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Simple Summary

Currently, companies use various feed additives daily in diets or nutritional premixes to improve
productivity, meat yield, and economic efficiency under different production conditions. Probiotics
remain an effective alternative to antibiotic growth promoters and synthetic antimicrobials, as they
can modulate immune response, gut health, serum lipid profile, antioxidant capacity, and nutrient
absorption. Recently, our laboratory isolated bacterial strains from the cecal contents of Creole
roosters, which were characterized in vitro and deposited in GenBank. For this study, Lactobacillus
reuteri CLP4 was selected and administered in drinking water during the period of 0-21 days in
broiler chickens. This probiotic is a viable alternative because it promotes feed efficiency, breast
protein, beneficial cecal bacteria, relative weight of the thymus and the spleen, humoral immunity,
lipid metabolism (LDL/HDL ratio), and contributes to more environmentally friendly production
practices.

Abstract

In recent years, the poultry industry has actively sought more sustainable feed additives to address
the various challenges of intensive production. To evaluate the oral effect with Lactobacillus reuteri
CLP4 on performance, carcass traits, organ weights, cecal microbiology, tibial mineralization, blood
indicators, and nitrogen and phosphorus excretion in broilers, 800 one-day-old unsexed Ross 308®
chicks were randomly assigned to two treatments: a basal diet (T0; BD) without additives and
BD+Lactobacillus reuteri CLP4 (T1) in the drinking water during the period from 0 to 21 days old. T1
decreased feed intake and feed conversion ratio without affecting body weight or viability of broilers.
Likewise, it diminished abdominal fat and improved breast protein content. The probiotic also
increased the relative weights of the thymus, spleen, liver, and pancreas, decreased the population
of Salmonella spp. and cecal pH, and promoted the growth of lactic acid bacteria. Moreover, T1
improved serum immunoglobulin concentrations and decreased harmful serum lipids and nitrogen
excretion, although without modifying the moisture, calcium, and phosphorus content of the tibia or
phosphorus excretion. Oral supplementation with Lactobacillus reuteri CLP4 enhances productivity,
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breast protein, immune function, atherogenic index, cecal competitive exclusion, and reduces the
environmental nitrogen load in broiler production.

Keywords: broiler; carcass traits; cecal microbiology; environmental safety; feed efficiency; organs;
probiotic

1. Introduction

In broiler chicken production, the expression of genetic potential and meat yields are closely
related to intestinal health [1]. It is known that this organ is immature in the early life stages of birds
and is exposed to colonization by pathogenic microorganisms, especially in intensive production
systems [2,3]. In previous decades, to reduce or prevent this problem, the use of antibiotics as growth-
promoting additives (AGP) was introduced in animal feeding and management systems [4].
However, despite the advantages of their use, such as improved productive performance and
reduced bird mortality, their indiscriminate use has been associated with microbial resistance, cross-
resistance, dysbiosis, thinning of the intestinal wall, and the accumulation of residues in edible tissues
and the environment, which directly affects consumers [5,6].

For this reason, many countries have limited and subsequently banned the use of AGPs in
production systems [7]. Consequently, companies, producers, and nutritionists have had to seek
effective strategies for AGPs that exhibit antimicrobial, immunomodulatory, antioxidant, anti-
inflammatory, and antidiarrheal properties [8]. In this sense, there is still great interest in new
generation probiotics, prebiotics, postbiotics, symbiotics, organic acids and phytogenics, with new
nutraceutical properties and more adaptable to the production conditions of broiler chickens [5,9].
Among these alternatives, probiotics are considered one of the most effective and viable strategies,
as they can reduce the negative effects of stress, maintain the balance of the intestinal microbiota,
modulate the immune system and antioxidant status, enhance intestinal histomorphometry, improve
nutrient absorption, and therefore productive animal performance [10].

In this sense, Lactobacillus is one of the most widely used bacterial genera in the development,
evaluation and application of probiotics in animals [11]. Several of its species and different strains are
used in studies related to the subject and in the manufacture of single- or multi-strain probiotic
products [12]. Among them, Lactobacillus reuteri is a species naturally found in the intestines of
mammals and birds, known for producing metabolites such as lactic acid and reuterin [13]. In this
sense, Wang et al. [14] reported that supplementation with Lactobacillus reuteri XC1 improved feed
efficiency of broiler chickens for 42 days old. Similarly, Sureshkumar et al. [15] demonstrated that oral
administration of Lactobacillus reuteri 3D8 reduced populations of Escherichia coli and Salmonella spp.,
which improved the growth performance of broilers. Recently, our laboratory isolated several
bacterial strains from the cecal contents of Creole roosters in Zamorano, Honduras. These strains
were characterized using biochemical and molecular techniques as well as in vitro tests evaluating
growth under different temperatures, pH levels, NaClz2 concentrations, and bile salt concentrations,
along with antimicrobial activity and antibiotic sensitivity tests [16]. Based on these results,
Lactobacillus reuteri CLP4 was selected as a probiotic candidate for the in vivo experiment. Therefore,
the objective of this study was to evaluate the effects of oral administration with L. reuteri CLP4 on
growth performance, carcass traits, organ weights, cecal microbiology, tibial mineralization, blood
indicators, and nitrogen and phosphorus excretion in broilers.

2. Materials and Methods

All the procedures adopted in carrying out this experiment were approved by Animal Care and
Committee of Zamorano University, Honduras, and conducted in accordance with the Guidelines for
Experimental Animals (approval number: M21015).
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2.1. Experimental Location

The research was carried out at the Poultry Research and Teaching Center at the Zamorano
University14°00'36"N 87°00'40"W, located in the Yegiiare Valley, km 32, municipality of San Antonio
de Oriente, Francisco Morazan, Honduras. The poultry unit is located at 800 m above sea level, with
an average annual rainfall of 1,125 mm, and an average temperature of 27 °C.

