed NC and 0.15%CL +0.25% GA had higher PCV (32.00% and 31.67%) than other treatment groups, but were similar to birds 3%PLM (30.67%) and 3% PLM + 0.25%GA (30.67%). Also, birds fed 0.15%CL +0.25% GA had higher WBC (16.37 × 1012 L), than other treatment groups, but were similar to birds fed NC (15.42 × 1012L) and 0.25% GA (15.40 × 1012L). The significant differences observed in packed cell volume (PCV) suggest improved erythrocytic function in birds fed the negative control, clove–garlic combination, and pawpaw leaf meal–based diets. Elevated PCV values within normal physiological ranges are indicative of enhanced oxygen-carrying capacity and absence of anaemia, consistent with findings in broilers fed garlic or pawpaw leaf meal (Oloruntola et al., 2018; Onyimonyi and Ernest, 2009). These effects have been attributed to the haematinic and antioxidant properties of phytochemicals present in these plants.
White blood cell (WBC) counts were highest in birds fed the clove–garlic combination, with comparable values in the negative control and garlic-only diets, suggesting enhanced immune responsiveness. Increased WBC counts within normal limits reflect immunostimulation rather than pathological stress and align with earlier studies demonstrating the immunomodulatory effects of garlic and clove in poultry diets (Corzo-Martínez et al., 2007; Khan et al., 2012).
Higher lymphocytes were recorded for birds fed NC (65.67%), 3%PLM (63.67%), 0.15% CL + 0.25% GA (65.67%), and 3%PLM + 0.25%GA (64.33%). The higher lymphocyte percentages observed in birds fed PLM and phytogenic combinations indicate improved adaptive immune function and reduced physiological stress, corroborating previous findings on the immune-enhancing properties of herbal feed additives (Gross and Siegel, 1983; Oloruntola et al., 2018). 



[bookmark: _ajigc0p3igah]Table 3:	Effects of Clove, Garlic, and Pawpaw Leaf Meals Supplementation on Haematological Parameters of Broiler Chickens
	Parameters
	PC
	NC
	0.15% CL
	0.25% GA
	3%
PLM

	0.15%CL+ 0.25%GA
	0.15%CL
+3%PLM
	3%PLM+ 0.25%GA
	0.25%CL
+0.15%GA
+3%PLM
	SEM
	P-Value

	PCV (%)
	27.67bc
	32.00a
	26.00c
	26.33c
	30.67ab
	31.67a
	28.00bc
	30.67ab
	25.67c
	0.54
	0.001

	Hb (g/dL)
	9.03
	10.30
	8.23
	8.73
	9.60
	10.37
	8.87
	9.90
	8.30
	0.23
	0.158

	RBC (x 106 µL)
	2.75
	3.21
	2.30
	2.67
	3.10
	3.10
	2.67
	3.01
	2.48
	0.11
	0.490

	WBC (x 106 µL)
	14.53bc
	15.42ab
	14.15bc
	15.40ab
	14.15bc
	16.37a
	13.97c
	14.42bc
	14.63bc
	0.19
	0.014

	Platelet (x 106 µL)
	123.00
	113.00
	126.00
	109.33
	123.00
	115.00
	116.00
	116.67
	120.00
	2.15
	0.753

	Lymphocytes (%)
	58.00b
	65.67a
	56.00b
	56.67b
	63.67a
	65.67a
	58.33b
	64.33a
	57.33b
	0.88
	0.000

	Heterophils (%)
	34.67
	28.33
	37.33
	37.67
	30.00
	32.00
	35.33
	30.33
	33.00
	1.16
	0.562

	Monocytes (%)
	2.67
	3.00
	2.33
	2.33
	2.67
	3.00
	3.00
	3.33
	3.67
	0.21
	0.904

	Eosinophils (%)
	4.33
	3.00
	4.00
	3.00
	3.33
	2.33
	3.33
	2.00
	2.67
	0.31
	0.810

	Basophils (%)
	0.33
	0.00
	0.33
	0.33
	0.33
	0.33
	0.67
	0.00
	0.00
	0.09
	0.714


a,b,c Means in the same row with different superscripts differ (P<0.05), WBC: White blood cell, RBC: Red blood cell, Hb: Haemoglobin concentration, PCV: Packed cell volume, NC: Negative Control, PC: Positive Control, SEM: Standard Error of Mean, CL: Clove Meal, GA: Garlic, PLM: Pawpaw Leaf Meal.



