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Heat stress is one of the major constraints on quail production, compromising
feed intake, egg quality, and overall welfare under tropical conditions. This study
aimed to evaluate whether dietary methionine + cystine (Met+Cys)
supplementation could mitigate the adverse effects of thermal stress on laying
Coturnix japonica during peak egg production. A total of 504 female quails were
distributed across 12 treatments in a 3 X 4 factorial design, combining three Met
+Cys levels (100%, 110%, and 120% of NRC recommendations) and four ambient
temperatures (20, 24, 28, and 32 °C). Over an 84-day trial, productive
performance, egg quality, physiological markers (cloacal temperature,
respiratory rate), and tissue morphology (duodenum, jejuno, hepatic, uterine)
were evaluated. Heat stress markedly impaired reproductive performance and
egg quality, particularly at 32 °C, with no significant interaction between
temperature and supplementation level. Principal Component Analysis
revealed structural degradation in intestinal, hepatic, and uterine tissues under
elevated temperatures, partially alleviated by 120% Met+Cys at 24 °C. However,
increased supplementation failed to reverse thermal-induced production losses
under severe heat. These findings demonstrate that ambient temperature exerts
a stronger influence than methionine and cysteine supplementation on overall
quail performance. While nutritional interventions may help preserve tissue
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architecture under moderate heat stress (up to 28 °C), strategic thermal
environment management remains the primary tool to safeguard welfare and
productivity. This integrative approach underscores the value of
multidimensional analysis in poultry science and supports refined thermal-
nutritional management in quail production systems.

KEYWORDS

animal welfare, egg quality parameters, heat stress, intestinal integrity, methionine
metabolism, thermoregulation, tissue morphology

1 Introduction

Japanese quail (Coturnix japonica) farming has gained
prominence as a fast-growing segment of the Brazilian poultry
industry, driven by nutritional innovations and advances in genetic
selection and environmental adaptation. According to the Brazilian
Institute of Geography and Statistics (IBGE, 2024), national
production reached 250.3 million dozen quail eggs, reflecting a
5.4% increase over the previous year. This upward trend highlights
the intensification of production systems and the pursuit of greater
zootechnical efficiency under tropical conditions.

However, high ambient temperatures remain one of the major
constraints on performance in intensive systems. Quails are
physiologically sensitive to thermal stress, with narrow thermoneutral
zones. When exposed to elevated temperatures, especially under high
humidity, birds experience reduced feed intake, impaired nutrient
absorption, and altered metabolic energy partitioning, favoring
maintenance over productivity and compromising both egg yield and
animal welfare (Soares et al., 2019; Matos Jinior et al., 2023).

To mitigate these effects, dietary strategies have emerged as
practical tools to enhance resilience under heat stress. One such
approach involves the supplementation of DL-methionine, an amino
acid added to diets to meet graded requirements for methionine plus
cystine (Met + Cys). These sulfur-containing amino acids are
metabolically interconvertible and play key roles in protein synthesis,
egg formation, lipid metabolism, antioxidant defense via glutathione
production, and epithelial tissue integrity (Harper et al., 1970; Mitchell
and Robbins, 1984; Geraert et al,, 1996). Recent findings demonstrated
that methionine supplementation can enhance growth performance,
productivity, and health parameters in Japanese quails, reinforcing its
potential role in nutritional strategies under challenging environments
(Aziz et al, 2025). In addition, other studies have shown that DL-
methionine supplementation contributes to improved breast muscle
yield and antioxidant defense, while maintaining meat quality in
Japanese quails (Mahmoud et al., 2023).

While reference standards such as NRC (1994) and region-
specific data (Silva and Costa, 2009) guide dietary formulations for
quail, there is still limited understanding of how Met + Cys
requirements may shift under thermal challenge. Beyond amino
acid supplementation, functional minerals such as dietary zinc have
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also shown promising results in preserving bone strength and
performance in quails under thermal stress, suggesting a
synergistic role of nutritional components in adaptive responses
(Lima et al., 2025).

Recent evidence indicates that elevated levels of sulfur-
containing amino acids may contribute to preserving intestinal
and reproductive tissue morphology, as well as modulating calcium
transport proteins under heat stress conditions (Moraes et al,
2021). Moreover, (Wasti et al., 2020). highlighted that nutritional,
environmental, and genetic strategies play a critical role in
mitigating the physiological and productive impacts of heat stress
in poultry systems. Despite these advances, few studies have
simultaneously addressed the combined influence of ambient
temperature and DL-methionine supplementation on the
productive, physiological, and morphological responses of laying
Japanese quails. This gap limits the optimization of nutritional
strategies under climate stress scenarios.