2.2. Probiotic Biopreparation

For this study, the results of isolation (from the cecal content of Creole roosters fed without
antibiotic growth promoters), selection, in vitro characterization [16] and deposited in GenBank
(https://www .ncbinlm.nih.gov/nuccore/2418192458) of the Lactobacillus reuteri CLP4 strain were
considered. The bacteria were inoculated at 10% (v/v) in a biopreparation developed by Betancur et
al. [17] and placed on the orbital table for 48 h at 150 rpm, the concentration of the strain used was
108 CFU/mL.

2.3. Experimental Design, Animals, and Treatments

A total of 800 one-day-old, unsexed Ross 308® chicks were randomly distributed into 2
treatments, 8 replicates per treatment, and 50 chickens per replicate. The treatments consisted of a
basal diet (TO; BD) without additives and DB+10 mL/L in the drinking water of a probiotic
biopreparation with Lactobacillus reuteri CLP4 (T1) during the period of 0-21 days old. The diets were
formulated based on the nutritional requirements of Aviagen [18] and the recommendations of
Martinez and Valdivié [19] for unsexed broiler chickens were considered, with a three-phase feeding
system (starter, 0-10 days; grower, 11-24 days; and finisher, 25-32 days) Table 1.

Table 1. Ingredients and nutritional contributions of diets for Ross 308® broilers.

Basal diets (%)

Ingredients Starter (0-10 days) Grower (11-21  Finisher (22-32
days) days)
Cornmeal 51.41 55.51 61.20
Soymeal 41.33 37.69 32.51
Mineral and vitamin premix! 0.20 0.20 0.20
Sodium chloride 0.25 0.25 0.25
Sodium bicarbonate 0.24 0.24 0.24
Crude palm oil 3.03 3.46 3.34
Choline chloride 0.08 0.05 0.05
DL-Methionine 0.44 0.39 0.37
L-Threonine 0.17 0.13 0.12
L-Lysine 0.28 0.22 0.23
Calcium carbonate 1.31 0.94 0.81
Monocalcium phosphate 1.12 0.78 0.54
My cotoxin sequestrants 0.08 0.08 0.08
Phytase enzyme 0.01 0.01 0.01
Coccidiostat 0.05 0.05 0.05

Proximal composition (%)

Metabolizable energy (kcal/kg) 2975 3050 3100
Crude protein 23.00 21.5 19.50
Digestible lysine 1.32 1.18 1.08
Digestible Methionine+ cystine 1.00 0.92 0.86
Digestible threonine 0.88 0.79 0.72
Crude fiber 3.51 3.39 3.20
Calcium 0.95 0.75 0.65
Available phosphorus 0.50 0.42 0.36
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Sodium 0.18 0.18 0.18
Potassium 0.18 0.18 0.18

!Each kg contains vitamin A 11,550 IU, vitamin D3 4300 IU, vitamin E 27.5 IU, vitamin K3 3.85 mg, vitamin B1
2.75 mg, vitamin B2 9.9 mg, vitamin B6 3.85 mg, vitamin B12 22.0 Mcg, niacin 49.5 mg, pantothenic acid 15.4 mg,

folic acid 1.38 mg, biotin 166 mcg; selenium 0.09 mg, iodine 0.18 mg, copper 3.00 mg, iron 36.0 mg, manganese
54.0 mg, zinc 48.0 mg, cobalt 0.12 mg.

2.4. Indicators of Drinking Water Quality

To eliminate residual chlorine and ensure the viability of the probiotic strain (Lactobacillus reuteri
CLP4) during the 21-day period, 6 mg/L of sodium thiosulfate was added to the drinking water. After
20 min, it was verified that the residual chlorine levels were undetectable, measured by colorimetry
with a CN66-F kit (HACH, Loveland, CO, USA), with a measurement range of 0.1 to 3.4 mg/L. Water
quality parameters, such as temperature (26.40 °C), pH (7.10), electrical conductivity 101.14 (S/cm),
total dissolved solids (85.07 ppm) and salinity (0.08 ppm) were analyzed using a multiparameter
meter, model WD-35604-00 (Oakton Electronic, Vernon Hills, IL, USA), with an accuracy of +0.01 at
pH, +0.5°F/O, and +1% (full scale) for EC, TDS, and SALT parameters. Moreover, water turbidity (0.00
NTU) was measured using the standardized method of nephelometry with a SperDirect turbidimeter
860,040 (Sper scientific, Scottsdale, AZ, USA) with an accuracy of +5%. The presence and/or absence
of total coliforms (absence) and fecal coliforms (absence) was performed by counting on plates using
3M™Petrifilm™ (3M, Saint Paul, MN, USA). All analyses were done five times.

2.5. Experimental Conditions

Each replication consisted of pens that were randomly distributed within the house, a deep
wood chip bed was used and 12 birds/m?. Feed and water were offered ad libitum in hopper feeders
and nipple waterers, respectively. The following photoperiod distribution was used 0-7 d of age,
23L:1D was used and 8-32 d, 20L:4D was used. The temperature and ventilation inside the house
were controlled by gas brooders, curtain management, and fans. The barn was disinfected as per
environmental quality standards of Poultry Research and Training Center Protocol, 24 h before the
chicks entered the experimental area. No medications or therapeutic veterinary care was used
throughout the experimental stage. The birds were vaccinated against Newcastle disease, Gumboro
disease, and infectious bronchitis.