Immunoglobulin G and M
Serum immunoglobulins are indicators of humoral immune competence and are commonly used to assess the immunomodulatory effects of phytogenic feed additives in poultry.
The results of the serum biochemical analysis of broiler chickens fed clove, garlic and pawpaw leaf meal supplemented diets are presented in Table 4. Significant (P<0.05) differences were observed in the AST, ALP, Immunoglobulin G and Immunogblobulin M across the experimental birds. Birds fed 0.15% CL + 0.25% GA had lower AST (184.33 μ/L) than other treatments, but was similar to bird fed NC (210.33μ/L). Furthermore, birds fed 0.15% CL +3%PLM had lower ALP (191.67 μ/L). 
However, birds fed 3%PLM had higher Immunoglobulin M (4.70 mg/L) compared to other treatments. Moreover, birds fed 0.15% CL + 0.25% GA +3%PLM had the higher Immunoglobulin G (2.24 mg/L) compared to other treatments.
The highest IgM concentration recorded in birds fed 3% pawpaw leaf meal (PLM) suggests an enhanced primary immune response. IgM is the first antibody produced following antigen exposure and plays a crucial role in early immune defence. The elevated IgM observed in PLM-fed birds aligns with previous reports attributing immunostimulatory effects to pawpaw leaf phytochemicals such as flavonoids, alkaloids and phenolic compounds (Fasuyi, 2004; Oloruntola et al., 2018). This finding suggests that pawpaw leaf meal may enhance early humoral immune activation in broilers.
Birds fed the combined clove, garlic and pawpaw leaf meal diet (0.15% CL + 0.25% GA + 3% PLM) exhibited the highest IgG concentration. IgG is associated with long-term immunity and immunological memory, and its elevation indicates sustained immune protection. The increased IgG response observed in the combined phytogenic treatment suggests a possible synergistic effect of clove, garlic and pawpaw leaf bioactive compounds on antibody production. Similar improvements in IgG levels have been reported in broilers fed herbal mixtures, reflecting enhanced immune competence compared with single-herb supplementation (Abd El-Hack et al., 2020; Khan et al., 2012). 
[bookmark: _5wdmnkd7x5x3]Table 4:	Effects of Clove, Garlic, and Pawpaw Leaf Meals Supplementation on Serum Biochemical Parameters, Immunoglbulin G, and Immunoglobulin M of Broiler Chickens
	Parameters
	PC
	NC
	0.15% CL
	0.25% GA
	3%
PLM

	0.15%CL+ 0.25%GA
	0.15%CL
+3%PLM
	3%PLM+ 0.25%GA
	0.25%CL
+0.15%GA
+3%PLM
	SEM
	P-Value

	TP (g/dL)
	4.03
	4.13
	4.07
	3.87
	5.27
	3.67
	4.17
	4.40
	4.43
	0.12
	0.107

	Albumin(g/dL)
	0.70
	0.70
	0.80
	0.73
	1.17
	0.67
	0.73
	0.9
	0.83
	0.04
	0.089

	Globulin (g/dL)
	3.33
	3.43
	3.47
	3.13
	4.10
	3.20
	3.43
	3.50
	3.60
	0.08
	0.283

	AST (U/L)
	233.00bc
	210.33cd
	238.00bc
	229.33c
	332.00a
	184.33d
	236.67bc
	248.33bc
	275.33b
	8.58
	0.000

