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TRANSCRIPTOMA DE CODORNAS JAPONESAS E MODULADO POR
TEMPERATURA EMBRIONARIA E DESAFIO IMUNE

RESUMO: A embriogénese ¢ um periodo critico de programacdo, pois fatores ambientais
podem modular a fisiologia dos organismos. Em aves, a temperatura de incubacio tem sido
amplamente desenvolvida como um indutor de respostas genéticas que influenciam o
desenvolvimento embrionario e a resposta aos desafios pds-eclosdo. Nesse contexto, o presente
estudo teve como objetivo investigar os efeitos da manipulagdo térmica embrionaria sobre a
resposta imune de codornas japonesas (Coturnix coturnix japonica) desafiadas com
lipopolissacarideo (LPS) ap6s a eclosao, utilizando analise de transcriptoma (RNA-seq). Para
isso, foi realizado um experimento em esquema fatorial 2x2, com duas temperaturas de
incubagdo: temperatura controle (CTL - 37,5°C) e alta temperatura (AT - 39°C) e dois status de
inoculacdo: codornas inoculadas com LPS (LPS) e codornas nao inoculadas com LPS (SLPS).
Os ovos permaneceram nas respectivas temperaturas dos tratamentos durante todo o periodo de
incubacao e, 25 dias apds a eclosdo, os pintainhos foram desafiados com LPS ou solugdo salina
(placebo). Posteriormente a inoculag¢do, o tecido do jejuno foi coletado para a andlise de
expressao génica via RNA-seq. A temperatura de incubagdo reduziu significativamente
(p<0,05) as taxas de eclosdo, mas ndo afetou (p>0,05) o desempenho morfolégico dos embrides
sobreviventes. O LPS induziu alterag¢des significavas (p<0,05) no baco, indicando ativagdo do
sistema imunologico. A analise transcriptomica revelou genes diferencialmente expressos (p-
ajustado<0,05) associados a processos metabdlicos, resposta imune e estresse oxidativo, com
padrdes distintos entre os contrastes avaliados (CTL+LPS vs CTL+SLPS e AT+LPS vs
AT+SLPS). Em condi¢do controle, o LPS induziu a expressdo diferencial de 41 genes,
destacando ILIR2, ILISBP e S100412, relacionados a modulacao inflamatdria, integridade da
barreira mucosa e metabolismo energético. Em aves incubadas sob alta temperatura, o LPS
desencadeou amplas alteragcdes, com ativa¢do de vias associadas a inflamagdo, homeostase
lipidica, controle proteico, metabolismo energético (glicolise, pentoses e ciclo de Krebs) e
trafego vesicular, enquanto suprimia genes cruciais para imunidade adaptativa, angiogénese,
diferenciagdo celular e regulagdo epigenética. Um conjunto conservado de genes inflamatorios
(MMP7, PI3, SLC6A14) foi regulado (p-ajustado<0,05) em ambas as condig¢des térmicas,
sugerindo ativagdo de mecanismos centrais de defesa. Conclui-se que a alta temperatura durante
a incubacao compromete a eclosdo, mas nao o fenétipo da progénie; contudo, modula de forma
profunda a resposta molecular ao LPS, alterando vias inflamatorias, metabolicas e
regenerativas, o que pode impactar a adaptacao intestinal a estresses futuros.

Palavras chave: coturnicultura; epigenética; expressdo génica; inflamacao; reprogramacao
embrionaria.
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JAPANESE QUAIL TRANSCRIPTOME IS MODULATED BY EMBRYONIC
TEMPERATURE AND IMMUNE CHALLENGE

ABSTRACT: Embryogenesis is a critical programming period, as environmental factors can
modulate the physiology of organisms. In birds, incubation temperature has been widely studied
as an inducer of genetic responses that influence embryonic development and response to post-
hatch challenges. In this context, the present study aimed to investigate the effects of embryonic
thermal manipulation on the immune response of Japanese quails (Coturnix coturnix japonica)
challenged with lipopolysaccharide (LPS) after hatching, using transcriptome analysis (RNA-
seq). For this purpose, an experiment was carried out in a 2x2 factorial design, with two
incubation temperatures: control temperature (CTL - 37.5°C) and high temperature (AT - 39°C)
and two inoculation statuses: quails inoculated with LPS (LPS) and quails not inoculated with
LPS (SLPS). Eggs remained at the respective treatment temperatures throughout the incubation
period, and 25 days after hatching, chicks were challenged with LPS or saline (placebo). After
inoculation, jejunal tissue was collected for gene expression analysis via RNA-seq. Incubation
temperature significantly reduced (p<0.05) hatching rates but did not affect (p>0.05) the
morphological performance of surviving embryos. LPS induced significant changes (p<0.05)
in the spleen, indicating immune system activation. Transcriptomic analysis revealed
differentially expressed genes (adjusted p<0.05) associated with metabolic processes, immune
response, and oxidative stress, with distinct patterns between the contrasts evaluated (CTL+LPS
vs. CTL+SLPS and AT+LPS vs. AT+SLPS). Under control conditions, LPS induced the
differential expression of 41 genes, notably /LIR2, ILISBP, and S100A412, related to
inflammatory modulation, mucosal barrier integrity, and energy metabolism. In birds incubated
at high temperature, LPS triggered broad changes, activating pathways associated with
inflammation, lipid homeostasis, protein control, energy metabolism (glycolysis, pentose and
Krebs cycles), and vesicular trafficking, while suppressing genes crucial for adaptive immunity,
angiogenesis, cellular differentiation, and epigenetic regulation. A conserved set of
inflammatory genes (MMP7, PI3, SLC6A14) was upregulated (adjusted p<0.05) under both
thermal conditions, suggesting activation of central defense mechanisms. We conclude that high
temperature during incubation compromises hatching, but not the phenotype of the offspring;
However, it profoundly modulates the molecular response to LPS, altering inflammatory,
metabolic, and regenerative pathways, which may impact intestinal adaptation to future
stresses.