2.6. Growth Performance

The indicators of the broiler's growth performance were determined in the periods of 0-10; 11-
21, 22-32 and 0-32 days of age. Viability was determined by living animals among those existing at
the beginning of the experiment. The feed intake was calculated using the offer-and-reject method.
The feed conversion ratio was calculated as the amount of feed ingested, for a gain of 1 kg of BW. The
initial and final individual weight of each stage was taken using a Mettler Toledo IBOA224-15NP
(Jiangsu, China) industrial scale with an accuracy of +2 g.

2.7. Yield, Organ Weights, Chemical Composition and Colorimetry of the Breast

At 32 d of age, 6 broilers (3 males and 3 females) were selected for each experimental replicate,
for a total of 48 broilers per treatment. The broilers fasted for 12 h. The average BW of each treatment
was considered to randomly select the broilers for slaughter. Broilers were euthanized by a certified
veterinarian using the mechanical cervical dislocation (stunning) method, and once the birds were
unconscious, the exsanguination technique was used. The carcasses were suspended by the legs for
2 min during bleeding. Then, the carcasses were immersed in a scalder with a temperature of 60 °C
for 3 min and a water flow of 1 L/bird/min. Afterward, a circular plucker was used for 10 s.
Evisceration was carried out manually.
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To determine the relative weight of edible portions and organs were extracted and weighed:
carcass, bone-in breast, breast skin, leg, leg skin, abdominal fat, digestive organs (proventriculus
without content, gizzard without content, small intestine, and cecum), immune organs (bursa of
Fabricius, spleen and thymus) and viscera (liver without gallbladder, heart, and pancreas). Edible
portions were weighed using a Mettler Toledo IBOA224-15NP balance (Jiangsu, China) with an
accuracy of +2 g and for organs with lower absolute weight, a BLAZE BL balance, model 100-01-BK,
with an accuracy of +0.01 g (Dalman Enterprises Ltd., Wycombe, Buckinghamshire, UK) was used.

Also, 8 breast meat samples (250 g) were randomly taken from 4 male and 4 female chickens for
each treatment. The samples were then stored in plastic bags at a temperature of -15 °C until their
subsequent laboratory analysis. The chemical composition and colorimetry of the breast was
determined in the previously selected samples at the Zamorano Food Analysis Laboratory. The
skinless breast meat was thawed and ground to a paste with a homogenizing blender. Then, in the
samples, the content of moisture, fat, ash, and protein were prescribed, as per the methodology
described by AOAC [20].

Furthermore, 1 g of ground meat was weighed, and 10 mL of distilled water was added.
Afterward, the sample was homogenized for 2 min with a vortex and with a Bantex model 300A
digital potentiometer, calibrated with buffer solutions (pH 4-7), and then, the meat pH was
determined. Colorimetry in raw and skinless thawed breast meat was determined (8 samples for each
treatment). Five grams of muscle pieces were placed inside the equipment, and each muscle was
sampled twice with it. Coordinates L* (luminosity), a* (red index), and b* (yellow index) were
evaluated as per a sphere spectrophotometer Minolta CR-400/410 Chroma Meter (Konica Minolta
Sensing Inc., Osaka Japan).

2.8. Cecal Microbiology and pH

The left caeca contents of 8 birds per treatment (4 females and 4 males) were randomly selected,
and the mucosa was scraped with a scalpel for microbiological culture. The caeca content of each
sample was placed in a sterile centrifuge tube, weighed, and diluted with an aqueous solution of
Butterfield’s buffered phosphate at 1:10 (w/v). The diluted caeca contents were homogenized, and
serial dilutions (1/10) were prepared up to 105 dilutions. Subsequently, 0.1 mL aliquots of each
dilution were taken and spread on plates on a surface of MRS Agar (Neogen Acumedia, Lansing, MI,
USA) supplemented with methylene blue (0.016 g/1000 mL), and kept at 37 °C, with a pH of 5.6, for
48 h, in anaerobiosis (Gas Pak System, BBL, Cockeysville, MD, USA). Violet Red Bile Glucose agar
plates for Enterocateriaceae, and Violet Red Bile Lactose MUG Agar for coliform and Escherichia coli
counts (Liofilchem, Teramo, Italy), were incubated at 35 °C for 24 h. Also, for fecal Clostridium spp.,
reinforced Agar was used (Liofilchem, Roseto degli Abruzzi, Italy), incubated at 35+2 °C for 40 h.
Lactic acid bacteria counts were calculated as 10 CFU/g by colony morphology on MRS+MB Agar.
Gram staining and catalase tests were conducted for each colony type, as described previously. An
LX400 light microscope (Fremont, CA, USA) was used for the morphological characterization of the
bacterial colonies. The cecal pH was determined using an Oakton® model 700 digital pH meter
(Oakton Instruments, Vernon Hills, IL, USA). Following the manufacturer’s instructions, the pH
meter was calibrated with buffer solutions of pH 1.68, 4.01, 7.00, 10.01, and 12.45.