	ALT (U/L)
	32.67de
	34.33cde
	35.67cde
	33.67cde
	47.00a
	30.33e
	37.33bcd
	39.67bc
	43.33ab
	1.13
	0.000

	ALP (U/L)
	260.00bc
	219.33cd
	250.00bc
	256.00bc
	352.67a
	191.67d
	238.33c
	234.00c
	284.00b
	9.16
	0.000

	BUN (mg/dL)
	2.03
	2.23
	2.00
	1.83
	3.37
	1.67
	1.73
	2.20
	1.97
	0.14
	0.111

	CRT (mg/dL)
	0.53b
	0.57b
	0.57b
	0.63b
	0.70b
	0.57b
	2.70a
	0.60b
	0.37b
	0.18
	0.041

	IgM (mg/L)
	4.03b
	3.27cd
	3.27cd
	3.00d
	4.70a
	3.07d
	3.50bcd
	3.83bc
	4.03b
	0.12
	0.000

	IgG (mg/L)
	1.19c
	1.20c
	1.51bc
	1.51bc
	1.75b
	1.62bc
	1.85ab
	1.87ab
	2.24a
	0.07
	0.002


a,b,c,d,e Means in the same row with different superscripts differ (P<0.05), IgM: Immunoglobulin M, IgG: Immunoglobulin G, CRT: Creatinine, BUN: Blood Urinary Nitrogen, ALP: Alkaline Phosphatase, ALT: Alanine aminotransferase, AST: Aspartate aminotransferase, TP: Total Protein, NC: Negative Control, PC: Positive Control, SEM: Standard Error of Mean, CL: Clove Meal, GA: Garlic, PLM: Pawpaw Leaf Meal.

Serum Antioxidant Status  
Serum antioxidant indices of broiler chickens fed diets supplemented with clove, garlic, and pawpaw leaf meals are presented in Table 5. Significant differences were observed in all the serum antioxidant parameters analysed except for the MDA. Broiler chicken fed 0.15%CL+0.25GA+3%PLM diet had higher total antioxidant capacity (21.97 μg/dL) compared to other treatment groups. Similarly, broiler chickens fed 0.15%CL+0.25GA+3%PLM had higher GPx concentration (16.33units/mg protein), GST (64.16units/mg protein), SOD (7.28units/mg protein), and CAT (4.11units/mg protein) compared to other treatment groups. The evaluation of the systemic antioxidant status revealed a significant upregulation in both non-enzymatic and enzymatic antioxidant defences as a result of phytogenic supplementation. A marked elevation in Total Antioxidant Capacity (TAC) and the activities of key antioxidant enzymes, including Glutathione Peroxidase (GPx), Superoxide Dismutase (SOD), Glutathione S-transferase (GST), and Catalase (CAT), was observed among several supplemented groups. This effect was most pronounced in the treatment receiving the three-way mixture of clove, garlic, and pawpaw leaf meal, which recorded the highest values across all measured antioxidant parameters. The concurrent finding of enhanced enzymatic defences with unaltered Malondialdehyde (MDA) levels is particularly indicative of a successful adaptive physiological response (Kowalczuk and Stryjecka-Zimmer, 2002). This profile suggests that the phytogenic supplementation did not merely suppress a pre-existing oxidative burden, but rather proactively elevated the antioxidant reservoir and enzymatic activity (Cordiano et al., 2023). This enhanced capacity effectively buffered physiological oxidative challenges, thereby preserving membrane lipid integrity and preventing lipid peroxidation.
The observed biochemical improvements are fully similar with an extensive body of literature documenting the antioxidant properties of essential oils and phytogenic compounds (Abdelli et al., 2021; Wati et al., 2015). The combination of eugenol-rich clove, organosulfur compound-containing garlic, and papaya leaves, which provide a suite of vitamins and flavonoids, likely functioned through complementary mechanisms. These include the direct scavenging of free radicals by exogenous antioxidant molecules and the induction of endogenous defense pathways, leading to the transcriptional upregulation of enzymes such as Glutathione Peroxidase (GPx), Superoxide Dismutase (SOD), Glutathione S-transferase (GST). This interpretation is strongly supported by specific reports on clove and garlic, which have been shown to increase the activities of these very enzymes and reduce oxidative stress biomarkers in poultry (Elbaz et al., 2025; Li et al., 2024) .
In synthesis, the moderated inclusion of pawpaw leaf meal at 3%, either alone or in synergistic combination with small amounts of clove and garlic, demonstrates a multi-faceted benefit. It significantly improves zootechnical parameters such as growth and feed efficiency while concurrently augmenting systemic antioxidant capacity and several markers of immune competence. 
The collective pattern of results supports a coherent mechanistic model wherein: (i) enhanced digestive efficiency and microbiome modulation improve nutrient utilisation; (ii) direct and indirect phytochemical antioxidant actions protect immune cells from oxidative damage, thereby permitting more robust lymphoid responses; and (iii) the combination of phytochemicals produces additive or synergistic effects by acting on distinct yet complementary physiological axes.