Key words: embryonic reprogramming; epigenetics; gene expression; inflammation; quail
farming.
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INTRODUCAO GERAL

J4

A embriogénese ¢ um processo complexo e dindmico, caracterizado por eventos
celulares e moleculares que culminam na formagao de um organismo completo. Em aves, esse
processo ocorre inteiramente dentro do ovo, onde o embrido se desenvolve a partir de interagdes
coordenadas entre os anexos embrionarios, como saco vitelinico, amnio, alantoide e corio
(Jiang et al., 2023). Durante esse periodo, fatores ambientais, influenciam de modo crucial na
regulagdo do crescimento embrionario € na modulagdo de mecanismos genéticos que afetam a
fisiologia das aves ao longo da vida (Bednarczyk et al., 2021).

Dentre os fatores ambientais que influenciam a embriogénese, a temperatura tem sido
amplamente estudada devido ao seu impacto direto na taxa metabolica, na eclodibilidade dos
ovos € na sobrevivéncia neonatal das aves (Ebtsam et al., 2023). Com isso, a manipulacao
térmica embriondria tem se mostrado como estratégia promissora na indugdo de respostas
genéticas para aumentar a tolerancia ao estresse térmico e melhorar a eficiéncia produtiva. Essas
modifica¢des envolvem processos de regulagao e expressao génica (David ef al., 2019).

Existe um termo chamado plasticidade fenotipica que esta associado a adaptagdo ao
calor quando as aves sdo expostas a desafio térmicos durante a incubagdo (Raza et al., 2021).
Esse mecanismo pode impactar no modo como as aves respondem a diferentes desafios futuros,
incluindo a forma como lida contra microorganismos (Alma et al., 2024). Nesse sentido, a
exposicao ao lipopolissacarideo (LPS) ¢ bastante utilizada como mecanismo para induzir
estresse imunologico em animais (Yousefi; Jonaidi; Sadeghi, 2021). O LPS ativa a resposta
inflamatoria via receptores, como a via Toll-like 4 (7LR4), desencadeando a produgdo de
citocinas pro-inflamatdrias e modulando a expressao de genes associados a imunidade inata de
aves (Koutsos e Klasing, 2001). Evidéncias sugerem que o estresse imunologico induzido por
LPS pode influenciar mecanismos epigenéticos, afetando a expressdo de genes relacionados a
resposta ao estresse € ao metabolismo celular, o que pode comprometer o desempenho e a
sobrevivéncia das aves (Bi et al., 2022).

Nesse contexto, o estudo do transcriptoma, conjunto completo de transcri¢des génicas
ativas em uma célula ou tecido em determinada condi¢do, surge como uma ferramenta essencial
para compreender como os estimulos ambientais e imunologicos influenciam a regulag¢do da
expressao génica (Wang, Gerstein e Snyder, 2008). A analise transcriptomica permite identificar
genes diferencialmente expressos, elucidar vias metabolicas e inflamatorias ativadas, e revelar
mecanismos moleculares que participam da adaptacao e resposta fisioldgica das aves frente a

diferentes desafios.
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Nesse trabalho, hipotetizamos que a manipulacdo térmica durante a embriogénese de
codornas resultara em alteragdes significativas nos perfis de expressdo génica em resposta ao
desafio com LPS poés-eclosdo. Para investigar nossa hipotese, ovos de codornas japonesas
foram submetidos a duas temperaturas de incubagao: controle (CTL) e alta temperatura (AT).
Aos 25 dias de idade, as aves provenientes de ambas temperaturas foram submetidas a
inoculag¢do com lipopolissacarideo (LPS) ou com solugdo placebo (SLPS). Apds 3,5 horas da
inoculagdo, as aves foram abatidas e o tecido do jejuno foi coletado para a analise molecular. A
escolha do jejuno se justifica por sua importancia como principal sitio de absorc¢ao de nutrientes,
além de desempenhar papel-chave na imunidade de mucosa e atuar como barreira contra
patogenos, sendo altamente responsivo a estressores ambientais e inflamatdrios (Maaike
Vancamelbeke e Vermeire, 2017). Os resultados deste trabalho contribuem para a compreensao
de como fatores ambientais moldam a regulagdo molecular do desenvolvimento em aves,
fornecendo informagdes para otimizar praticas de manejo e melhorar a resiliéncia dos animais

a desafios externos.

REVISAO DE LITERATURA
Desenvolvimento embrionario das aves

As codornas sdo amniotas e oviparas, com o desenvolvimento das membranas
embrionarias ocorrendo dentro do ovo (Farner, 1960; Griftith et al., 2017). Esse processo €
sustentado pelos membranas extraembrionarias, como o saco vitelinico, amnio, alantoide e
corio (Jiang et al., 2023). O desenvolvimento do embrido dentro do ovo representa entre 35%
e 40% da vida total do individuo e ocorre em trés etapas principais: embriogénese (E3 a E7 —
do terceiro ao sétimo dia embrionario), crescimento (E8 a E14 — do oitavo ao décimo quarto
dia embrionario) e maturagdo (a partir do décimo quarto dia embrionario) (Hamburger;
Hamilton, 1992; Meng et al., 2021).

O ovo recém-formado contém todos os componentes necessarios para o
desenvolvimento adequado do embrido, com excegao de calor e oxigénio (Griftith et al., 2017,
Jiang et al., 2023). O oxigénio ¢ fornecido por difusdo através dos poros da casca, enquanto o
calor ¢ gerado pela temperatura de incubagdo, geralmente mantido pela sua matriz (Huang;
Arai; Kawahara, 2015). As estruturas basicas que compdem o ovo incluem o blastodisco (ou
blastdmero), gema, albiimen, membranas da casca, casca e cuticula (Starck; Stewart;

Blackburn, 2021).
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Através da mitose, o blastomero, célula-mie, divide-se em duas células-filhas no
momento em que o ovo entra no istmo (Bednarczyk et al., 2021). Apds 20 minutos, ocorre outra
divisdo, seguida por uma terceira divisdo ainda no istmo, formando um total de oito células.
Cerca de cinco horas apds a fertilizagdo, o zigoto atinge o Utero, alcancando o estagio de 16
células. Durante as 17 horas seguintes, as divisdes celulares continuaro resultando na formagao
de 256 células, que ¢ o blastoderme indiferenciado do periodo de pré-gastrula. O blastoderme
¢ composto pelo epiblasto, que dara origem ao embrido, e pelo hipoblasto, responsavel pelas
estruturas extraembriondrias.