2.9. Blood Count, Immunoglobulins and Serum Lipid Profile

On day 32, a hematological examination was performed on 8 (4 females and 4 males) fasting
broilers per treatment. The blood was removed (15 mL) by puncture of the left-wing vein and
deposited in tubes with anticoagulants. In blood plasma, erythrocytes and leukocytes were
determined by automatic counting in a Neubauer Chamber model 68058-15 (Electron, Microscopy,
Sciences, Hatfield, PA, USA) using 2B methyl violet as a diluent. Additionally, platelets were
quantified in the Neubauer Chamber model 68058-15 (Electron, Microscopy, Sciences, Hatfield, PA,
USA) using ammonium oxalate solution. Hemoglobin was determined according to the hemotest
method. The protocols for the quantification of the immunoglobulins IgG, IgA, and IgM were
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followed according to the manufacturers’ instructions labeled on the ELISA kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). For the serum lipid profile, total cholesterol, triglycerides,
high-density lipoproteins (HDL), and low-density lipoproteins (LDL) were determined by enzymatic
colorimetric methods, using kits and an ultraviolet spectrophotometer Humalyzer 2000 (Oktoberfest,
Germany). The atherogenic index was calculated according to the ratio LDL/HDL. All analyses were
performed according to the user manual at the certified Clinical Analysis Laboratory of Paredes y
Asociados, Tegucigalpa, Honduras.

2.10. Tibia and Litter Minerals

At chicken slaughter, 8 tibia (4 females and 4 males) samples were taken for each treatment to
determine ash, Ca, and P. Also, 150 g of litter were randomly taken from under the drinkers of 8 pens
of each treatment to quantify moisture, N, and P content. To determine moisture, Ca, and N content,
the AOAC 2001.11 methodology was used, and P extraction was performed using the AOAC 965.09
method and determined according to molybdenum blue colorimetry.

2.11. Statistical Analysis

The data were processed using the unpaired Student's t test, according to a completely
randomized design. Previously, the normality of the data was verified by the Kolmogorov-Smirnov
test and the uniformity of the variance by the Bartlett test. Viability was determined by comparison
of proportions. SPSS statistical software version 26.0.1.2019 was used.

3. Results

3.1. Growth Performance

Table 2 shows the effect of Lactobacillus reuteri CLP4 in drinking water on the growth
performance of Ross 308® broiler chickens. The probiotic, used until 21 days old, decreased (P<0.05)
feed intake by 17.39, 33.26, and 50 g and feed conversion ratio by 0.09, 0.05, and 0.05, respectively,
compared to the control treatment without additives. The experimental treatments did not change
body weight or viability during the entire experimental period (P>0.05).

Table 2. Effect of oral administration with Lactobacillus reuteri CLP4 on the growth of broiler chickens (0-32

days).
Experimental treatments
Items T0 T1 SEM= P value
0-10 days
Initial BW (g) 45.51 45.53 0.146 0.075
BW (g) 231.63 230.78 3.940 0.880
FI(g) 213.19 195.80 3.287 0.002
FCR 1.15 1.06 0.014 0.001
Viability (%) 100.00 100.00
11-21 days
BW (g) 925.13 927.37 10.272 0.139
FI(g) 811.73 778.47 5.885 0.001
FCR (kg/kg) 1.17 1.12 0.010 0.043
Viability (%) 98.33 98.33 0.955 0.099
22-32 days
BW (g) 1949.11 1956.82 14.809 0.718
FI(g) 1795.14 1745.14 15.423 0.038
FCR (kg/kg) 1.75 1.70 0.012 0.002
Viability (%) 98.63 98.99 0.443 0.585
0-32 days
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FI (g) 2820.05 2719.41 18.593 0.030
FCR (kg/kg) 1.48 1.42 0.017 0.050
Viability (%) 97.00 97.33 1.121 0.838

BW: body weight; FI: feed intake; FCR: feed conversion ratio. n=8 samples per treatment. TO: basal diet without
additives; T1: DB+Lactobacillus reuteri CLP4 during the period from 0 to 21 days old.

3.2. Carcass Traits

The effect of oral administration of Lactobacillus reuteri CLP4 on carcass traits is shown in Table
3. The probiotic did not modify (P>0.05) carcass yield, breast, breast-skin, leg, or leg skin, except for
abdominal fat, which decreased (P<0.05) with this treatment. Furthermore, this bacterial strain
(Lactobacillus reuteri CLP4) increased (P<0.05) the percentage of breast protein, without changes in
moisture, ash, pH, or colorimetry (P>0.05).

Table 3. Effect of oral administration with Lactobacillus reuteri CLP4 on carcass traits of broiler chickens (32

days).
Experimental treatments
Items T0 T1 SEM= P value
Yields (%)
Carcass 70.13 69.26 0.709 0.386
Breast 27.56 28.17 0.717 0.555
Breast skin 1.77 1.71 0.115 0.741
Leg 9.51 9.60 0.379 0.089
Leg skin 0.88 0.93 0.042 0.451
Abdominal fat 1.20 1.08 0.037 0.024
Chemical composition of breast (%)

Moisture 74.77 73.26 0.975 0.077
Ash 1.37 1.33 0.101 0.713
Protein 22.89 24.02 1.588 0.050
Fat 2.34 2.72 0.463 0.079
pH 5.72 5.73 0.108 0.949
L* 57.88 59.86 0.862 0.142
a* 8.63 8.32 0.230 0.371
b* 19.38 20.27 0.381 0.139

n= 48 broilers per treatment for carcass yield; n=8 samples per treatment for chemical composition and
colorimetry of the breast. TO: basal diet without additives; T1: DB+Lactobacillus reuteri CLP4 during the period
from 0 to 21 days old.

3.3. Organ Weights

The experimental group containing Lactobacillus reuteri CLP4 increased (P<0.05) the relative
weight of the thymus and spleen as immune organs and the liver and pancreas as viscera, without
influencing (P>0.05) the relative weight of the digestive organs, bursa of Fabricius and heart of broiler
chickens at 32 days old (Table 4).

Table 4. Effect of oral administration with Lactobacillus reuteri CLP4 on the relative weight of the digestive,

visceral, and immune organs of broiler chickens (32 days old).

