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ABSTRACT
This study aimed to evaluate the synergistic effects of dietary citric and malic acids supplementation on cobb500 broiler chickens' biological performance and economic efficiency by replacing conventional antibiotics. A total of 280 one-day-old Cobb500 broiler chicks were randomly assigned to five dietary treatments with four replicates in a completely randomized design. The dietary treatments included a basal diet without supplementation (T1), 60 mg/kg oxytetracycline (T2), 16 g/kg citric acid (T3), 8 g/kg malic acid (T4), and a mixture of 8 g/kg citric acid and 4 g/kg malic acid (T5). At the end of the feeding trial, eight broiler birds per treatment were slaughtered for carcass evaluation and gut morphology. The results revealed that the average daily weight gain of chicks was significant (p<0.05) among the treatments during the starter and grower phases; the organic acid-supplemented groups presented greater (61.98 to 64.30 g) weight gain than did the T1 group (59.58 g) but comparable to the T2 group (64.06 g) in terms of daily weight gain in all phases. A better feed conversion ratio (FCR) was obtained in the organic acid-supplemented groups. The highest (p<0.05) dressed carcass yields were recorded in T2 and T5. Similarly, better relative economic efficiency was recorded in T5. Dietary supplementation with a mixture of citric and malic acids is a more effective antibiotic replacement strategy than individual acid supplementation; it improves the growth performance, carcass characteristics, and economic efficiency of Cobb500 broiler chickens.	Comment by Gaurav Roy: On biological performance and economic efficacy by replacing conventional antibiotics in cobb500 broiler chickens.
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1. INTRODUCTION
The global demand for animal products is predicted to increase, particularly in developing countries such as Ethiopia. The broiler industry is an animal industry that produces meat for human consumption in Ethiopia. However, the broiler industry faces severe challenges, including rising feed costs, disease outbreaks, and customer concerns regarding food safety and antibiotic use. To maintain a sustainable profit in the broiler chicken industry in the country, optimal growth, and feed conversion are essential requirements, which can be achieved via the use of feed additives [1, 2]. In the poultry industry, antibiotics have been used for a long time in chicken feed to promote growth, enhance feed efficiency, and guard against bacterial infection [3, 4]. However, due to public health concerns regarding the administration of antibiotic growth promoters (AGPs) in feed, the emergence of microorganisms resistant to antibiotics, and the possible accumulation of residues in meat and egg products, many countries have banned the use of AGPs in chicken feed [5, 6]. However, the prohibition of AGP use in the poultry industry could have significant impacts, particularly in light of the expanding population and the subsequent poultry product demand. In response, alternative feed additives such as organic acids (OAs) have been introduced and tested with promising findings on positive effects on chicken performance and health; as they could replace the conventional but unwanted antibiotics practices [7-9].
Organic acids have been utilized for decades in the feed industry to preserve feed and as a substitute for growth promoters to protect poultry birds from disease and enhance performance [10]. Previous studies have reported that OAs improved growth performance [11], immune and antioxidant properties [12], intestinal function [13, 14], regulation of intestinal microbiota [7, 15, 16], and economic efficiency [17] of broiler chickens. However, in broiler production, OAs have shown promise as potential alternatives to antibiotics; there are factors such as their mode of action, dose level, tolerance of the intestinal microflora, chicken health, and diet composition, which could explain why earlier findings were inconsistent [2, 7, 10, 18]. Recent research has demonstrated that combining OAs improves compared to applying them alone because of their synergetic benefits on intestinal health, performance, and nutrient digestion and absorption [7, 17]. When it comes to a specific OAs, citric and malic acids have shown promise as potential substitutes for AGPs [8, 9]; due to their ability to improve gut health by reducing the intestinal pH, inhibiting harmful bacteria, stimulating nutrient digestion, and improve the performance of broiler chickens [19]. Moreover, they are metabolic intermediates in the Krebs cycle, which may improve energy and growth efficiency [20, 21]. Based on previous studies on broiler chickens, citric acid enhances gut health, nutrient digestion and utilization, growth, and overall well-being [22-24]. Malic acid improved growth performance, feed conversion efficiency, immune response, and antioxidant status [21, 25]. Additionally, malic acid has antimicrobial properties [26]; and improves intestinal health, altering the gut microbiota and enhancing the intestinal structure, which can contribute to better nutrient absorption and overall health in broilers [11, 26-28].	Comment by Gaurav Roy: Include only latest references
While citric and malic acids exhibit beneficial effects when used separately; their effects can be limited by factors like dose, diet composition, and acid tolerance by gut microflora. Their combination might exert a synergistic effect, enhancing digestion efficiency, nutrient absorption, and gut microbial balance, which improves broiler performance. The benefits of both acids have been well documented, but there is a lack of information on their mixture. Moreover, there is no utilization practice of dietary OAs as alternative feed additives in Ethiopia’s poultry industry, although they are available for other industrial uses in the form of flavoring and preservative compounds in the food, beverage, cosmetics, and pharmaceutical industries. In the current research, it was hypothesized that a diet supplemented with a mixture of citric and malic acid could have a better synergistic effect than their single applications on broiler performance. The result of this study could contribute to the chicken production of safer and more sustainable broiler meat for consumers. Therefore, this study aimed to evaluate the effects of dietary supplementation with citric and malic acids and their mixture on the growth performance, carcass characteristics, gut and organ traits, and economic efficiency of Cobb500 broiler chickens fed a commercially balanced diet.