Enquanto as divisdes celulares prosseguem no utero, ocorre a formacao da casca do ovo,
cuja fungdo ¢é proteger o embrido contra invasdes microbianas, variagdes de calor, respiracio e
transpiracdo através dos poros. As membranas da casca sdo delgadas, flexiveis e compostas por
colageno, ovoqueratina e glicoproteinas. Elas sdo semipermeéveis, permitindo a troca de gases
e agua. Ja a cuticula é um filme que cobre toda a casca, formando uma barreira contra a invasao
bacteriana e a perda excessiva de agua (Liu ef al., 2017).

A gema diferencia-se em duas partes: a branca, rica em proteinas que nutrem o embrido,
e a amarela, rica em lipidios (Meng ef al., 2021). Além disso, contém imunoglobulinas (IgG),
que conferem imunidade materna ao embrido. O alblimen, por sua vez, desempenha um papel
fundamental na protec¢ao fisica do contetido interno do ovo e serve como principal fonte de agua
e minerais (Meng et al., 2021).

O saco vitelino € a primeira membrana a se formar (Gadelha et al., 2021), proveniente
da ectoderme, tendo func¢do nutricional e absortiva, pois absorve a gema, formando o vitelo,
que ¢ utilizado para nutrir o embrido e participa junto com a membrana corioalantoide para o
processo de troca gasosa (Mortola, 2009). O amnio ¢ um saco membranoso, preenchido por
liquido amniotico que ¢ formado a partir de um dobramento da ectoderme e acompanhado pela
mesoderme somatica (Vanderley; Santana, 2015). E o anexo que possui maior relagio com o
embrido, pois se encontra envolto ao feto e tem fun¢do de proteger contra choques mecanicos
e contra microrganismos. O alantoide ¢ formado na endoderme a partir do diverticulo da parede
ventral do intestino, fazendo o depdsito de excre¢ao do ovo (Mortola, 2009; Vanderley; Santana,
2015; Monteiro, 2017). O cdério forma a parede externa do blastocisto, formado por duas
camadas de trofoblasto e pela mesoderme extraembriondria, unindo-se ao alantoide para
desempenhar funcdo respiratoria e estd localizado logo abaixo da casca (Gabrielli; Accili,

2010).
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De acordo com alguns autores Bekoff (1981); Hamburger e Hamilton, (1992); e Watt et
al. (1993), o desenvolvimento embrionario de aves (Figura 1) ocorre da seguinte forma: Antes
da postura, o blastoderme inicia sua diferenciagdo em duas camadas germinativas, marcando o
inicio da gastrulacdo. A camada acima do blastocele origina o epiblasto (ectoderma), enquanto
a camada abaixo da origem do hipoblasto (endoderma). Apds a postura, o embrido, que antes
estava a uma temperatura de 40-41°C no corpo da ave, sofre resfriamento. Nesse estagio inicial,
0 embrido se tornou um organismo pecilotérmico, sendo fortemente influenciado pela
temperatura ambiental.

Nas primeiras 24 horas de incubagdo, comega a se formar o trato alimentar, a prega
neural, o cérebro e os sistemas nervosos, da cabeca e dos olhos. Em até 48 horas, o embrido se
posiciona no lado esquerdo, os vasos sanguineos come¢am a se formar, o coragdo inicia 0s
nervos e o tubo neural se desenvolve a partir do fechamento do canal neural. Também ocorre a
formagao da vesicula auditiva e as trés regides do cérebro, além dos primeiros sinais de
formagao do anus.

Até 72 horas, surgem os vestigios da cauda, os botdes dos membros superiores e
inferiores, as narinas e o cristalino dos olhos. Aos quatro dias (E4), completa-se a formagao das
membranas extraembriondrias (dmnio, cério e alantoide), ¢ o embrido posiciona-se ao lado
esquerdo. Aos cinco dias (E5), o embrido cresceu significativamente, os olhos tornam-se
visiveis (grandes e pretos), € forma-se o proventriculo e a moela. Aos sete dias (E7), os digitos
das asas e pernas tornam-se proeminentes, o abdomen aumenta devido ao desenvolvimento das
visceras, e 0 coragdo ja esta na cavidade toracica. A alantoide cobre completamente a gema, e
inicia-se a formacao das penas.

Aos dez dias (E10), o bico resistente, € os poros da pele tornam-se visiveis. O corpo € o
pescogo comegam a adquirir a forma caracteristica da ave, e o embrido € coberto por uma
penugem fina. No 14° dia (E14), o embrido posiciona a cabeca em direcdo a camara de ar. No
15° dia (E15), o intestino penetra na cavidade abdominal. Aos 19 dias (E19), o saco vitelino
comega a ser absorvido, € o embrido ocupa quase totalmente o ovo, exceto pela cadmara de ar.

No 20° dia (E20), o saco vitelino estd completamente absorvido, o alantoide seco, € o
embrido rompe o amnio, iniciando a respiragao pela camara de ar. Por fim, no 21° dia (E21), o

pintainho bica a casca, eclode, seca suas penas e cicatriza o umbigo.
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Figura 1. Desenvolvimento embrionario de aves

Figura adaptada de BEKOFF (1981); HAMBURGER E HAMILTON, (1992) e WATT et al. (1993). Representacao
do desenvolvimento embrionario do pintainho. A imagem representa o estagio de desenvolvimento com a referente
contagem do 1° dia do embrido (E1) ao 21° dia do embrido (E21).