Experimental treatments

Relative weight (%) TO0 T1 SEMz+ P value
Proventriculus 0.55 0.50 0.018 0.057
Gizzard 2.20 2.30 0.072 0.334
Small intestine 3.08 3.25 0.089 0.186
Cecum 0.60 0.57 0.028 0.471
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Thymus 0.35 0.40 0.008 0.017
Bursa of Fabricius 0.14 0.16 0.009 0.207
Spleen 0.09 0.11 0.006 0.007
Liver 1.83 2.02 0.058 0.024

Heart 0.50 0.51 0.022 0.707
Pancreas 0.21 0.26 0.011 0.002

n= 48 broilers per treatment. TO: basal diet without growth-promoting antibiotics; T1: DB+ TO: basal diet without
additives; T1: DB+Lactobacillus reuteri CLP4 during the period from 0 to 21 days old.

3.4. Cecal Microbiology and pH

Table 5 shows that oral administration of Lactobacillus reuteri CLP4 stimulated (P<0.05) the
population of cecal LAB and significantly decreased (P<0.05) the Salmonella spp. count and cecal pH.
However, this probiotic did not alter (P>0.05) the quantification of total coliforms, Enterobacteriaceae,
E. coli, or Clostridium spp. in the cecum of broilers.

Table 5. Effect of oral administration of Lactobacillus reuteri CLP4 on bacterial count and cecal pH of broiler

chickens (32 days).
Experimental treatments
Items T0 T1 SEM+ P value
Total coliforms (log CFU/g) 7.07 7.10 0.251 0.427
Enterobacteriaceae (log CFU/g) 7.41 7.42 0.297 0.627
Escherichia coli (log CFU/g) 7.23 7.25 0.290 0.425
Clostridium spp. (log CFU/g) 7.62 7.56 0.044 0.398
Salmonella spp. (log CFU/g) 5.46 423 0.087 0.050
Lactic acid bacteria (log CFU/g) 7.29 8.43 0.305 0.025
pH 6.64 6.15 0.259 0.037

n=8 samples per treatment. TO: basal diet without additives; T1: DB+Lactobacillus reuteri CLP4 during the period
from 0 to 21 days old.

3.5. Hematological Parameters

Table 6 shows that Lactobacillus reuteri CLP4 used in drinking water for up to 21 days old
improved (P<0.05) the concentration of serum immunoglobulins (IgM, IgG and IgA) and decreased
the concentration of harmful lipids, such as total cholesterol, triglycerides, LDL and the LDL/HDL
ratio, although there were no changes (P>0.05) for HDL and the blood count of broilers (32 days).

Table 6. Effect of oral administration with Lactobacillus reuteri CLP4 on hematological parameters of broiler

chickens (32 days).
Experimental treatments
Items TO T1 SEM+ P value
Leukocytes (x103/pL) 15.52 15.44 0.195 0.263
Erythrocytes (x106/uL) 2.49 2.46 0.071 0.786
Platelets (x10%/uL) 26.18 26.12 0.287 0.318
Hemoglobin (g/dL) 11.39 11.60 0.128 0.289
IgM (mg/dL) 1.95 3.06 0.355 0.050
IgG (mg/dL) 1.00 1.56 0.167 0.045
IgA (mg/dL) 0.19 0.32 0.049 0.048
Total cholesterol (mg/dL) 120.97 112.76 3.510 0.014
Triglycerides (mg/dL) 30.49 20.76 2.700 0.034
LDL (mg/dL) 49.28 45.49 1.172 0.050
HDL (mg/dL) 59.23 69.38 3.522 0.076
LDL/HDL 0.83 0.67 0.045 0.032
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n=8 samples per treatment. LDL: Low density lipoprotein, HDL: High density lipoprotein. TO: basal diet without
additives; T1: DB+Lactobacillus reuteri CLP4 during the period from 0 to 21 days old.

3.6. Tibia and Litter Minerals

The group with the bacterial strain Lactobacillus reuteri CLP4 did not modify (P>0.05) the
moisture, Ca, and P content in the tibia of broiler chickens (32 days; Table 7). However, this probiotic
(Lactobacillus reuteri CLP4) decreased N excretion (P < 0.05) in the birds' litter, although it did not alter
the moisture content or P excretion (P<0.05; Table 7).

Table 7. Effect of oral administration with Lactobacillus reuteri CLP4 on the mineral content in tibia of broiler
chickens (32 days) and poultry litter.

Experimental treatments

Items T0 T1 SEM+ P value

Tibia

Moisture 63.62 63.64 0.926 0.988

Ca 12.41 12.40 0.328 0.993

P 4.86 4.80 0.246 0.881
Litter

Moisture 32.10 32.40 1.790 0.911

N 2.59 1.90 0.089 0.046

P 0.93 0.92 0.046 0.961

n=8 samples per treatment. TO: basal diet without additives; T1: DB+Lactobacillus reuteri CLP4 during the period
from 0 to 21 days old.