Therefore, the present study aimed to evaluate whether different
levels of DL-methionine supplementation, corresponding to 100%,
110%, and 120% of NRC recommendations for Met + Cys, could
mitigate the negative effects of thermal stress on laying
performance, egg quality, physiological parameters, and the
histomorphology of key tissues (intestine, liver, and uterus) in
Japanese quails during the peak laying period. We hypothesized
that elevated temperatures would impair all measured variables, and
that higher supplementation levels could provide protective effects
under moderate thermal stress. By integrating productive,
physiological, and histological data, this study seeks to provide a
comprehensive understanding of nutrition-environment
interactions and to contribute to the refinement of feeding
strategies for quails raised in tropical environments.

2 Materials and methods

2.1 Experimental site, ethical approval, and
experimental design

The trial was conducted at the Research Unit in Bioclimatology,
Ethology, and Animal Welfare, Department of Animal Science,
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Federal University of Paraiba (UFPB), Areia, Brazil (6°57'02” S, 35°
41'04” W). All procedures were approved by the Committee of
Ethics in Animal Use of UFPB (protocol no. 097/2015) and
followed the national and international guidelines for the care
and use of animals in research.

A total of 504 female Japanese quails (Coturnix japonica), aged
56 days and weighing approximately 180 g, were used in the
experiment. Before the beginning of the experiment, all quails
were kept under standardized management at the Research unit,
receiving balanced commercial ration and ad libitum water. When
the birds had an average of 93% laying, were distributed in a
completely randomized 3 x 4 factorial design. Treatments
combined three dietary levels of methionine + cystine (Met+Cys:
100%, 110%, and 120% of NRC (1994) recommendations) and four
ambient temperatures (20, 24, 28, and 32°C). Each treatment
included six replicates, totaling 72 experimental units (3 dietary x
4 environments x 6 replicates), with six birds in each replicate.

2.2 Pre-experimental management and
housing

Prior to the start of the experimental period, a two-week
standardization phase was conducted to monitor egg production
and ensure uniform laying performance across experimental units.
Birds were then distributed based on average productivity, and each
group was weighed and identified according to treatment
and replicate.

The experiment began when the quails were 56 days old, with a
baseline laying rate of approximately 93%. The trial lasted 84 days
and was divided into four consecutive 21-day phases.

The study was carried out in four independent bioclimatic
chambers, each measuring 5.40 m in length and 3.83 m in width.
Each chamber contained galvanized wire cages (47 x 23.5 x 16 cm;
length x width x height), equipped with trough-type feeders and
nipple drinkers suitable for adult laying quails. Birds were housed in
groups of seven per cage, with each cage representing one
experimental unit (replicate). The stocking density was consistent
across all treatments.

Feed was offered twice daily (at 07:00 and 16:00), and fresh
water was provided ad libitum, being replaced twice daily to avoid
overheating. Environmental control within the chambers was
maintained using heaters with digital thermostats and air
conditioning units with automatic temperature regulation. Air
renewal and circulation were ensured by axial wall-mounted
exhaust fans. Ambient temperature and relative humidity were
monitored twice daily (morning and afternoon) using calibrated
digital thermohygrometers, positioned at the birds” center-of-mass
height to accurately reflect the microclimate.

A fixed photoperiod of 17 hours of light and 7 hours of darkness
was applied throughout the experimental period, following
standard protocols for laying performance.

The protocols for the different thermal environments were
established based on the studies of Sousa (2013). The birds were
continuously exposed to different temperatures throughout the
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evaluated production cycles, including two within the thermal
comfort zone (20 and 24°C) and two classified as heat stress
(moderate, 28°C and severe, 32°C). The general layout and
structural configuration of the bioclimatic chambers used in this
study are illustrated in Figure 1.

2.3 Diets and nutritional composition

Experimental diets were formulated to meet the nutritional
requirements of laying quails according to the NRC (1994), with
adjustments for the levels of methionine plus cystine (Met + Cys).
All diets were isocaloric and isonitrogenous, differing only in the
total Met + Cys content, which was adjusted by the inclusion of DL-
methionine (99% purity; Evonik Industries, Hanau, Germany) and
inert filler.