2. MATERIALS AND METHODS

2.1.  Study Area
The study was carried out at the poultry farm of the Bahir Dar University Agricultural Development Center at the College of Agriculture and Environmental Sciences, Zenezelema Campus, Bahir Dar, Ethiopia, for 56 d. Throughout the experimental period, the internal temperature and relative humidity (RH) of the experimental house were measured every morning (6:00 AM) during the study period via a Digital Thermo hygrometer. The average maximum and minimum temperatures were 31.05 and 16.11C0, respectively, and RH of 75.39 and 37.34% were recorded. According to [29], the daily temperature‒humidity index (THI) was calculated as THI = (0.8 × AT + (RH/100) × (AT - 14.4) + 46.4), where T is the air temperature in degrees Celsius and RH is the relative air humidity in percent. On this basis, an average mean THI of 70.40 was obtained (Figure 1). 

Fig. 1. Average temperature, relative humidity, and temperature‒humidity index of the experimental facility during the study period (56 d).





2.2.  Experimental Chickens and Their Management
The experiment was conducted with 280 one-day-old commercial broiler chicks (Cobb500 breed) in a roofed tin-shed house with two-sided wire mesh-covered openings. The house was partitioned into 20 equal compartments with an area of 1.26 m2 using wire mesh, and the floor was covered with wood shavings at a depth of 5 cm as bedding material. The experimental house was cleaned and disinfected with tap water and 10% formalin before the chicks arrived. Equipment, such as a feeder and water trough, was cleaned, disinfected, fixed in each pen, and adjusted according to the progressive growth of the chicks. The chicks were purchased from the ELRE private farm in Debre-Zeit, Ethiopia. The chicks were first examined for external anatomical defects and then individually weighed using a sensitive balance to ensure homogeneity. The temperature was maintained at 33°C in the brooding house during the first week by fixing a 200 W incandescent bulb. The temperature was gradually decreased by 2.5°C each week until the broilers were acclimatized to room temperature. The light was provided according to the methods of Aviagen [30]: 23 h light and 1 h dark for the first 7 d of age, followed by 20 h light and 4 h darkness until slaughter. Chicks were vaccinated through drinking water against New Castle disease (ND) at the age of 7 days, with the Lasota strain at 21 and 42 days of age, and infectious bursal disease (Gumboro) at 12 and 23 days of age. Feed was offered ad libitum, and water was provided freely to the experimental birds. The feeding of the birds was based on their growth phases [31], starter phase (0 to 14 days), grower phase (15 to 42 days), and finisher phase (43 to 56 days). Strict biosecurity measures were implemented using a footpath at the entrance of the experimental house throughout the study period.

2.3.  Experimental Design and Dietary Treatments
The experiment was conducted in a completely randomized design (CRD) consisting of five treatments with four replications each. A total of 280 one-day-old unsexed Cobb500 broiler chicks were randomly assigned to five treatment groups, consisting of 56 chicks per treatment, and further replicated four times with 14 chicks per replicate. The experimental treatments included a basal diet without supplementation (T1), 60 mg/kg oxytetracycline (T2), 16 g/kg citric acid (T3), 8 g/kg malic acid (T4), and a mixture of 8 g/kg citric acid and 4 g/kg malic acid (T5).

2.4.  Experimental Diet
Commercial broiler mash-type feed was purchased from Albar Trading Plc., Addis Ababa, Ethiopia. Based on their availability in the local market, citric and malic acids were purchased from a local supplier (Global Chemicals Plc.), and oxytetracycline was obtained from a veterinary drug supplier in Bahir Dar. The purchased commercial diet was isonitrogenous and isocaloric with 22, 20, and 19% CP and 3000, 3150, and 3250 kcal ME/kg for starter, grower, and finisher diets of broiler birds, respectively, meeting the nutrient requirements of broiler birds set by the National Research Council [32]. The chemical compositions (% dry matter basis) of the commercial diets used during the different growth phases of the broiler chickens in this study were obtained from Albar Trading Plc. and are shown in Table 1.


Table 1: Chemical composition (% DM basis) of commercial broiler diets in different growth phases of broiler chicks
	Parameters
	Starter
	Grower
	Finisher