4. Discussion

One of the aims was to validate whether this probiotic candidate (L. reuteri CLP4) had the same
response in vivo, since in vitro it demonstrated an antimicrobial effect and growth under harsh
conditions that mimic the gastrointestinal tract of broiler chickens, such as temperature, pH, and bile
salts [14]. Thus, the present study demonstrated that oral supplementation of the biopreparation with
Lactobacillus reuteri CLP4 in the drinking water during the first 21 days old, which are the most critical
days for these animals, reduced feed conversion ratio by 4.05% compared to the control group, due
to a significant decrease in feed intake (3.57%; Table 2), without compromising weight gain or
viability. This demonstrates that this probiotic strain isolated from the gastrointestinal tract of Creole
roosters can improve feed efficiency due to a direct impact on gut health. Probiotics, especially
Lactobacillus species, have the ability to colonize the gastrointestinal tract and reduce microbial
dysbiosis, thereby improving intestinal immune status, antioxidant capacity, and competitive
exclusion of pathogens, which in turn promotes nutrient absorption [21,22]. There is ample scientific
evidence that probiotics derived from Lactobacillus reuteri strains can improve intestinal mucosal
histomorphometry, digestive enzyme production, and absorption surface, thereby promoting
efficient use of energy and nutrients from the diet [23,24]. In this regard, Bhogoju et al. [24] reported
that Lactobacillus reuteri decreased feed intake by 7% and reduced feed conversion ratios in broiler
chickens by 6-7% compared to the control. Similarly, oral supplementation with Lactobacillus reuteri
strain Pg4 decreased feed intake by 3.90% and improved feed conversion ratio by 5% in 42-day-old
broiler chickens [25]. Moreover, use of Lactobacillus reuteri SLO01 for 42 days improved body weight,
feed intake, and feed conversion ratio. The authors attributed their results to the fact that lactobacilli
produce bacteriocins and organic acids, which inhibit the growth and reproduction of pathogenic
bacteria in the intestine, as well as promote the growth of beneficial bacteria that improve nutrient
absorption and feed efficiency [14].

As shown in Table 3, supplementation with L. reuteri CLP4 decreased abdominal fat deposition
(10%) without affecting the edible portions of broiler chickens. This effect could be attributed to the
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fact that this probiotic bacterial strain (L. reuteri CLP4) can modulate lipid metabolism, which in
poultry is primarily hepatic, thus improving the serum lipid profile with lower concentrations of
triglycerides (TG) and VLDL [26,27], as observed in this experiment and suggesting a shift in energy
redistribution towards lean muscle rather than fat deposition. In this sense, Musa et al. [28] informed
that this simple lipid (TG) and lipoprotein (LDL) have a high statistical correlation with abdominal
fat deposition in broilers. Also, from a practical standpoint, the reduction of abdominal fat is
beneficial for poultry slaughterhouses because it is an undesirable component [29]. Similar results
were reported by Wang et al. [14]. who observed no notable changes in carcass yield or edible
portions when Lactobacillus reuteri XC1 was administered orally, except that the percentage of
abdominal fat decreased slightly compared to the control group. Likewise, a mixture of 12
Lactobacillus strains reduced abdominal fat, but only after 28 days old [30]. Other studies using
Lactobacillus reuteri strains did not report positive results in reducing abdominal fat percentage in
broiler chickens [28] possibly because these studies were conducted up to day 42 old, when fat
deposition tends to be greater with age due to changes in the expression of liver genes that regulate
lipogenesis and lipolysis [31].

Interestingly, Lactobacillus reuteri CLP4 strain increased the percentage of breast protein (1.13%).
A study comparing diets with different nutrient densities indicated that breast protein is directly
related to amino acid availability and muscle protein synthesis, primarily lysine and methionine [32].
Although few studies have evaluated the effect of probiotics on breast protein, Khaksefidi and Rahimi
and Bentahar et al. [33,34] reported that probiotic strains improved breast protein content in broiler
chickens by 0.98% and 1.14%, respectively. The authors attributed these results to improved nutrient
absorption and amino acid assimilation, which benefited the synthesis of structural proteins and
contributed to the higher protein content in the meat. These results (Table 3) suggest that this
probiotic strain (L. reuteri CLP4) influenced the nutritional quality of chicken meat, possibly due to
feed efficiency and modulation of nutrient distribution and metabolism [35-37]. However, other
probiotics did not alter the composition of the breast meat, thus further studies are needed to confirm
these results [38].

The data in Table 4 reveal that oral supplementation with Lactobacillus reuteri CLP4 increased the
relative weight of the thymus (0.05%) and spleen (0.02%) as immune organs in broiler chickens,
although no changes were observed in the bursa of Fabricius. These organs participate in the immune
response against pathogens through the maturation and differentiation of B and T lymphocytes [39].
Variations in the relative weight of these hematopoietic organs have been associated with various
stress factors, the presence of pathogens, and the use of functional additives such as probiotics [40,41].
These additives can induce mild hyperplasia in these organs, associated with increased immune
activity, but without pathological alterations in the birds [42]. In this sense, Lefter et al. [43] informed
that the use of Lactobacillus salivarius increased the relative weight of the spleen, without altering the
primary lymphoid organs. Also, Melese et al. [44] related the oral use of L. reuteri DSM 20016T and
P. pentosaceus DSM 20,206 with increased immune organ activity and productive indicators in broiler
chickens. However, other authors found no changes in these organs when Lactobacillus reuteri was
administered orally to broiler chickens despite improvements in main production indicators [13].
Furthermore, Yang et al. [45] had associated the increase in relative spleen weight with inflammatory
responses induced by Salmonella typhimurium infection. These scientific contradictions demonstrate
that it is necessary to consider other biological indicators to assert that these variations in lymphoid
organs signify higher productive differentiation.