The three experimental levels were:

100% NRC: 0.70% Met + Cys.
110% NRC: 0.77% Met + Cys.
120% NRC: 0.84% Met + Cys.

Diets were prepared using commercially available ingredients
(corn, soybean meal, soybean oil, dicalcium phosphate, limestone,
premixes, and additives), ground and homogenized in a mechanical
mixer at the UFPB feed mill. Representative feed samples were
collected and analyzed for proximate composition (dry matter,
crude protein, ether extract, crude fiber, ash, calcium, and
phosphorus) according to AOAC (2005) methods, while amino
acid contents were calculated based on tabular values and
formulation software.

The ingredient composition and calculated nutrient levels of the
basal diet are presented in Table 1.

2.4 Performance measurements

The performance characteristics evaluated in the experimental trial
were: feed intake, egg laying percentage, whole egg percentage, average
egg weight, egg mass, feed conversion per dozen and per egg mass
produced. Data on the number of whole eggs were recorded daily on
specific forms. The number of broken eggs was also collected for later
calculation of the egg laying percentage and whole eggs.

Feed consumption was determined for each period by the
difference between the amount of feed provided and the remaining
feed at the end of each twenty-one-day period. The result was divided
by the average number of birds in each plot and expressed in grams per
bird per day. The feed corresponding to each experimental unit was
weighed and stored in 3 kg plastic buckets, and identified for each
treatment and repetition. In the case of birds that died during the
period, the average consumption of the plot was corrected, obtaining
the true average consumption for the experimental unit.

For performance analyses, egg-laying percentages were also
measured by each experimental group, relative to total egg
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FIGURE 1

Schematic layout of the climate chambers and equipment used for environmental control during the experiment.

production. Egg-laying percentage was obtained by dividing the
total number of eggs laid per cage per week by the average number
of birds, multiplied by seven, and the result multiplied by 100. The
percentage of healthy eggs was obtained by dividing the total
number of healthy eggs produced per week by the average
number of birds, multiplied by seven, and the result multiplied
by 100.

Egg mass was obtained by multiplying the average egg weight of
each plot by the egg laying percentage of the same plot and dividing
the result by 100 and expressing it in grams of eggs per bird per day.
All individual eggs of the day were weighed on the last three days of
each cycle of each experimental plot.

2.5 Egg quality assessment

Egg quality was assessed on the last three days of each 21-day
period. The following quality characteristics were assessed: specific
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gravity, percentages of yolk, albumen and shell, shell thickness, shell
weight, Haugh unit and yolk color. All eggs from each plot were
weighed on an analytical balance with a precision of 0.01 g. Shell
thickness was measured using a digital caliper (Mitutoyo, Japan),
and yolk color was determined using a DSM YolkFan™
colorimetric scale with integrated light source.

The specific gravity of the eggs was calculated according to the
methodology described by Stadelman and Cotterill (1995). All
collected intact eggs were immersed in NaCl solutions with
densities ranging from 1.005 to 1.100 g/cm?.

The yolk percentage was determined by dividing the yolk
weight by the egg weight and multiplying the result by 100, and
the albumen percentage was determined by dividing the albumen
weight by the egg weight and multiplying the result by 100. To
calculate the shell percentage, the shells were initially dried in a
forced ventilation oven at 65°C for three days. Afterwards, the room
temperature and the shell temperature were allowed to equilibrate
before weighing them.
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TABLE 1 Composition of experimental diets with three methionine + cystine levels for laying Japanese quails under four ambient temperatures.

Treatments

Temperature (°C) 20 24 28 32 20 24 28 32 20 24 28 32
Level of M+C 100%  100%  100%  100%  110% | 110%  110%  110%  120% | 120%  120%  120%
Ingredients