	Crude protein (%)
	22
	20
	19

	Crude fat (%)
	6.5
	9
	6.5

	Crude fiber (%)
	5.5
	5.5
	8

	Metabolizable energy (kcal/kg)
	3000
	3150
	3250

	Calcium (%)
	0.6
	0.75
	0.65

	Moisture (%)
	10
	10
	10





2.5.  Data Collection and Observation

2.5.1.  Feed intake
Data on daily amounts of offered and refused feed per pen were collected throughout the experimental period. Refused feed per pen was collected and measured the morning before a daily feed was offered. The feed intake was calculated as the difference between the feed offered and the refusal. The mean daily feed intake was calculated by dividing the daily feed intake by the number of birds multiplied by the experimental period. 
2.5.2. Body weight measurement
The experimental chickens were weighed individually on the first day of the commencement of the experiment (40.517 ± 0.414), and then the live weight of the broilers was measured weekly every morning at 6:00 AM before the feed was offered via an electronic balance with a 40 kg weighing capacity and an accuracy of 0.001 g. The body weight gain of the experimental broiler chickens was calculated by subtracting the initial weight from the final weight. The average daily gain was calculated as the mean of the final body weight change divided by the number of experimental days.
2.5.3. Feed conversion ratio
The FCR was calculated by dividing the average daily feed intake by the average daily body weight gain.
2.5.4. Survival rate
Dead chicks were recorded as they occurred during the entire experimental period, and on day 56, the mortality percentage was calculated by dividing the sum of dead birds by the number of stocked birds and multiplying by 100; the survival rate of birds was calculated by subtracting the value of the mortality percentage from 100.
2.5.5. Carcass characteristics
At the end of the feeding trial (56 days of age), two birds per replicate (eight per treatment) with live body weights nearest to each pen mean were randomly selected for carcass evaluation. These birds were subjected to feed withdrawal for 12 h, but drinking water was available, and then weighed before slaughtering. The birds were euthanized, de-feathered, and eviscerated manually. Dressed carcass weight was estimated after complete bleeding and removal of the head, shank, feather, and visceral contents. The cut carcass parts (thigh, drumstick, breast, back, wings, and neck), giblets (gizzard, liver, and heart), pancreas, small intestine, large intestine, ceca, and abdominal fat were weighed and expressed in grams. The percentages of dressed carcasses, giblets, and abdominal fat were calculated by dividing their weights by the slaughter weight and multiplying by 100. The lengths of the gastrointestinal parts (small intestine, large intestine, and ceca) were measured via a tap meter and expressed in centimeters. The gizzard thickness and width were measured via a digital caliper with an accuracy of 0.001 mm. Average data were recorded and expressed in millimeters (mm) for the width and thickness of the gizzard from two distinct equatorial sites and its thickest and thinnest sections.
2.5.6. Economic analysis
Each economic parameter was estimated based on the commercial carcass weight of a single broiler bird. The estimation of total fixed cost (TFC) includes the cost of experimental house preparations and equipment deprecations. The total variable cost (TVC) is estimated from the costs of chick, management, feed, and feed additives. The total cost (TC) was estimated as the sum of the TFC and TVC. The total return (TR) was calculated from the sale price of one kilogram of chicken carcass weight in the local market and the returns from litter and feed bags per bird. The net profit (NP) was calculated by subtracting TC from TR. The benefit-cost ratio (BCR) was estimated as the ratio of TR to TC, and the profitability percentage (P.P.) was the percentage of NP divided by TC. The net profit margin (NPM) was calculated by dividing the NP by the TR, and the obtained result was multiplied by 100. The added costs were calculated as the ratio of the additive cost divided by the TC and TVC multiplied by 100. Similarly, the ratio of the economic efficiency of the organic acid groups (T3, T4, and T5) to that of the control groups (T1 and T2) was used to determine the relative economic efficiency (REE) of each dietary supplement of OAs.
2.6.  Data analysis
The collected data were analyzed with analysis of variance (ANOVA) with the statistical program SAS (Version 9.2, 2002). Significant differences between treatment means were determined via Tukey's HSD test at a significance level of p<0.05. The statistical model was Yij = μ + Ti + eij, Where Yij is the response variable, Ti is the treatment effect (of the ith treatment), μ is the overall mean, and eij is the random error.
	








3. RESULTS

2.1.  Growth Performance Evaluation
The effects of dietary organic acid supplementation on the growth performance of broiler chickens during the starter, grower, finisher, and overall experimental periods are presented in Table 2. Significant differences (P<0.05) in broiler chicken body weight and average daily weight gain were detected among the treatment groups during the starter phase. In the present study, the mixture of citric and malic acids and the antibiotic-fed groups presented the highest final body weights, whereas no significant differences were detected in the average daily gain or final body weight between T2 and T5. The citric acid (T3) group responded to intermediate performance in terms of final body weight and average daily weight gain. Compared with those in the acid mixeture and antibiotic groups, the final body weight and average daily weight gain in the malic and untreated groups were significantly lower. 	Comment by Gaurav Roy: check
During the grower phase, significant differences (P<0.001) in broiler chickens’ final body weight, average daily weight gain, and FCR across treatments were detected. The T1 group had the lowest final body weight. Antibiotic, citric acid, and mixed acid  had the highest values and statistically comparable final body weights, whereas malic acid was intermediate. The untreated control group presented the lowest average daily weight gain, whereas the antibiotic and organic mixture groups presented the greatest and statistically similar average daily weight increases. Mixed acid group presented the most efficient FCR, which was significantly (P<0.001) better than all other treatnment groups, while the untreated control group was lowest. Malic and antibiotic demonstrated statistically comparable intermediate FCRs. 
During the finisher phase, there were significant differences (P<0.001) in the final body weights and FCRs of the broiler chickens among the treatments. The mixed organic acid and antibiotic groups presented the highest final body weight (P<0.001), followed by the citric  and malic groups, whereas T1 presented the lowest body weight during the finisher phase. Among all the treatment groups, the combination of citric and malic acids (T5) had the most effective FCR, whereas the group that received no treatment (T1) had the least effective FCR. The groups treated with antibiotics (T2), citric acid (T3), or malic acid (T4) presented intermediate final body weights and were statistically similar.
During the overall experimental period (0-56 days), significant (P<0.05) differences were observed in the final body weight, average daily gain, daily feed intake, FCR, and survival rate among the treatment groups. The untreated control group presented the lowest average daily gain and final body weight. In contrast, the antibiotic and mixed acid groups presented the highest final body weights and average daily gains. The citric and malic groups presented intermediate values for both parameters and were not significantly different from each other. The treatment group receiving a mixture of citric and malic acids had the lowest feed intake, whereas the antibiotic group shows the highest feed intake. In contrast to T1 group, which displayed the lowest efficient FCR, the mixed acid demonstrated the better FCR.  With no statistical differences, the FCR values of the antibiotic, citric acid, and malic acid groups were intermediate. As expected, the survival rate of broiler chickens was significantly lower (P<0.05) in the untreated control group than in all other treatment groups. Compared with all treatment groups, the antibiotic, citric, and mixed acid groups presented similar and higher survival rates.