Furthermore, oral administration with Lactobacillus reuteri CLP4 in drinking water increased
relative liver weight by 0.19% compared to the control group (Table 4). The liver is the largest
glandular organ in birds; it plays an essential role in bile secretion, xenobiotic detoxification, hormone
metabolism, and degradation of metabolic waste products [46]. In broiler chickens challenged with
aflatoxin B1, probiotics reduce relative liver weight by mitigating toxin-induced hepatocellular
damage [47]. However, in apparently healthy birds, an increase in the relative weight of this organ
and its metabolic rate within normal physiological parameters could be associated with greater
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synthesis of lipids and proteins [48], with emphasis on de novo lipogenesis, plasma proteins and
lipoproteins (mainly VLDL), respectively. This result could contribute to the improvements observed
in feed conversion ratio (Table 2), breast protein content, and abdominal fat percentage (Table 3).
Nevertheless, Lefter et al. [43] found no changes in relative liver weight or in the productive
indicators of broiler chickens when using microencapsulated Lactobacillus salivarius.

Similarly, the L. reuteri CLP4 strain increased the relative weight of the pancreas (0.05%; Table
4). This organ plays a fundamental role in the digestive process by secreting a set of enzymes
(proteases, lipases and amylases) essential for the breakdown of dietary components, although its
secretory function undergoes changes depending on the chemical and physical characteristics of the
diets; however, few studies have evaluated the effect of probiotics administered in drinking water on
the functionality of this organ [49]. It appears that a greater pancreatic weight within non-
pathological parameters suggests improved exocrine function, which could explain the increased
efficiency of broilers when this probiotic (L. reuteri CLP4) was administered orally. In this regard,
Olnood et al. [50] reported an increase (0.05-0.07%) in pancreatic weight when using probiotics in the
feed and drinking water in broilers; however, the authors did not find a scientific explanation for this
increase. Other authors did not identify changes in the relative weight of the viscera when using
beneficial microorganisms, although they reported improvements in the productive performance of
the chickens [51,52]. Further biochemical and physiological studies are needed to confirm that this
probiotic has effects on pancreatic function in this animal model (chickens).

In vitro results demonstrated that Lactobacillus reuteri CLP4 had a marked antimicrobial effect
against several common pathogenic bacteria in the poultry industry [16]. Therefore, another objective
was to demonstrate whether this effect could be observed in vivo when the bacterial strain (L. reuteri
CLP4) was administered orally to broiler chickens. The group receiving the probiotic showed a
15.64% increase in the cecal lactic acid bacteria population (Table 5), demonstrating that this bacterial
strain colonizes the cecum or promotes the growth of other native bacterial strains. This resulted in a
significant reduction of cecal pH of 7.38%. Although the production of short-chain fatty acids was not
determined, several studies have associated an increase in the population of lactic acid bacteria with
a higher production of SCFAs [53], which causes a reduction of intestinal pH, creating a hostile
environment for the growth of pathogenic bacteria sensitive to acid pH such as Salmonella [54,55]. It
is known that Lactobacillus reuteri can produce antimicrobial compounds such as reuterin,
bacteriocins, and hydrogen peroxide, metabolites that contribute to the competitive exclusion and
control of pathogenic microorganisms in the gastrointestinal tract [55-58]. Numerous studies have
linked the antimicrobial effect of beneficial bacterial strains to the productive performance of broiler
chickens. Siddique et al. [59] reported that the use of Lactobacillus reuteri and Enterococcus faecium
promoted chicken growth due to decreased Salmonella spp. counts and favorable changes in intestinal
morphometry. Furthermore, Shokryazdan et al. [52] found that the use of several strains of
Lactobacillus salivarius increased populations of beneficial bacteria, such as lactobacilli and
bifidobacteria, and decreased enterobacteria counts, which resulted in a growth-promoting effect in
broiler chickens. Moreover, Olnood et al. [50] reported that treatments with L. johnsonii stimulated
the growth of lactic acid bacteria in the ileum and cecum and consequently caused a decrease in the
number of Enterobacteriaceae in the cecum of broiler chickens at 21 days old.

Hematological parameters are used as complementary analyses to diagnose bacterial, viral,
parasitic, or fungal infections, as well as intoxication, dehydration, or blood clotting problems in
animals [60]. Some additives can module leukocytosis, an immune response to eliminate exogenous
material and/or potentially toxic and allergenic compounds [61]. In this study, the oral administration
with Lactobacillus reuteri CLP4 did not alter the main blood count indicators (Table 6). This suggests
that this probiotic strain did not induce systemic hematological variations and appears to be safe
under the conditions of this study, a fact also confirmed by the viability of the broilers (97.33%; Table
2). On the other hand, a study using a combination of probiotics and IgY reduced the inflammatory
process and PCV values in broilers exposed to lipopolysaccharides [62]. The authors attributed these
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results to the antimicrobial and immunomodulatory effect of the probiotics, which decrease the
hematological alterations associated with the systemic inflammatory process.

In the present experiment, the probiotic group modulated humoral immunity by increasing
serum levels of IgA, IgG, and IgM in broilers (Table 6). IgA is known to be crucial for intestinal
mucosal immunity, IgG is the main antibody for systemic immunity, and IgM is a key first responder
to infection [57,58,63]. These results suggest that Lactobacillus reuteri CLP4 has a marked
immunostimulatory effect in broiler chickens under the experimental conditions of this study. Chai
et al. [13] reported that Lactobacillus reuteri SLOO1 increased the concentration of the main
immunoglobulins (IgA, IgM, and IgG) in broilers, promoting a better productive response. Similarly,
another study with L. acidophilus BCRC 16,092 increased immunoglobulin synthesis in broiler
chickens [64]. However, Cakir et al. [65] did not find a positive response in body weight, feed intake,
carcass yield, or serum immunoglobulin concentration. Apparently, the antimicrobial and
immunological effects of probiotics will depend on the strain used, concentration, health status, diet,
water quality, challenges, production conditions, age, animal, and production category [16].