Corn grain 57.570 57570 @ 57.570 = 57.570 @ 57.570 57570 @ 57.570 @ 57.570 @ 57.570 @ 57.570 | 57.570 = 57.570
Soybean bran 30.021  30.021 | 30.021 | 30.021 30021  30.021 | 30.021 30.021 30.021 30.021 | 30.021 30.021
Soybean oil 1872 1872 1872 1872 1872 | 1872 1872 1872 1872 1872 | 1872 1872
Proteinosis 3100 3100 | 3100 | 3.100  3.100 | 3.100 | 3100 | 3.100  3.00 | 3.100 | 3.100 = 3.100
DL-Methionine 0.020 | 0.020 | 0020 0020 009 009 | 009 009 0160 | 0.160 | 0160  0.160
L-Lysine HCL 0.000  0.000 | 0.000 | 0.000 0000 | 0000 | 0.000 0000 0000 | 0000 | 0.000  0.000
Dicalcium phosphate 1156 1156 1156 @ 1156 1156 | 1156 1156 1156 1156 | 1156 | 1156  1.156
Common salt 0332 0332 0332 0332 0332 0332 0332 0332 0332 | 0332 | 0332 0332
Calcitic limestone 5639 | 5639 | 5639 | 5639 5639 | 5639 | 5639 | 5639 5639 | 5639 | 5639 @ 5639
Choline 0.070 | 0.070 | 0070 | 0070 0070 | 0070 | 0.070 | 0070 0070 | 0070 | 0.070  0.070
Mineral premix" 0.050 | 0.050 | 0.050 | 0.050 = 0.050 | 0.050 | 0.050 | 0.050 = 0.050 | 0.050 | 0.050  0.050
Vitamin premix® 0025 0025 0025 | 0025 0025 0025 0025 | 0025 0025 | 0025 | 0025 | 0025
Butyl-hydroxy-toluene (BHT) 0010  0.010 | 0010 | 0010 0010 0010 | 0010 0010 0010 | 0010 | 0.010  0.010
Coccidiostat 0.005  0.005 | 0.005 | 0.005 = 0005  0.005 | 0.005 0005 0005 | 0005 | 0.005  0.005
Inert 0134  0.134 | 0134 | 0.134 0064 0064 | 0064 0064 0000 | 0000 | 0.000  0.000
Total 100.0 1000 | 100.0 | 1000  100.0 | 1000  100.0 1000  100.0 | 100.0 | 100.0  100.0

Chemical Composition

Metabolizable energy (kcal kg'l) 2.900 2.900 2.900 2.900 2.900 2.900 2.900 2.900 2.900 2.900 2.900 2.900
Crude protein (%) 20.00 20.00 20.00 20.00 20.01 20.01 20.01 20.01 20.03 20.03 20.03 20.03
Methionine + digestible cysteine (%) 0.700 0.700 0.700 0.700 0.770 0.770 0.770 0.770 0.840 0.840 0.840 0.840
Digestible lysine (%) 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Calcium (%) 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500
Available phosphorus (%) 0.350 0.350 0.350 0.350 0.350 0.350 0.350 0.350 0.350 0.350 0.350 0.350
Chlorine (%) 0.258 0.258 0.258 0.258 0.258 0.258 0.258 0.258 0.258 0.258 0.258 0.258
Sodium (%) 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150 0.150
Potassium (%) 0.724 0.724 0.724 0.724 0.724 0.724 0.724 0.724 0.724 0.724 0.724 0.724
Manganese(%) 12.628  12.628 = 12.628 | 12.628 12.628 12.628 12.628 = 12.628 12.628 12.628 | 12.628 12.628
Selenium (%) 0.172 0.172 0.172 0.172 0.172 0.172 0.172 0.172 0.172 0.172 0.172 0.172
Linoleic Acid (%) 2.353 2.353 2.353 2.353 2.353 2.353 2.353 2.353 2.353 2.353 2.353 2.353

lPoultry Mineral Premix - Composition per kg of feed: 70000mg of zinc (min.); 1500mg of iodine (min.); 8500mg of copper (min.); 75000mg manganese (min.); 50000mg iron (min.); 200mg
cobalt.

*Postura Vitamin Premix - Composition per kg of feed: 1000mg of folic acid; 1562mg of pantothenic acid; 100ug of biotin; 3980mg of niacin; 70000001U of vit. D3; 2000mg of vit. E; 3000ug of vit.
B12; 4000mg of vit. B2; 3000mg of vit. B; 2100000IU of vit. D3; 2000mg of vit. K3; 200mg of selenium; 100000mg of antioxidant.

The percentage of shell was then obtained by dividing the  measurements was then calculated, and the result expressed
weight of the shell by the weight of the egg, and the result  in millimeters.
multiplied by 100. To obtain the thickness of the shell, the same Subsequently, the three most homogeneous eggs, close to the
shells used in the previous item were used. Two measurements were  average weight, selected from each plot, were identified and broken
taken in the equatorial region of the egg, and the average of these =~ for measurements of the other variables such as albumen height.
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The albumen height was considered the measurement taken
between the surface where the egg was broken and the
intersection between the albumen and the yolk, with the aid of a
caliper on a flat glass surface.