Table 2: Effects of supplementation with dietary citric and malic acids and their mixture on the growth performance of broiler chickens
	Parameters
	T1
	T2
	T3
	T4
	T5
	SEM
	P-value

	Initial body weight
	40.53a
	40.52a
	40.52a
	40.50a
	40.53a
	0.41
	1.000

	Starter phase (1 to 14 days)

	Final body weight
	376.23b
	420.42a
	406.59ab
	380.87b
	418.36a
	7.53
	0.002

	Average daily gain
	23.98b
	27.14a
	26.15ab
	24.31b
	26.99a
	0.53
	0.001

	Daily feed intake
	34.06
	36.98
	34.81
	33.51
	34.75
	0.91
	0.138

	Feed conversion ratio
	1.42
	1.37
	1.33
	1.38
	1.29
	0.04
	0.262

	Grower phase (15 to 42 days)

	Final body weight
	2557.78b
	2738.18a
	2696.78a
	2660.26ab
	2769.41a
	30.57
	0.002

	Average daily gain
	77.91b
	82.78a
	81.79ab
	81.41ab
	83.97a
	1.06
	0.014

	Daily feed intake
	141.17
	144.06
	139.23
	143.30
	137.20
	1.85
	0.102

	Feed conversion ratio
	1.81a
	1.74ab
	1.70bc
	1.76ab
	1.64c
	0.02
	<0.001

	Finisher phase (43 to 56 days)

	Final body weight
	3376.60c
	3627.95a
	3517.35b
	3511.10b
	3641.05a
	22.97
	<0.001

	Average daily gain
	58.49
	63.56
	58.61
	60.78
	62.26
	2.85
	0.663

	Daily feed intake
	149.71
	144.13
	138.28
	144.64
	131.05
	5.43
	0.196

	Feed conversion ratio
	2.56a
	2.28bc
	2.36ab
	2.38ab
	2.11c
	0.04
	<0.001

	Entire experimental period  (1 to 56 days)

	Final body weight
	3376.60c
	3627.95a
	3517.35b
	3511.10b
	3641.05a
	22.97
	<0.001

	Average daily gain
	59.58c
	64.06a
	62.09b
	61.98b
	64.30a
	0.41
	<0.001

	Daily feed intake
	116.52ab
	117.31a
	112.88ab
	116.18ab
	110.05b
	1.59
	0.028

	Feed conversion ratio
	1.96a
	1.83b
	1.82b
	1.88b
	1.71c
	0.01
	<0.001

	Survival rate
	83.93b
	96.43a
	96.43a
	94.64ab
	98.22a
	2.64
	0.012


a, b, c, Means in the same row with different superscripts are significantly different; SEM= standard error of the mean; T1= basal diet only; T2= 60 mg oxytetracycline; T3= 16 g citric acid; T4= 8 g malic acid; and T5= combination of 8 g citric acid and 4 g malic acid per 1 kg of basal feed.


2.2.  Carcass Characteristics
The effects of dietary organic acid on the carcass characteristics of broiler chickens are presented in Table 3. The majority of carcass characteristics were significantly different (P<0.01) among the treatments; however, the dressing percentage, wing, abdominal fat, and percentage of giblets were not significantly different (P>0.05). The carcass yield significantly differed (P<0.05) among the treatment groups. Broiler chickens fed in the mixture of citric and malic acid group achieved the highest yield, followed by those in the antibiotic group, whereas those in the untreated control group presented the lowest yield. However, no significant difference was observed between the citric and malic treatment groups. No significant differences (P>0.05) in carcass cut parts (thigh, drumstick, or back or thorax) were detected between the organic acid-treated groups (T3, T4, and T5) and the antibiotic group. However, the T1 group presented significantly lower breast, back, and thorax yields than the other groups did. The combination of citric and malic acid and antibiotic treatment groups presented the highest breast weights, followed by the individual dietary supplemented citric and malic groups, whereas the untreated group presented the lowest breast weight. Giblet weight significantly varied (P< 0.05) among the treatments, with the greatest weight value in T5 and the lowest in T1.