Influéncia da temperatura na embriogénese das aves
A temperatura ideal para codornas em fase de postura varia entre 22 e 24°C,

caracterizando a zona termoneutra (Barros et al., 2024). Durante o periodo de incubagdo, de
acordo com Ebtsam ef al. (2023), a temperatura ideal est4 entre 37,5°C e 37,8°C. A manipulagdo
térmica de pintainhos pode induzir adaptagdes epigenéticas que influenciam a saude e o
desenvolvimento das aves, uma vez que variagdes térmicas afetam fungdes organicas e podem
comprometer o desempenho (Bednarczyk ef al., 2021).

Como estratégia de adaptacdo, a industria avicola adota o condicionamento térmico, que
consiste na aclimatagdo precoce ao calor, aplicada durante a embriogénese ou no periodo pos-
natal. Quando realizado corretamente, esse método pode aumentar a termotolerancia das aves
em ambientes quentes. A temperatura de incubag¢do também influencia os sistemas
termorreguladores, incluindo os sistemas nervoso periférico e central, permitindo melhor
resposta ao estresse térmico na vida adulta (Tzschentke, 2008; Ebtsam ef al., 2023).

Alguns estudos investigaram o impacto da manipulacdo térmica no desenvolvimento
embrionario de frangos de corte. David et al. (2019) analisaram amostras de hipotalamo e

musculo de aves aos 35 dias, utilizando imunoprecipitagdo da cromatina, e identificaram
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modificacdes epigenéticas nas marcas H3K4me3 e H3K27me3. Essas alteragdes estavam
associadas a regulacdo de genes do desenvolvimento neural, sugerindo que a manipulagdo
térmica pode influenciar a neurogénese ¢ aumentar a resisténcia ao estresse térmico na fase
adulta. Ja Al-Zghoul; Mohammad (2020) avaliaram os efeitos da intervengdo térmica entre os
dias embrionarios 8 e 16 (E8-E16) e sua relacdo com a resposta ao estresse térmico cronico na
fase adulta. Eles observaram que frangos expostos ao calor apresentaram menor expressao de
enzimas antioxidantes e alteracdes nos niveis de mRNA de fatores de choque térmico,
possivelmente devido a modificagdes epigenéticas induzidas pela modulagdo térmica.

A determinagdo do momento ideal para a aclimatacdo térmica ¢ fundamental, sendo
promissor o periodo anterior ao décimo dia embrionario, pois antecede a formagao completa da
resposta ao estresse pelo eixo adrenal (Collin et al., 2007). Ap6és o 13° dia embrionario, a
aclimatagdo também se mostra relevante, pois coincide com o aumento da produgdo de tri-
iodotironina (T3), hormdnio essencial para a termorregulacao (Yahav et al., 2004). Os efeitos
do condicionamento térmico incluem a redugdo da temperatura corporal, observada até 28 dias
apos a eclosao (Tona et al., 2008). Para melhorar a termotolerancia sem comprometer a
eclodibilidade, a exposi¢do de embrides entre os dias E7 e E16 a 39,5°C por 12 horas didrias
foi identificada como uma estratégia eficaz (Loyau et al., 2014).

Além da manipulagdo térmica embriondria, a interven¢do pos-natal também contribui
para a regulacdo térmica das aves, preparando-as para enfrentar desafios térmicos na fase
adulta. A exposi¢ao ao calor moderado nos primeiros dias de vida auxilia na manutengdo da
temperatura corporal e melhora o desempenho sob altas temperaturas (Persson; Cuiv; NORD,
2024). Esse condicionamento térmico pos-natal também favorece a eficiéncia alimentar,
aumentando a ingestdo e a conversao de racdo em ganho de peso, fator essencial para a
viabilidade economica da criagdo (Bilal et al., 2021).

Fora da zona térmica ideal, as aves enfrentam dificuldades para manter a homeostase,
entrando em estado de estresse térmico, que pode ser agudo ou cronico. Esse estresse
desencadeia respostas comportamentais, bioquimicas e fisiologicas, prejudicando o
desempenho produtivo. Para mitigar o excesso de calor, codornas reduzem a ingestao alimentar,
aumentam o consumo de dgua, passam mais tempo deitadas e mantém as asas abertas (Wasti;
Sah; Mishra, 2020). Atrelado a isso, o calor excessivo induz estresse oxidativo e alteragdes
fisiologicas, incluindo aumento da relacdo heterdfilo/linfocito e dos niveis plasmaticos de

glicose, colesterol e glicocorticoides (Vesco et al., 2020).
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O metabolismo celular gera espécies reativas de oxigénio (ERO) e nitrogénio (ERN),
essenciais para fungdes como a transcri¢do de citocinas e o transporte de ions. Entretanto,
temperaturas elevadas aumentam a demanda energética e, consequentemente, a producao
dessas espécies reativas, podendo levar ao estresse oxidativo e danos celulares, incluindo
peroxidagdo lipidica e apoptose (Chaudhary; Mishra, 2024). Para neutralizar esses efeitos, o
organismo ativa mecanismos antioxidantes regulatorios, incluindo enzimas como superdxido
dismutase (SOD), glutationa peroxidase (GPx) e catalase (CAT), além de antioxidantes nao
enzimaticos, como vitamina E e acido ascoérbico (Madkour et al., 2022).

Outro mecanismo de resposta ao estresse térmico envolve a sintese de proteinas de
choque térmico (HSPs), que auxiliam na manuten¢ao celular, no dobramento de proteinas e na
resposta imune. A HSP70, em particular, tem sido associada a maior tolerancia ao calor em aves
comerciais (Al Amaz; Mishra, 2024).