The yolk color was estimated using DSM’s digital fan, the
YolkFanTM, which allows precise color measurement through a
highly sensitive device that evaluates the color of the egg yolk having
its own light source, meaning that the reading is made without any
external interference such as light or the different perceptions of the
human eye and judgment.

To calculate the Haugh unit (HU), the albumen height and egg
weight were substituted into the formula proposed by
Haugh (1937):

HU = 100 x log(H - 1.7W20.37 + 7.57) Where H is the
albumen height in millimeters and W is the egg weight in grams.

The yolks of the three eggs from each plot were weighed
individually on a digital scale to determine the percentage of yolk
in relation to the egg weight. For the percentages of yolk and shell, the
calculation was made in relation to the egg weight. However, for the
percentage of albumen, it was determined by the difference of the
constituents that made up the egg weight: 100 — (% yolk + % shell).

2.6 Physiological and histomorphological
assessments

At the end of the 84-day trial, two birds per replicate (n = 12 per
treatment) were randomly selected and euthanized by cervical
dislocation, following ethical guidelines for poultry research.
Samples of the duodenum, jejunum, liver, and uterus were
immediately collected, fixed in 10% neutral buffered formalin,
processed, and stained with hematoxylin and eosin. For each bird,
at least two slides per tissue were prepared, and histomorphometric
measurements were performed on 10 well-oriented villi and crypts
per slide. Villus height, crypt depth, villus-to-crypt ratio, epithelial
integrity, and structural morphology of liver and uterine tissues
were evaluated using an Olympus BX53F microscope (Tokyo,
Japan) equipped with a DP73 digital camera. Digital images were
analyzed with CellSens Dimension® software (Olympus, Tokyo,
Japan) at 20x magnification, with measurements taken in randomly
selected microscopic fields.

Physiological parameters were measured in two birds per
replicate at 13:00 on the final day of each cycle. Respiratory rate
(RR) was determined by counting thoracic movements per minute.
Cloacal temperature (CT) was measured using a digital clinical
thermometer inserted 2 cm into the cloaca for approximately 30
seconds, until stabilization.

2.7 Statistical analysis

All statistical analyses were performed using SAS® software,
version 6.50 (SAS Institute Inc., Cary, NC, USA) (SAS Institute Inc,
1999). Data were analyzed using a two-way analysis of variance
(ANOVA), with dietary Met + Cys level, ambient temperature, and
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their interaction as fixed effects. The experimental unit was the cage
for productive performance and egg quality traits, and the
individual bird for physiological and histological measurements.
Data were first checked for normality (Shapiro-Wilk test) and
homogeneity of variances (Levene’s test). Means were compared
using Tukey’s test at a significance level of p < 0.05.

Principal Component Analysis (PCA) was conducted using the
PROC PRINCOMP procedure of SAS® (SAS Institute Inc, 1999),
following methodological recommendations for animal science
studies (Khanikar et al., 2024) and poultry immunology
(Varmuzova et al., 2016). Two models were constructed:

PCA 1: based on intestinal morphometric parameters (villus
height, crypt depth, villus:crypt ratio).

PCA 2: integrating physiological (respiratory rate, cloacal
temperature) and histological variables (preserved hepatic area
and uterine area).

Eigenvalues greater than 1 were used as the criterion for
component retention, and biplots were generated to visualize
treatment clustering.

3 Results
3.1 Productive performance

There was no significant interaction between dietary Met+Cys
levels and ambient temperature for any performance parameter (p >
0.05). However, temperature alone significantly affected all metrics.
As shown in Table 2, feed intake decreased progressively with rising
temperature: quails at 20°C consumed 26.11 g/bird/day, while those
at 32°C consumed only 20.21 g/bird/day (p < 0.0001). Egg
production also declined with temperature, reaching 75.26% at
32°C compared to 90.69% at 20°C (p < 0.0001). Egg mass
followed the same trend, dropping from 10.90 g to 8.60 g/bird/
day (p < 0.0001).

Feed conversion ratio per kilogram of egg mass increased under
heat stress, reaching 2.32 at 32°C, while the best efficiency was
recorded at 28°C (2.14) (p = 0.0074). Feed conversion per dozen
eggs was also significantly higher at 32°C (p = 0.0123). Across all
supplementation levels, Met+Cys did not significantly influence any
performance variables, with values remaining statistically similar
among the 100%, 110%, and 120% groups.