Table 3: Effects of dietary supplementation with citric and malic acids and their mixture on the carcass performance of broiler chickens
	Parameters
	T1
	T2
	T3
	T4
	T5
	SEM
	P-value

	Slaughter weight (g)
	3340.48b
	3596.86a
	3467.43ab
	3458.52ab
	3609.71a
	48.85
	0.004

	Dressed carcass weight (g)
	2137.77d
	2430.85ab
	2316.14bc
	2306.74c
	2470.75a
	28.14
	<0.001

	Dressed carcass percentage
	64.04
	67.61
	67.02
	66.71
	68.47
	1.24
	0.161

	Thigh (g)
	369.17b
	405.94a
	397.57ab
	412.68a
	428.38a
	7.65
	<0.001

	Drumstick (g)
	273.89c
	326.79ab
	316.34ab
	303.81bc
	348.87a
	7.96
	<0.001

	Breast (g)
	844.49c
	979.11a
	926.05ab
	915.41b
	983.69a
	14.89
	<0.001

	Back and thorax (g)
	311.64b
	352.73a
	330.62ab
	331.79ab
	348.42a
	7.90
	0.009

	Wing (g)
	245.73
	251.92
	248.45
	239.30
	260.76
	8.45
	0.490

	Neck (g)
	92.85b
	114.37a
	97.12b
	103.76ab
	101.62b
	2.97
	<0.001

	Giblets weight (g)
	121.41b
	130.57ab
	127.78ab
	129.63ab
	130.11a
	2.31
	0.042

	Percentage of giblets
	3.64
	3.63
	3.70
	3.75
	3.64
	0.10
	0.892

	Abdominal fat (g)
	58.18
	61.97
	56.83
	62.22
	64.66
	2.447
	0.180

	Percentage of Abdominal fat
	1.74
	1.72
	1.64
	1.80
	1.78
	0.09
	0.546


a, b, c, Means in the same row with different superscripts are significantly different. SEM= standard error of the mean, T1= basal diet only, T2= 60 mg oxytetracycline per 1 kg of basal feed, T3= 16 g citric acid per 1 kg of basal feed, T4= 8 g malic acid per 1 kg of basal feed, and T5= mixture of 8 g citric acid and 4 g malic acid per 1 kg of basal feed.


2.3.  Evaluation of Internal Organs and Gastrointestinal Tracts
The effects of supplementation with dietary citric and malic acids, alone or in combination, on the relative organ weights and gastrointestinal tract (GIT) measurements of the broiler chickens are presented in Table 4. Significant differences (P<0.05) in liver, kidney, and ceca weight proportions, as well as ceca length, were observed among the dietary treatments. The citric acid group had the highest liver proportion, and the untreated control group (T1) had the lowest. However, antibiotic, malic, and the mixture of citric and malic (T5) were intermediate and not significantly different from each other. The highest kidney weight proportion was observed in T5 (mixed with citric and malic acids), which was significantly greater than that in the untreated group. However, antibiotics, citric, and malic groups presented intermediate values and were not significantly different from each other. The ceca weight proportion was varied significantly (P<0.05) varied among the treatment groups. Citric was significantly greater than that of both control groups, while antibiotic was lower ceca weight than those of the malic and mixed acid groups. The antibiotic group had longer ceca than all treatment groups, while  citric, malic, and their mixture had intermediate lengths. No significant differences (P>0.05) were recorded in the relative weights of the pancreas, gizzard, small intestine, and large intestine or in gizzard width and thickness across all treatment groups.

Table 4: Effects of dietary supplementation with citric and malic acids and their combination on internal organ and gut parameters in broiler chickens
	Parameters
	T1
	T2
	T3
	T4
	T5
	SEM
	P-value

	Liver
	Proportion (%)
	1.82c
	1.87bc
	2.02a
	1.96ab
	1.92abc
	0.03
	0.003

	Kidney
	Proportion (%)
	0.25b
	0.27ab
	0.30ab
	0.30ab
	0.32a
	0.01
	0.022

	Pancreas
	Proportion (%)
	0.20
	0.23
	0.23
	0.21
	0.28
	0.02
	0.165

	
Gizzard
	Proportion (%)
	1.32
	1.35
	1.25
	1.26
	1.21
	0.06
	0.455

	
	Width (mm)
	48.37
	47.41
	48.26
	48.41
	48.29
	0.99
	0.562

	
	Thickness (mm)
	15.36
	15.94
	16.01
	15.88
	16.86
	0.39
	0.151

	Small Intestine
	Proportion (%)
	1.91
	2.06
	2.10
	2.13
	2.10
	0.06
	0.1490

	
	Length (cm)
	214.90
	232.39
	234.09
	231.61
	233.41
	5.79
	0.133

	Large Intestine
	Proportion (%)
	0.123
	0.110
	0.118
	0.118
	0.127
	0.01
	0.3421

	
	Length (cm)
	13.24
	14.29
	13.68
	13.30
	14.78
	0.63
	0.338

	Ceca
	Proportion (%)
	0.25bc
	0.22c
	0.35a
	0.31ab
	0.33ab
	0.01
	<.001

	
	Length (cm)
	20.20b
	23.01a
	21.50ab
	20.55ab
	20.08ab
	0.64
	0.036


a, b, c, Means in the same row with different superscripts are significantly different. SEM= standard error of the mean, T1= basal diet only, T2= 60 mg oxytetracycline per 1 kg of basal feed, T3= 16 g citric acid per 1 kg of basal feed, T4= 8 g malic acid per 1 kg of basal feed, and T5= mixture of 8 g citric acid and 4 g malic acid per 1 kg of basal feed.