Estudos indicam que variagdes térmicas durante a incubagdo afetam a epigenética e o
desenvolvimento das aves. Corbett ef al. (2020) demonstraram que o aumento da temperatura
da casca do ovo altera o perfil de metilagdo do DNA cardiaco e reduz o peso do coracao na
eclosdo. Ja& Al-Zghoul; Sukker; Ababneh, (2019) verificaram que a manipulacdo térmica
embrionaria modula a expressdo de genes antioxidantes, como NADPH oxidase 4 (NOX4),
Glutationa peroxidase (GPx2), Superoxido dismutase (SODZ2), promovendo ajustes

epigenéticos que melhoram a resisténcia ao estresse oxidativo ao longo da vida das aves.

Atuacdo do lipopolissacarideo como indutor de estresse imunolégico

As bactérias Gram-negativas sdo responsaveis por diversas patologias associadas a
inflamagao local ou sistémica. Como estratégia experimental, sdo utilizadas em experimentos
in vitro € in vivo (Fock; Parnova, 2021). Em sua parede celular, encontra-se o lipopolissacarideo
(LPS), um componente patogé€nico conhecido por estimular a comunidade de elementos
imunolégicos (Yousefi; Jonaidi; Sadeghi, 2021). Além de suas propriedades antigénicas e
citotoxicas, o LPS desempenha papéis importantes na resisténcia aos medicamentos e na
protecdo das bactérias. Sua estrutura ¢ formada por trés dominios: o antigeno O, o
oligossacarideo central e o lipideo A. O antigeno O varia entre cepas bacterianas e ¢ utilizado
para sorotipagem, enquanto o lipideo A, um 4acido graxo de cadeia longa, ¢ o principal
componente imunoestimulante, capaz de induzir impulso intestinal e ativar a imunidade inata

do hospedeiro (Wang et al., 2022; Arayamethakorn et al., 2023). A Escherichia coli e a
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Salmonela enterica sorovar Typhimurium contém a por¢do do lipideo A hexa-acilado que ¢
altamente imunoestimulatorio (Maldonado; S&-Correia; Valvano, 2016).

Quando o sinal ¢ percebido, ele € passado intracelular e leva a ativacao do fator de
transcricao nuclear (NF-kB) e a inducao da resposta de fase aguda (RFA). A proteina de ligagao
a LPS (LBP) o reconhece e transfere a informacao para o cluster de diferenciacao 14 (CD14),
que ¢ uma glicoproteina encontrada em macrofagos, neutrofilos e monoécitos. Além de sinalizar
a presenga do complexo LPS-LBP, o CDI14 funciona como uma proteina de superficie
mediando a internalizagao do LPS, sinalizando para outros receptores, como a glicoproteina
secretada de diferenciagdo mieloide 2 (MD2). A MD2 forma um complexo com o dominio
extracelular do receptor Toll like 4 (TLR4) e esse complexo recruta proteinas adaptadoras
(Triantafilou; Triantafilou, 2002; Palsson-Mcdermott; O’Neill, 2004; Wyns et al., 2015). Por
fim, a cascata de sinalizagcdo libera o fator de transcricdo nuclear a fim de se ligar aos
promotores dos genes que irdo atuar na resposta da fase aguda. Essa resposta ¢ realizada por
citocinas pro-inflamatoérias interleucina-1 B (IL-1B), fator de necrose tumoral-a (TNF-a) e
interleucina-6 (IL-6) (Rivier; Chizzonite; Vale, 1989; Zetterstrom et al., 1998; Koutsos;
Klasing, 2001). Essas respostas sdo produzidas principalmente pelos macrofagos, mas os
neutrofilos e células endoteliais também contribuem para a elevagdo dos tecidos inflamados.

Além da resposta inflamatoria, o LPS também causa danos sist€émicos em diversos
orgaos, incluindo figado, duodeno, jejuno, baco e ileo (Li et al., 2017; Yu et al., 2022; Tong et
al., 2022, 2023). Estudos em frangos de corte mostram que inje¢des repetidas de LPS por via
intraperitoneal induzem estresse imunoldgico, impactando o crescimento inicial dessas aves
(Webel; Johnson; Baker, 1998; Li et al., 2015; Wu; Wang; Q1, 2017) e causando danos a mucosa
intestinal (Jiang et al., 2019). Além disso, o desafio do LPS pode desencadear estresse
oxidativo, um fator adicional na redu¢do do desempenho, diminui¢ao do consumo de alimentos
e aumento do catabolismo de nutrientes (Bi et al., 2022; Xu et al., 2022; Hu et al., 2023).

Foi relatado em alguns estudos que um fator estressante pode preparar o hospedeiro para
desafios futuros. Em 1969 Gross e Colmano notaram que os frangos submetidos a um estresse
social foram resistentes a Escherichia coli. Shanmugasundaram, Wick e Lilburn (2018)
observaram que a manipulacdo térmica embriondria (38°C versus 37,5°C) de Ell a E21
aumentou HSP70 em embrides de pato ao E25. Posteriormente, Shanmugasundaram, Wick e
Lilburn (2019), inocularam patinhos de Pequim (4nas platyrhynchos domesticus) incubados

em diferentes temperaturas com LPS de Salmonella Enteritidis, os achados sugeriram que o
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estresse por temperatura de incubagdo pode ser benéfico para o sistema imunoldgico na pos-

eclosdo de aves.

Estudo das respostas moleculares
Dentre os diversos métodos disponiveis para estudar as respostas moleculares dos

organismos submetidos a diferentes condigdes biologicas, como estresse por temperatura e
estresse imunologico, surgiu o sequenciamento de RNA. O sequenciamento de mRNA (RNA-
seq) ¢ um método avangado de analise gendmica que permite estudar o transcriptoma, ou seja,
o conjunto completo de moléculas de mRNA em uma célula, tecido ou organismo em um
determinado momento (Panichnantakul et al., 2016).

Atualmente, a tecnologia mais utilizada para RNA-seq € o sequenciamento por sintese
(SBS — Sequencing By Synthesis) da Illumina (Figura 5), um método de sequenciamento de
nova gera¢do (NGS) que permite a analise abrangente do transcriptoma, incluindo expressao
génica, splicing alternativo, fusdes génicas e descoberta de novos transcritos (Lybecker;
Henderson, 2017).