[bookmark: _hkbo6ek6u7y7][bookmark: _GoBack]Table 5:	Effects of Clove, Garlic, and Pawpaw Leaf Meals Supplementation on Serum Biochemical Parameters, Immunoglobulin G, and Immunoglobulin M of Broiler Chickens

	Parameters
	PC
	NC
	0.15% CL
	0.25% GA
	3%
PLM

	0.15%CL+ 0.25%GA
	0.15%CL
+3%PLM
	3%PLM+ 0.25%GA
	0.25%CL
+0.15%GA
+3%PLM
	SEM
	P-Value

	TAC (µg/dL)
	13.12c
	14.20c
	14.86bc
	14.58bc
	13.53c
	14.10c
	16.35b
	14.31bc
	21.97a
	0.53
	0.000

	GPx
(units/mg P)
	8.21b
	10.56b
	10.70b
	9.94b
	11.85b
	11.64b
	11.50b
	11.8b
	16.33a
	0.54
	0.030

	GST
(units/mg P)
	43.66cd
	54.21b
	51.03bc
	49.41bc
	42.11cd
	37.08d
	42.95cd
	53.41b
	64.16a
	1.72
	0.000

	MDA
(µmol/mg P)
	1.44
	1.63
	2.37
	2.50
	2.26
	2.10
	2.22
	2.50
	2.13
	0.13
	0.551

	SOD
(units/mg P)
	1.23e
	2.53de
	4.84bcd
	6.38ab
	3.53cde
	3.91bcd
	4.38bcd
	5.60abc
	7.48a
	0.42
	0.001

	CAT
	1.66b
	2.25b
	2.82b
	1.72b
	1.93b
	2.55b
	2.41b
	2.52b
	4.11a
	0.17
	0.009


a,b,c,d,e Means in the same row with different superscripts differ (P<0.05), SOD: Superoxide Dismutase, GST: Glutathione S Transferase, GPx: Glutathione Peroxidase, TAC: Total Antioxidant Capacity, NC: Negative Control, PC: Positive Control, SEM: Standard Error of Mean, CL: Clove Meal, GA: Garlic, PLM: Pawpaw Leaf Meal, MDA: Malondialdehyde, CAT: Catalase P: Protein.




4. CONCLUSION

In conclusion, the dietary supplementation with Carica papaya leaf meal, particularly in synergistic combination with clove and garlic, confers multi-faceted benefits in broiler chickens. The regimen significantly enhances zootechnical performance, as evidenced by improved average daily weight gained and feed conversion ratio, which is likely mediated through enhanced nutrient digestibility and gut microbiome modulation. Furthermore, the phytogenic blends potently augmented the birds' physiological status by stimulating both humoral and adaptive immunity, and significantly upregulating the systemic antioxidant defense system, thereby improving overall health and resilience. The most noticeable effects were observed in the three-way combination, indicating additive or synergistic actions of the respective bioactive compounds.
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