2.4.  Economic Efficiency Analysis
The effects of dietary organic acid supplementation on the economic efficiency of broiler chickens are presented in Table 5. There were significant differences (P<0.001) in the majority of the economic evaluation parameters among the treatment groups. The groups treated with dietary OAs presented lower (P<0.05) feed cost values than did the control groups. Broiler birds fed the mixed diet presented significantly greater (P<0.05) total return and net profit values than those in T1 and T2. Compared with those of the untreated control group, higher values of total return and net profit were recorded from the citric acid- and malic acid-treated diets (T3 and T4), but lower values were recorded from the antibiotic group. Among all the treatment groups, the highest (P<0.001) collective economic efficiency measures (benefit ability ratio, profitability percentage, and net profit margin) were observed for the mixed organic acid-supplemented diets. Broiler birds in the citric and malic groups presented lower (P>0.05) economic efficiency than those in the antibiotc group but greater (P<0.001) efficiency than those in the untreated group. Compared with those in untreated and antibiotic, the economic value of the dietary citric and malic acid mixture was greater (P<0.001). When broiler chickens were fed diets supplemented with citric or malic acid alone, their economic efficiency was greater than that of the untreated control but lower than that of the antibiotic control group. For citric and malic, economic efficiency increased by 9.20% and 5.6%, respectively, in comparison with that in the untreated treatment group.



Table 5: Effects of dietary supplementation with citric acid, malic acid, or their mixture on the economic efficiency of broiler chickens
			Parameters
	T1
	T2
	T3
	T4
	T5
	SEM
	P-value

	Day-old chick cost (USD/bird)
	1.32
	1.32
	1.32
	1.32
	1.32
	0.000
	1.00

	Management cost (USD/bird)
	1.51b
	1.55a
	1.55a
	1.55a
	1.55a
	0.004
	<0.001

	Commercial feed cost (USD/bird)
	3.86b
	3.89a
	3.74d
	3.85c
	3.65e
	0.021
	<0.001

	Additive cost (USD/bird)
	0.00d
	0.02c
	0.33a
	0.32b
	0.32b
	0.035
	<0.001

	TVC (USD/bird)
	6.68e
	6.79d
	6.95b
	7.05a
	6.84c
	0.029
	<0.001

	TFC (USD/bird)
	0.48
	0.48
	0.48
	0.48
	0.48
	0.000
	1.00

	TC (USD/bird)
	7.17e
	7.27d
	7.43b
	7.53a
	7.33c
	0.029
	<0.001

	TR (USD/bird)
	13.46e
	15.26b
	14.56c
	14.51d
	15.49a
	0.163
	<0.001

	NP (USD/bird)
	6.29e
	7.99b
	7.12c
	6.98d
	8.17a
	0.159
	<0.001

	BCR
	1.88e
	2.10b
	1.96c
	1.93d
	2.12a
	0.022
	<0.001

	EE or P.P (%)
	87.80e
	109.80b
	95.80c
	92.80d
	111.50a
	2.166
	<0.001

	NPM (%)
	46.76e
	52.34b
	48.94c
	48.12d
	52.72a
	0.541
	<0.001

	Add cost/TC (%)
	0.00e
	0.34d
	4.49a
	4.31c
	4.32b
	0.473
	<0.001

	Add cost/TVC (%)
	0.00e
	0.36d
	4.80a
	4.60c
	4.62b
	0.506
	<0.001

	REE of OAs from T1 (%)
	100.00d
	
	109.15b
	105.64c
	126.98a
	2.467
	<0.001

	REE OAs from T2 (%)
	
	100.00b
	87.28c
	84.48d
	101.54a
	1.972
	<0.001


a, b, c, d, e Means in the same row with different superscripts are significantly different, SEM= standard error of the mean, T1= basal diet only, T2= 60 mg oxytetracycline per 1 kg of basal feed, T3= 16 g citric acid per 1 kg of basal feed, T4= 8 g malic acid per 1 kg of basal feed, and T5= mixture of 8 g citric and 4 g malic acids per 1 kg of basal feed; TFC= Total fixed cost; TC= Total cost; TVC= Total variable cost; TR=Total return; NP= Net profit; BCR= Benefit-cost ratio; P.P.= Profit ability percentage; NPM=Net profit margin, REE= Relative economic efficiency; USD= United States dollar.