3.2 Egg quality parameters

Temperature had a significant impact on egg quality, as detailed
in Table 3. Egg weight was lowest at 32°C (11.83 g), with yolk weight
also decreasing to 3.59 g in this treatment (p < 0.001). Albumen
height decreased from 4.86 mm at 24°C to 4.43 mm at 32°C, and
Haugh units dropped accordingly (p < 0.0001). Shell thickness was
significantly affected by heat, measuring 0.24 mm at 32°C versus
0.25 mm at milder temperatures (p = 0.0111).

Despite these changes, eggs remained within “AA” commercial
classification standards. Supplementation with Met+Cys showed no
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TABLE 2 Performance of laying Japanese quails fed different methionine
+ cystine levels under four ambient temperatures.

Variables Fl Production EM  CEM CDE
Temperature

20 26.11a | 90.6% 1092 | 240a | 034a
24 24.05b | 87.61a 10.75a | 2.25ab | 0.33a
28 22.69b | 87.08a 10.65a | 2.14ab | 0.31lab
32 2021c | 75.26b 8.60b | 2.32b  0.32b
Levels

100 23.09 | 85.19 1035 | 225 0.32
110 2336 | 84.49 1025 | 2.3 0.33
120 2334 | 858 103 228 0.32
p-value

Temp <0001 = <.0001 <0001 = 0.0074 | 0.0123
Levels 0.8521 | 0.6798 0.8927 | 0.7333 | 0.6449
T vs L 0.64 0.41 0.33 0.76 0.58
SEM 2.34 6.652 0.873 | 0291  0.037

feed intake (g/bird/day); Production: egg production (%); EM: egg mass (g/bird/day); CEM:
feed conversion per egg mass (kg/kg); CDE: feed conversion per dozen eggs (kg/dozen).
Different lowercase letters in the same column indicate significant differences among
temperatures by Tukey’s test (p < 0.05). SEM: standard error of the mean. Temp: effect of
temperature; Levels: effect of dietary methionine.

significant effect on egg weight, shell integrity, or internal quality
(p > 0.05). Yolk color varied slightly among groups, but the
differences were not meaningful in the context of quail
egg commercialization.

3.3 Physiological and histomorphological

Principal Component Analysis (PCA) based on intestinal
morphometry (villus height, crypt depth, and villus:crypt ratio)
accounted for 72.9% of total variance (PC1: 46.5%; PC2: 26.4%). As
shown in Figure 2, treatments at 20°C and 24°C, particularly those
with 120% Met+Cys, were clustered in the positive PC1 quadrant,
associated with better mucosal integrity. In contrast, treatments at
28°C and 32°C, especially with lower supplementation levels,
clustered in the negative region, indicating epithelial disruption.

A second PCA model integrating physiological and histological
data (cloacal temperature, respiratory rate, preserved hepatic area,
and functional uterine area) explained 95.5% of variance (PCl:
79.4%; PC2: 16.1%) (Figure 3). Treatments under heat stress (28°C
and 32°C) were grouped on the positive PC1 axis, characterized by
increased respiratory effort, elevated body temperature, and reduced
tissue preservation. Conversely, birds at 20°C and 24°C with 120%
Met+Cys supplementation were distributed on the negative PC1
axis, reflecting physiological stability and structural tissue integrity.
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4 Discussion
4.1 Productive performance

Ambient temperature was the most influential factor affecting
the productive performance of laying Japanese quails. As
temperature increased, birds reduced feed intake, likely as a
thermoregulatory mechanism to limit metabolic heat production,
resulting in significant declines in egg production and mass. These
findings are consistent with Sahin et al (Sahin et al.,, 2002), who
reported that chronic heat exposure disrupts metabolic and
endocrine homeostasis, thereby impairing performance.

Feed intake was significantly higher at 20°C compared to 24°C
and 28°C, although both 20 °C and 24°C are generally considered
within the thermoneutral zone for quails. This difference likely
reflects metabolic adjustments, as quails at 20°C may increase feed
consumption to maintain body temperature, whereas at 24°C and
28°C, thermal conditions impose lower energetic demands. No
significant difference in intake was observed between 24°C and
28°C, suggesting that the variation represents a physiological
adaptation rather than a detrimental thermal effect (Santos
et al,, 2019).