O processo comeca com a extragdo do RNA total, seguida pelo enriquecimento do RNA
mensageiro (mRNA) por meio da captura de sequéncias poli(A) usando beads revestidos com
oligonucleotideos de timina (dT). Em seguida, o RNA ¢ fragmentado por meio de métodos
quimicos ou enzimaticos. Esses fragmentos sdo convertidos em cDNA de fita dupla, e
adaptadores de sequenciamento sdo ligados as suas extremidades, permitindo a identificacdo da
amostra e a hibridizagdo na flow cell (célula de fluxo) do sequenciador Illumina (Liang; Zeng,
2015; Sheng et al., 2016).

Na flow cell, os fragmentos de cDNA sdao amplificados por PCR em ponte (bridge
amplification), gerando clusters de DNA idénticos que serdo sequenciados. O sequenciamento
por sintese (SBS) ocorre pela adicdo ciclica de nucleotideos marcados com corantes
fluorescentes, onde cada base incorporada emite um sinal 6ptico detectado por imagens de alta
resolucao (Liang; Zeng, 2015; Sheng et al., 2016).

Os sinais sao processados computacionalmente, gerando leituras curtas (reads) que sao
posteriormente alinhadas a um genoma ou transcriptoma de referéncia usando ferramentas
bioinformaticas. Por fim, a quantificagdo da expressdo génica ¢ realizada, permitindo
comparagoes entre diferentes condigdes experimentais, identificacdo de isoformas alternativas

e detec¢do de variantes.
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Fonte: Adaptado de Juarez, Paulo. (2017).

A analise de expressao diferencial (DE) em RNA-seq identifica genes cujos niveis de
transcri¢do variam significativamente entre condi¢des experimentais (controle vs tratamento)
(Lang et al., 2017). Essa abordagem ¢ fundamental para elucidar mecanismos moleculares em
condigdes biologicas especificas, como respostas a estimulos, doencas ou alteracdes
ambientais. Os principais parametros utilizados para determinar a expressao diferencial incluem
o log2 fold change (1og2FC), o padj (p-valor ajustado) e a taxa de descoberta falsa (FDR), cada
um fornecendo informagdes distintas e complementares sobre a relevancia bioldgica e
estatistica das diferengas observadas (Van et al., 2018).

O log2FC quantifica a magnitude da diferenca de expressao entre dois grupos em uma
escala logaritmica (base 2) (Lang et al., 2017). Quando ¢ maior que zero (>0) indica que o gene
esta superexpresso na condi¢do experimental, j4 quando ¢ menor do que zero (<0), indica que
0 gene estd subexpresso. Embora essa medida indique diretamente alteragdo na expressao
génica, a interpretagdo deve ser feita juntamente com as outras medidas de significancia

estatistica (Lang et al., 2017).
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Ja o padj (p-valor ajustado) ¢ uma versdo corrigida do p-valor bruto, projetada para
controlar o erro estatistico em testes multiplos. O método mais comum para calcular o padj em
RNA-seq ¢ o FDR (False Discovery Rate), que estima a propor¢ao de falsos positivos entre os
genes declarados significativos (Guo ef al., 2023). Quando o padj ¢ menor do que 0,05, o gene
¢ considerado diferencialmente expresso com um FDR de 5%, ou seja, entre todos os genes
com padj < 0,05, espera-se que até 5% sejam falsos positivos. Mas quando ele ¢ igual ou maior
do que 0,05, a diferenca na expressao nao ¢ estatisticamente significativa.

Apos identificar genes diferencialmente expressos (DEGs - Differentially Expressed
Genes), uma série de analises subsequentes sdo realizadas para interpretar seu significado
bioldgico, validar resultados e gerar hipoteses funcionais. O processo inicia-se com analises
bioinformaticas que buscam caracterizar os DEGs em termos funcionais, seguindo-se por
abordagens experimentais para confirmacdo dos achados e, finalmente, pela integracdo dos
resultados em modelos biologicos compreensiveis.

A primeira etapa consiste em analises de enriquecimento funcional, particularmente
através de ontologias génicas (GO) e vias metabodlicas (Yin et al., 2016). Estas andlises
permitem classificar os DEGs em categorias bioldgicas relevantes, como processos celulares,
fungdes moleculares ou componentes celulares. Ferramentas como DAVID e clusterProfiler sdo
frequentemente empregadas para identificar termos GO ou vias de sinalizagdo
significativamente enriquecidos entre os DEGs. Paralelamente, analises de redes de interagdo
proteina-proteina, realizadas em plataformas como STRING e visualizadas no Cytoscape,
ajudam a identificar proteinas centrais (hubs) que podem desempenhar papeis-chave nos
processos biologicos alterados (Yin ef al., 2016; Yuan et al., 2019).

A validacao experimental constitui uma etapa critica do processo. Técnicas como qPCR
sdo amplamente utilizadas para confirmar os padrdes de expressao observados no RNA-seq,
sendo geralmente selecionados os genes com maiores magnitudes de alteracdo e significancia
estatistica. A integracdo com outros dados Omicos representa um avango importante na
interpretagdo dos resultados. A correlagdo de dados de transcriptdmica com protedmica ou
metabolomica pode revelar até que ponto as alteragdes observadas em nivel de RNA se
traduzem em mudancas funcionais na célula. Ferramentas de analise multi-6mica, como o IPA
(Ingenuity Pathway Analysis), facilitam esta integracdo, permitindo construir modelos mais

completos das vias biologicas afetadas (Chen, 2023).
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Na fase final de interpretagdo, os resultados sdo sintetizados em modelos biologicos
coerentes. Diagramas de vias metabolicas ou de sinalizagdo, gerados através de ferramentas
como PathVisio ou KEGG Mapper, ajudam a visualizar como os DEGs se inserem em processos
biologicos conhecidos. Esta etapa culmina na formulacao de hipoteses testaveis sobre os
mecanismos subjacentes as condi¢des experimentais estudadas (Yuan et al., 2019).