4. DISCUSSION

4.5.  Growth Performance of Broiler Chickens
The improved average daily gain in broilers fed the mixed organic acid diet throughout the starter, grower, and overall trial periods may be attributed to a synergistic effect of the mixed acids, which increased nutrient utilization for energy production and protein synthesis. This could be because the synergistic effect of mixed OAs improves the utilization of nutrients for energy production and protein synthesis. The results of the present study are in line with [33], who reported that dietary OAs can improve carbohydrate and protein utilization in pigs. This might be due to the ability of OAs to maintain an optimum pH in the stomach [34], allowing suitable conditions for proteolytic enzymes (pepsin, trypsin, and chymotrypsin), leading to better breakdown of complex protein molecules into smaller peptides and amino acids. This process is essential for increasing the efficiency of protein digestion and absorption, increasing the availability of nutrients to chickens. Moreover, by improving protein digestion, proteolytic enzymes reduce the burden on the digestive system, leading to a healthier gut environment, which enhances nutrient absorption and the immune system and reduces the risk of infections [35, 36]. By lowering the gut pH, OAs improve nutrient digestion and absorption in chickens through increased enzyme activity and feed retention time [37, 38], and this increased nutrient use allows chickens to meet their energy demand. In support of this study Kim, Kim [20], broiler chickens fed diets containing various levels of dietary OAs presented greater retention of dry matter (DM) and protein. Dietary organic acid supplementation in broiler chicks increases the activity of digestive enzymes, which are crucial for the digestion and absorption of dietary nutrients [13, 17, 38].
The findings of the present study on the improvement in broiler chickens' body weight performance caused by dietary organic acid supplementation are supported by different scholars. A study by Bhandaria, Dhunganab [39] reported that broiler chickens in body weight gained dietary organic acid supplementation (2402 g) compared with the control group (2276 g) at the end of a 42-day experiment. The findings of Kamal and Ragaa [40] also indicated that in 42-day-old broilers, body weight gain and the FCR were increased in a diet supplemented with OAs. Hence, greater body weight gain was achieved through a direct antimicrobial effect, reducing the digesta pH level in the GIT while acting as a barrier to pathogens and buffering reactivity in conjunction with enhanced nutrient digestibility [37, 41]. Similar to the current findings, scholars [4, 42, 43] reported that organic acid supplementation improved broiler chickens' body weight gain and FCR, possibly through its beneficial effects on the serum protein concentration and mucosa of the GIT. Furthermore, OAs enhance the absorption of minerals throughout the formation and development of bones [44]. As a result, a healthy bone structure offers a surface area for the growth and attachment of muscles. According to Islam, Schaeublin [45], the addition of up to 0.75% citric acid to broiler diets further improved the availability of minerals such as Ca, P, and Mg for the bone development of broiler chickens. Specifically, Nezhad, Gale-Kandi [46] reported that compared with the addition of phytase, citric acid supplementation increased the availability of P. Increased bone mineral content, density, and breaking strength may be indicators of the effects of dietary citric acid on mineral metabolism [45].	Comment by Gaurav Roy: check references
During the overall growth period, reduced feed intake was noted in the groups fed mixed OAs, possibly because the combined effect of OAs may play an important role in energy production, resulting in increased digestion and absorption of nutrients [41]. Another possible attribute could be that OAs modify the gastrointestinal microbial population, enhancing nutrient digestibility and absorption by promoting digestive enzyme secretion and increasing the feed retention time [37, 47]. Therefore, broilers in the mixed organic acid treatment group consumed less water because they simply satisfied the energy requirements of their bodies as a result of improved nutrient utilization. More specifically, Kim, Lee [48] and Qiu, He [21] reported that citric and malic acids, which are intermediates of the Krebs cycle of organisms during energy production, can enhance the digestion and absorption of dietary nutrients by chelating various cations and increasing the activities of some digestive enzymes. The same results reported by Adil, Banday [49] revealed that, compared with the control diet, birds fed diets supplemented with OAs presented significantly reduced cumulative feed consumption.
The similar trend of improved growth and FCR for mixed organic acid-fed broilers during the grower, finisher, and entire phases of the current study could be attributed to nutrient utilization efficiency and gut health [50]. Owing to their physiochemical properties, mixed OAs have a better synergistic effect than single OAs do [51]. Compared with a control group, Waghmare, Gupta [7] reported that broiler chickens supplemented with a blend of OAs presented significant improvements in average body weight, average daily gain, and FCR. A similar finding was reported by Rodríguez-Lecompte, Yitbarek [52], who reported that, compared with the control diet, dietary supplementation with different levels of citric acid improved the daily weight gain and FCR of broilers. Although this study lacked nutrient digestibility, a previous study showed that dietary supplementation with 0.25% or 0.75% citric acid to broilers increased mineral (Ca, P, and Mg) digestibility.
The improved survival rates in the organic acid-supplemented broiler groups compared with those receiving non supplemented might be due to the potential effects of OAs in the feed and GIT through the inhibition of photogenic microbial growth and the promotion of beneficial bacteria [7]. This contributes to a healthier gut environment and plays a crucial role in broiler survival rates. Moreover, OAs can lower the pH in the gut, creating an environment less hospitable for harmful bacteria [37] and reducing the incidence of bacterial infections, which are a major cause of mortality in broiler chickens [53]. Additionally, OAs have anti-inflammatory properties that improve general immune function and lessen the intensity of intestinal inflammation [11], increasing the survival rate of broiler chickens compared with those in untreated groups. This finding aligns with that of Brzoska, Śliwiński [53], who reported that broiler chickens fed different levels of dietary OAs had lower mortality rates than broilers fed a control diet.

4.6.  Carcass Evaluation
In this study, the higher dressed carcass weight of broiler chickens fed a mixture of citric and malic acids might be attributed to improved growth and better feed utilization. This implies that broiler chickens fed organic acid-treated diets have improved protein digestion and absorption [54]; consequently, higher protein deposition in the thigh, drumstick, and breasts leads to higher dressed carcass weights than in the control groups. The findings of the current study align with previous findings. Dressed carcass weight was significantly greater in groups fed a diet supplemented with a 0.2% organic acid mixture than in those fed a control diet [43]. Similarly, Fascina, Sartori [55] reported that the carcass characteristics of broiler chickens improved because of different levels of dietary organic acid supplementation in the broiler diets. Another study by Yang, Liu [13] demonstrated that supplementing a basal diet with citric acid (0.5%), and AGPs (avilamycin, 0.001%), or their combination resulted in higher carcass weights, with the combination group outperforming control chicks.