On the other hand, oral administration with Lactobacillus reuteri CLP4 showed a hypolipidemic
effect in broiler chickens, due to the significant reduction in serum concentrations of total cholesterol
(7.28%), triglycerides (46.87%), LDL (8.33%), and the atherogenic index (LDL/HDL,; 23.88%). These
results coincide with those reported by Chai et al. [13] who observed that Lactobacillus reuteri SL001
improved the serum lipid profile in broiler chickens, decreasing excess harmful lipids (total
cholesterol, triglycerides, and LDL) and increasing HDL. Similarly, Chen et al. [66] demonstrated that
oral supplementation with Lactobacillus agilis BCRC 10,436 and Lactobacillus reuteri BCRC 17,476
significantly decreased the concentration of serum cholesterol. The hypocholesterolemic effect of
probiotics may be mediated by multiple mechanisms, including the direct assimilation of cholesterol
by bacteria, the enzymatic deconjugation of bile salts by bacterial bile salt hydrolase, which increases
their excretion and reduces cholesterol reabsorption, cholesterol uptake in the bacterial cell wall,
conversion of cholesterol to coprostanol in the intestine, and the possible modulation of hepatic 3-
hydroxy-3-methylglutaryl-CoA reductase activity [26,67]. A meta-analysis reported that the
probiotics Lactobacillus reuteri and Lactobacillus plantarum may be highly correlated with a decrease in
total cholesterol and low-density lipoprotein (LDL) concentrations [68], resulting in an improved
atherogenic index. Although there are no physiological reference values for the atherogenic index in
broiler chickens, the reduction of LDL [69], which is rich in esterified cholesterol, may be associated
with less abdominal fat deposition and greater productive efficiency, as observed in the present
study.

As shown in Table 7, L. reuteri CLP4 did not significantly affect tibial ash, calcium, or phosphorus
content. However, Mutus et al. [70] reported that two probiotic strains increased ash and phosphorus
content in the tibia of broilers. Also, Javid et al. [71] found that the use of probiotics and prebiotics
improved tibial ash percentage, although there were no differences in robustness index or diaphysis
diameter. Other study showed that the inclusion of probiotics increased the ash and calcium content
of the tibia of broiler chickens challenged with Salmonella, but only until 21 days old [72]. These
findings suggest that, while L. reuteri CLP4 strain modulated the antimicrobial and immune response
and decreased cecal pH, which influenced improvements in feed efficiency, it did not appear to
modify metabolism or bone mineral retention in broilers at 32 days old.

Furthermore, nitrogen (N) and phosphorus (P) excretion and its consequences in intensive
broiler chicken production are major concerns for poultry companies because several reports
demonstrate their direct impact on environmental degradation, with emphasis on eutrophication of
aquatic systems, ammonia emissions, greenhouse gases, soil and groundwater pollution [73]. Several
strategies have been proposed to reduce nitrogen excretion in poultry litter, including the use of
exogenous enzymes, low crude protein diets supplemented with synthetic amino acids, zeolites, and
alternatives to antibiotic growth promoters such as probiotics [74]. In this regard, Lactobacillus reuteri
CLP4 significantly decreased nitrogen excretion (Table 7); this effect may be associated with
improved nitrogen utilization efficiency and enhanced dietary amino acid retention, which could
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contribute to higher muscle protein deposition, as demonstrated in the protein content of the breast
(Table 3). These findings suggest that this probiotic strain could potentially contribute to reduced
ammonia generation and environmental pollution, both inside and outside poultry houses, thereby
supporting more sustainable poultry production systems. Such et al. [75]. reported that the use of
probiotics and high-fiber diets can reduce nitrogen excretion in broiler chickens due to the
modulation of short-chain fatty acid production and the reduction of intestinal pH, which can alter
microbial activity and nitrogen metabolism in the large intestine, thus a more acidic cecal pH (Table
5) can benefit the incorporation of nitrogen into microbial proteins and decrease nitrogen losses in
the excreta [76]. However, another study no changes in fecal nitrogen content when orally
supplementing with Bacillus subtilis-based probiotics, suggesting that these effects depend on the
microbial strain, dosage, and experimental conditions [77]. Therefore, further research is required to
elucidate the mechanisms through which probiotics derived from different microorganisms influence
nitrogen retention and ammonia emissions from poultry litter.

Oral administration with L. reuteri CLP4 did not alter phosphorus excretion in broiler litter,
consistent with the results for tibial phosphorus content (Table 7). Excess phosphorus can directly
affect environmental sustainability by promoting the growth of aquatic plants and algae, and
negatively impacting aquatic life and microbial community ecology [78,79]. The dietary use of
phytase enzymes is the most effective strategy for mitigating phosphorus excretion in poultry. These
enzymes hydrolyze phytate from plants, releasing absorbable orthophosphate, which reduces the
dietary inclusion of inorganic phosphates [80]. Studies confirm that the combination of phytases with
probiotics improves phosphorus utilization and intestinal health, contributing to lower fecal losses
of this mineral [81]. Under the experimental conditions of this study, basal diets (starter, grower, and
finisher) were formulated with phytase enzymes (Table 1), suggesting that this exogenous enzyme
(phytase) was sufficient to optimize phosphorus utilization.

5. Conclusions

Oral administration of a probiotic biopreparation containing Lactobacillus reuteri CLP4 at 10
mL/L in drinking water during the period from 0 to 21 days old, improved feed efficiency and breast
protein content and diminished abdominal fat yield. It also stimulated lactic acid bacteria
populations, while reducing cecal pH and Salmonella spp. counts. The probiotic increased the relative
weight of some immune organs and serum immunoglobulin concentrations, and decreased both the
atherogenic index and environmental nitrogen excretion in broiler production.
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