As aplicagdes praticas destes achados sao diversas. Em estudos translacionais, os DEGs
podem ser investigados como potenciais biomarcadores para diagnostico ou progndstico de
doencgas. Em pesquisa basica, eles podem apontar para novos alvos terapéuticos ou mecanismos
patogénicos até entdo desconhecidos. A comparacdo de DEGs entre diferentes condi¢des
experimentais ou mesmo entre espécies pode ainda revelar principios conservados ou
especializados da regulacdo génica.

E importante notar que todo este processo deve ser conduzido com atengio as limitacdes
inerentes a técnica. A mera identificagdo de DEGs nao estabelece relagdao causal, sendo
necessarios experimentos funcionais adicionais para comprovar o papel especifico de cada gene
nos fenotipos observados. Além disso, a interpretacdo dos dados deve sempre considerar o
contexto bioldgico mais amplo, integrando informagdes da literatura existente para evitar

conclusdes prematuras.
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CAPITULO 1 - ARTIGO 1

Combined effects of incubation temperature and lipopolysaccharide exposure on

immune response modulation in the quail gut
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Summary: Embryogenesis is a critical programming window in birds, during which
environmental factors can reshape gene expression and influence adaptive capacity after
hatching. This study evaluated the effects of embryonic thermal manipulation on the intestinal
transcriptomic response of Japanese quail (Coturnix coturnix japonica) challenged with
lipopolysaccharide (LPS). A 2x2 factorial design was applied, including two incubation
temperatures (control — 37.5 °C; high — 39 °C) and two challenge conditions (LPS and saline
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solution). At 25 days post-hatch, jejunum samples were collected after inoculation and
subjected to RNA-seq analysis. High incubation temperature significantly reduced (p<0.05)
hatchability but did not affect embryo morphology. Under control temperature, LPS induced
differential expression of 41 genes (adjusted-p<0.05), including ILIR2, ILIS8BP, and S100412,
associated with inflammatory modulation and mucosal integrity. In contrast, high-temperature
incubation triggered a broad transcriptomic reprogramming in response to LPS, with activation
of inflammatory pathways, metabolic processes (glycolysis, Krebs cycle, pentose metabolism),
lipid homeostasis, and vesicular trafficking, while simultaneously suppressing genes involved
in adaptive immunity, angiogenesis, cell differentiation, and epigenetic regulation. A conserved
set of inflammatory genes, including MMP7, PI3, and SLC6A14, was regulated under both
thermal conditions, suggesting activation of central defense mechanisms. In conclusion, high
incubation temperature did not alter the initial embryonic phenotype but profoundly reshaped
the transcriptomic response to LPS, highlighting the intestinal molecular plasticity and its
potential implications for immunometabolic adaptation under future stress conditions.

Keywords: immunology; inflammation; metabolism; transcriptomics; quail

Introduction

The success of embryonic development in birds depends on several environmental
factors, with incubation temperature being one of the major determinants of chick quality and
survival. Japanese quail (Coturnix coturnix japonica) are commonly used to study embryonic
development because of their fast life cycle and ease of handling. Thermal conditions during
incubation exert lasting effects on the growth, physiology, and adaptive capacity of individuals
(Farner, 1960; Griffith et al., 2017; Jiang et al., 2023). Thermal manipulation during the
embryonic period has been explored as a strategy to induce beneficial adaptive responses, such
as increased resistance to thermal stress and modulation of essential metabolic pathways.
Temperature variations can also trigger epigenetic changes, including alterations in DNA
methylation, histone acetylation, and histone methylation, directly influencing gene expression
(Chaudhary; Mishra, 2024; Al Amaz; Mishra, 2024). Such mechanisms are recognized as
important mediators of phenotypic plasticity, allowing organisms to adjust their physiology in

response to environmental challenges (Thompson; Nilsson; Skinner, 2020; Li et al., 2022).
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Also noteworthy, the immune system of birds can be shaped by exposure to immune
challenges. Lipopolysaccharides (LPSs), structural components of the cell wall of Gram-
negative bacteria, are widely used to induce acute inflammatory responses in experimental
models. This stimulus activates signaling cascades that lead to the production of pro-
inflammatory cytokines and reactive oxygen species, triggering metabolic and immunological
responses that, albeit vital for survival, may compromise productive performance (Wang et al.,
2022; Bi et al., 2022; Tong et al., 2023).

Interactions between thermal conditions experienced during embryogenesis and
exposure to immunological challenges in the postnatal phase represent a promising area of
research, particularly in poultry farming. In poultry research, great efforts are dedicated to
developing strategies to enhance the resilience and well-being of birds. The current study aimed
to evaluate the combined effects of incubation temperature (37.5 versus 39 °C) and post-hatch
LPS-induced immunological challenges on gene expression in quail. For this, changes in the
jejunal transcriptome were analyzed using RNA sequencing, integrating differential expression
data with gene ontology and metabolic pathway analyses (Yu et al., 2012). This investigation
aims to contribute to our understanding of the molecular mechanisms underlying stress
adaptation, providing insights for improving management practices and production efficiency

in poultry systems.

Material and methods
The experiment was conducted at the Iguatemi Experimental Farm, State University of
Maringé, Maringd, Parand, Brazil. All procedures were approved by the local Animal Ethics

Committee (protocol No. 8954270323).
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Layer production

For the collection of fertile eggs, 200 one-day-old female Japanese quail (C. coturnix
Japonica) chicks were reared under conventional conditions until 98 days of age (14 weeks, see
the flowchart in Figure 1). During this period, bird growth and laying rates were monitored
continuously. Mating began in the 15th week of life. From the 16th week onward, fertile eggs
were collected daily over a 10-day period. Cocks (rn = 100, adjusted for weight, at a ratio of 1
male to 2 female birds) interacted with hens for 1 h a day. Parental effects were minimized by
adopting a rotation scheme. Throughout the experiment, all birds were maintained under
conventional breeding conditions.