Notably, methionine + cystine supplementation did not
improve productivity under severe heat stress (32°C),
corroborating results by Lima et al (Lima et al., 2024), who found
limited efficacy of amino acid supplementation under intense
thermal challenge. However, recent studies demonstrated that
methionine supplementation can enhance growth performance,
productivity, and health parameters in Japanese quails (Aziz et al.,
2025), indicating that its effectiveness may be more pronounced
under moderate heat stress conditions. Similarly, DL-methionine
supplementation improved growth, breast muscle yield, and
antioxidant defense in Japanese quails (Mahmoud et al, 2023),
reinforcing its importance as a nutritional tool even when
productive benefits are not evident under extreme thermal load.
In addition, chromium-methionine supplementation improved
performance, egg quality, and blood antioxidant status in heat-
stressed quails (Khalifah et al., 2022), highlighting the potential of
combined nutritional approaches to enhance resilience in
hot climates.

These findings support the notion that while amino acid
supplementation may contribute to sustaining performance under
moderate temperatures, it is insufficient as a standalone solution when
environmental temperatures surpass the birds’ thermotolerance
threshold. This threshold, influenced by species-specific metabolic
characteristics, has been previously described by Lara and Rostagno
(2013) in various poultry systems. Previous studies also showed that
methionine and lysine levels influence the productive performance of
pigs under thermoneutral conditions (Ferreira et al., 2005). These
findings, although species-specific, support the principle that amino
acid-based strategies can be metabolically efficient under well-
controlled environments.
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TABLE 3 Egg quality of Japanese quails fed different methionine + cystine levels under four ambient temperatures.

92UBIDS JeWIUY Ul SI913UOI

80

640" UISISNUO.Y

Variables EW COLOR ALB. W. ALB. H. SW Specific gravity %ALB %SHELL
Temperature

20 12.04ab 3.65ab 5.12a 7.42a 4.78a 1.06a 025a 1.07 90.60a 30.28 61.59a 8.84
24 12.20a 3.71a 5.27a 7.47a 4.86a 1.07a 0.25a 1.07 90.92a 30.44 61.29a 8.77
28 12.32a 3.74a 5.08a 7.40a 4.68a 1.06a 0.24b 1.07 89.64b 30.34 60.01ab 8.64
32 11.83b 3.59b 5.17a 6.95b 4.43b 1.02b 0.24b 1.07 88.53¢ 30.37 58.80b 8.61
Levels

100 12.01 3.64 5 7.33 4.62 1.04 0.24 1.07 89.49 30.34 61.09 8.69
110 12.19 3.69 5.17 7.38 4.7 1.06 0.24 1.07 90.45 30.31 60.54 8.71
120 12.1 3.68 5.23 7.21 4.65 1.06 0.25 1.07 89.82 30.42 59.63 8.75
p-value

Temp. 0.0008 0.0029 0.0451 0.0004 <.0001 0.0004 0.0111 0.8243 <.0001 0.9353 0.003 0.044
Levels 0.2249 0.3534 <0001 0.33 0.0082 0.2202 0.1066 0.3172 0.0498 0.8696 0.1113 0.7718
Tovs L 0.338 0.167 0.318 0.752 0.515 0.804 0.443 0.585 0.209 0.92 0.124 0.556
SEM 0.463 0.16 0.259 0.503 0.265 0.049 0.016 0.005 1.723 0.967 3.087 0.347

EW, Egg Weight; YW, Yolk Weight; Alb. W., Albumen Weight; Alb. H., Albumen Height; SW, Shell Weight; ST, Shell Thickness; GRAV, Gravity; HU, Haugh Unit; T°, Temperature; L, Methionine Levels; SEM, Standard Error of the Mean. Means followed by different

letters differ from each other by Tukey's teste.
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FIGURE 2

Principal component analysis (PCA) of intestinal morphometric parameters (villus height, crypt depth, and villus:crypt ratio) of Japanese quails under

different temperatures.

4.2 Egg quality parameters

Egg quality deteriorated progressively with increasing
temperature, particularly at 32°C, where reductions in egg and
yolk weight, albumen height, and Haugh Unit values were observed.
These effects are likely linked to impaired protein synthesis, mineral
metabolism, and hepatic function under thermal stress, as reported
by (Ebeid et al., 2012). and Abdulkadir and Reddy (2023).
Additionally, respiratory alkalosis and reduced carbonic
anhydrase activity at high temperatures can inhibit calcium
carbonate deposition in the shell gland, weakening shell
formation (Yahav et al., 2000). Consistently, this study observed
that eggshell thickness was significantly reduced at temperatures of
28-32°C compared to 20-24°C, confirming that heat stress impairs
calcium carbonate deposition and results in thinner shells.