4.7.  Organ and Gastrointestinal Measurements
The differences in the relative liver and kidney weights between the treatment groups may have resulted from the various effects of supplementation with citric and malic acids and their mixture on the growth and function of internal organs. The significantly greater liver proportions in the citric acid and malic acid groups and their mixture-supplemented groups could indicate enhanced liver metabolism, potentially related to improved nutrient processing or detoxification processes, thereby improving liver health and performance compared with those of the untreated control groups. The results of the present study, however, are not in line with those of previous scholars [56, 57], who reported that no effect on liver weight observed in broiler chickens supplemented with organic acid affected the liver weight of broiler chickens. This difference might be attributed to the type, dose level, and synergetic effect of citric and malic acids and the genetics of the bird. The citric and malic acid mixture group presented the largest relative kidney proportion, which might potentially influence renal function or electrolyte balance. The increased kidney weight proportion in a mixture of citric and malic acids could be due to the interaction of acids in the mixture, which could stimulate metabolic processes in the gut; potentially, increased kidney filtration and excretion of metabolites leading to an increase in the workload could result in greater kidney weight.
The increased ceca weight resulting from the addition of citric acid, malic acid, or their mixture might have a potential stimulatory effect on the gut microbiota or improve nutrient absorption, leading to increased cecal content. Moreover, the intermediate performance of citric and malic acids in a mixture and separately in terms of both ceca weight and length shows a possible synergistic effect depending on the acid combination and concentration. Furthermore, the impact of citric acid, malic acid, and their mixture could support gut health by modifying pH, affecting microbial ecology, and enhancing gastrointestinal functioning [58]. Similarly,  reported Rodríguez-Lecompte, Yitbarek [52]that a mixture of 1.0% sorbic acid and 0.2% citric acid significantly increased the villus width, height, and area of the duodenum, jejunum, and ileum of broiler chicks at slaughter. According to [59], broiler birds fed diets with malic acid concentrations of 0.4, 0.8, and 1.2 g/kg presented greater gastrointestinal weights than those fed the control diet. Organic acids promote gut epithelial cell proliferation, increasing intestinal tissue weight and altering mucosal morphology [7]. Moreover, OAs lower the gastrointestinal pH, increasing pepsin activity and stimulating pancreatic enzyme secretion [60]. This can increase the production of pancreatic juice rich in trypsinogen, chymotrypsinogen A, chymotrypsinogen B, procarboxypeptidase A, and procarboxypeptidase B, thereby improving protein digestion [49].

4.8. Economic Efficiency
Compared with untreated chickens, broiler chickens fed diets supplemented with OAs presented a lower feed cost, likely due to the beneficial effects of OAs on digestion and nutrient absorption [61]. As a result, birds receiving OAs can meet their needs for nutrients with reduced feed consumption. However, the experimental groups incurred higher TVC and TC, attributed to the higher prices of citric and malic acids than both control diets did. The significantly greater TR of broilers fed a mixed organic acid-supplemented diet with higher dressed carcass weights sold at higher prices led to greater TR. Compared with those in all the other treatment groups, broiler chickens fed diets supplemented with mixed OAs presented improved economic efficiency measures, including the BCR, P.P, and NPM. This improvement is likely due to the synergistic effects of mixed OAs, which enhance growth performance and carcass yield, leading to greater returns from carcass sales. The study revealed that the use of a mixture of citric and malic acids increased the economic efficiency by 27.20% compared with that of the untreated control group and by 1.50% compared with that of the antibiotic group. Broiler chickens fed diets with citric and malic acids alone also presented greater economic efficiency than those fed the untreated control diet did, although they did not do better than the antibiotic-treated group did. This result may be attributed to better growth performance relative to that of the untreated group, as well as the higher market cost of OAs than that of antibiotics. The results of the present study agree with those of Mohamed, Habib [62], reported that citric acid influences the feed cost and would therefore be low, whereas gains can be made from increased growth and reduced mortality. Islam, Schaeublin [45] reported that while adding 0.5% citric acid increased the cost of the diet, it improved growth and feed efficiency, which led to higher production profits than the negative control. The supplementation of dietary OAs was economically better and increased the profit per chick in the group-fed diet supplemented with 2% fumaric acid followed by 2% lactic acid in the diet [49]. Mohamed, Habib [62] reported that broiler diets supplemented with organic acid mixtures up to 0.2% slightly improved carcass parameters; however, growth performance and meat quality were not affected. According to Chowdhury, Islam [63], feed costs increased gradually in all treatment groups except for the control when citric acid and avilamycin were added to the diet. However, chickens fed citric acid had the lowest production cost per kilogram of live weight of broilers, followed by chicks fed avilamycin, the control, and the combination.

5. CONCLUSION 
According to the results of the present study, broiler chicken performance can be improved by supplementation with a mixture of citric and malic acids. The inclusion of OAs in the broiler chickens' diet resulted in greater improvements in the starter, grower, and finisher stages in terms of biological and economic parameters. Compared with individual organic acid supplementation, a mixture of citric and malic acids outperforms other methods, such as weight gain, FCR, survival rate, dressed carcass yield, and economic efficiency, but is comparable to the antibiotic-treated group. Similarly, the survival rate of the chickens improved with a mixture of citric and malic acids. Therefore, a mixture of citric and malic acids can be recommended to replace antibiotics in broiler chicken production without compromising the performance and well-being of the chickens.
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