Despite these physiological disruptions, all egg quality traits
remained within commercial standards, with eggs classified as “AA.”
Methionine + cystine supplementation did not significantly influence
internal or external egg quality. Similar to our findings, (Castro and
Kim, 2020). and (Kwak et al., 2024). also reported limited direct effects
of methionine supplementation on egg quality traits. However,
evidence from chromium-methionine supplementation indicates
that combined nutritional approaches may exert beneficial effects on
egg quality in quails exposed to high temperatures, improving shell
thickness, albumen height, and blood antioxidant profile (Khalifah
et al,, 2022). These results suggest that while methionine alone may
not alter egg quality, its integration with other nutritional strategies
could enhance resilience against thermal stress.
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4.3 Physiological and morphological
responses

Thermal stress triggered classical physiological responses in
quails, including elevated respiratory rate and cloacal
temperature, consistent with the findings of (Ramnath et al,
2008). and Tinoco and Gates (2011). These changes reflect
increased evaporative heat loss but also indicate systemic stress
(Mashaly et al., 2004), which can compromise welfare
and productivity.

Histomorphological evaluations revealed significant degeneration
in the intestinal epithelium and reduced hepatic and uterine tissue
preservation at higher temperatures, corroborating studies by
Abdulkadir and Reddy (2023) and Maiorano et al (Matos Junior
et al,, 2023). These structural impairments suggest a loss of absorptive
capacity, epithelial integrity, and reproductive efficiency.

Interestingly, at 24°C, the group receiving 120% Met+Cys
maintained mucosal integrity and physiological homeostasis,
suggesting a protective effect under moderate heat stress. Similar
protective effects of methionine supplementation against heat-induced
mucosal injury have been reported, demonstrating its role in
maintaining epithelial integrity (Feng et al, 2024). Moreover,
maternal dietary methionine supplementation was shown to improve
lipid metabolism and intestinal development in both laying quails and
their progeny (Santana et al., 2025), indicating that its benefits may
extend across generations. Complementarily, studies in breeder
Japanese quails have demonstrated that methionine supplementation
also enhances reproductive performance, antioxidant status, immunity,
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FIGURE 3

Principal component analysis (PCA) integrating physiological and histological variables (cloacal temperature, respiratory rate, preserved hepatic area,

and functional uterine area).

and maternal antibody transmission under heat stress (Kalvandi et al,,
2019), reinforcing the relevance of methionine in sustaining
physiological resilience and reproductive success under
challenging environments.

These findings align with those reported by Moraes et al
(Moraes et al., 2021), who demonstrated that methionine
supplementation modulates intestinal, hepatic, and uterine
histomorphology in laying quails under both thermoneutral and
heat stress conditions. Their study further highlighted the
upregulation of epithelial calcium carriers (Calbindin-D28k and
TRPV6), suggesting a mechanistic role of sulfur amino acids in
maintaining calcium homeostasis and tissue integrity under
thermal stress.

The integrated PCA approach synthesized the complex
relationships among productive, physiological, and morphological
responses. Birds under moderate temperatures and high Met+Cys
supplementation clustered on the negative PC1 axis, characterized
by stable physiology and preserved tissues. In contrast, heat-stressed
birds showed greater physiological activation and histological
damage. These results confirm that cloacal temperature,
respiratory rate, and tissue preservation are effective biomarkers
of thermal stress. The use of PCA to visualize and discriminate
treatment effects in this study underscores its value in integrating
multidimensional biological responses in poultry under stress
(Varmuzova et al., 2016).
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5 Conclusions

Ambient temperature was the main factor influencing the
productive, physiological, and histological responses of laying
Japanese quails. Supplementation with up to 120% of the
recommended levels of methionine + cystine did not prevent
performance losses under severe heat stress (32°C), but under
moderate thermal conditions (up to 28°C) it was associated with
some preservation of intestinal, hepatic, and uterine structures.

These findings indicate that nutritional strategies based on sulfur
amino acids should not be considered in isolation, but rather in
association with environmental management practices. The
integration of dietary interventions with adequate environmental
control appears to be essential for sustaining performance and
maintaining tissue integrity under challenging conditions.

Future studies should focus on exploring combined mitigation
approaches, particularly the synergistic effects of nutrition and
environmental management, to enhance the thermal resilience of
laying quails.
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