Eggs were collected daily, identified, weighed, and stored under controlled conditions
(16 °C and 78% relative humidity). During the experiment, layers were housed in individual
cages, with ad libitum access to water and feed. The diet was formulated to meet the nutritional
requirements of birds, as described by Rostagno et al. (2011), and contained 2899 kcal kg™
metabolizable energy, 20.7% crude protein, 3.151% calcium, and 0.33% available phosphorus.

The lighting regime was set at 17 h of light per day.

Egg incubation and embryonic development

On the last day of collection, eggs were acclimated to room temperature, stored in fruit
nets for identification, and assigned to one of two incubation temperature treatments. In the
control group, eggs were incubated at 37.5°C and 60% relative humidity. In the high-
temperature (HT) group, eggs were incubated at 39 °C and 60% relative humidity.

Eggs from both groups were incubated in the same incubator model (Chocmaster Luna
240), which was preconfigured to reach the experimental temperatures of each treatment.

During incubation, eggs were maintained in a horizontal position and automatically turned
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every 2 h until day 15. The hatching phase was monitored every 3 h, beginning on day 16 (hour
384) and continuing until day 17 (hour 408). At the end of the 17-day incubation period,
unhatched eggs were opened and classified as unfertilized eggs or dead embryos. The total
hatching rate (Total number of eggs hatched/Total number of eggs incubated x 100) and the
fertile egg hatching rate (Total number of fertile eggs hatched/Total number of fertile eggs
incubated x 100) were calculated.

Six eggs at embryonic day 17 (E17) were collected from both groups and used to
evaluate parameters related to embryonic development, including egg weight, embryo weight,
yolk sac weight, and embryo length. The percentage of yolk sac utilization was calculated by
dividing the total weight of the yolk sac by the weight of the chick without the yolk sac, then
multiplying by 100. The gastrointestinal tract was measured from the point where the esophagus

enters the oropharynx to the junction of the large intestine with the cloaca.

Chick performance

Chick physical quality was assessed based on weight, length, and physical
characteristics, following the method described by Tona et al. (2003). Subsequently, chicks
were identified and grouped according to the incubation treatment. Chicks were housed in
brooder rings heated by lamps and fed a starter diet formulated according to Rostagno et al.
(2011) (2899 kcal kg ! metabolizable energy and 20.7% crude protein). Water was available ad
libitum. Chicks were reared under conventional conditions until 25 days of age.

At 25 days of age, birds were weighed and assigned to two treatments: an unchallenged
group and an LPS challenge group. Birds in the LPS group received an intraperitoneal injection
containing 100 pL of Escherichia coli O111:B4 LPS (Sigma—Aldrich, Brazil) at a dose of

100 pg kg™ ! body weight. Birds in the unchallenged group were injected intraperitoneally with
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100 uL of saline. At 3.5 h after inoculation, all birds were euthanized by cervical dislocation for
sample collection.

The experiment was conducted in a completely randomized design with a 2 x 2 factorial
arrangement. During incubation, eggs were divided into two temperature treatments: control
(37.5 °C) and high temperature (39 °C). At 25 days of age, birds from each group were further
divided into two inoculation treatments, namely unchallenged and LPS-challenged groups.

Bird weight (g), heart weight (g), relative heart weight (g, calculated as absolute heart
weight + bird weight), spleen weight (g), relative spleen weight (g, calculated as absolute spleen
weight + bird weight), and intestine length (cm, measured from the point of insertion of the
esophagus into the oropharynx to the junction of the large intestine with the cloaca) were
recorded. Jejunum tissue was collected and immediately frozen in liquid nitrogen at —80 °C for

gene expression analysis via mRNA sequencing.
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[ Day -105: Creation of matrices

[ 200 Japanese quails raised until 98 days of age ]

[ Day -7: Beginning of mating

days

Males interacted with the dams for one hour daily for a period of 7

[ Day 0: Incubation

T—SNA—

Temperature control (CTL) (37,5°C)

High temperature (HT) (39°C)

The chicks remained in these
conditions during the 17 days
of incubation

[ Day 17: Outbreak

The chicks were raised under conventional

— > conditions until 25 days of age
[ Day 42: Immune challenge

Without LPS inoculation (SLPS)

a
—
—

-

With LPS inoculation (LPS)

Without LPS inoculation (SLPS)

With LPS inoculation (LPS)

Flowchart 1. Experimental design

Three and a half hours after the
challenge, all birds were
euthanized by cervical
dislocation for sample
collection
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Statistical analysis of phenotypic data

Data were tested for normality and homogeneity of variances using the Shapiro—Wilk
and Bartlett tests, respectively. When assumptions were met, two-way analysis of variance
(ANOVA) was performed to assess the effects of incubation temperature, LPS challenge, and
their interaction. As no significant interaction was observed, treatment means were compared
using the #-test, with a significance level of 5%. All analyses were conducted using R software

version 4.5.0.

RNA sequencing

RNA sequencing was performed using jejunum fragments from 25-day-old Japanese
quail. The results were compared as follows: (i) control incubation temperature with LPS
challenge versus control incubation temperature without LPS challenge and (ii) high incubation

temperature with LPS challenge versus high incubation temperature without LPS challenge.

mRNA preparation

Total RNA was isolated from jejunum specimens using Trizol® reagent (Invitrogen,
Carlsbad, CA, USA) at a ratio of 1 mL per 100 mg of tissue, as per the manufacturer's
instructions. RNA quantification was performed by spectrophotometric reading at 260 nm, and
RNA integrity was confirmed by electrophoresis on 1% agarose gel under ultraviolet light. Total

RNA samples were subjected to next-generation sequencing using the Illumina platform.

Quality control, mapping, and quantification of expression
The readings obtained in the sequencing were processed with BBDuk, which is part of

the BBTools package version 39.06 (Bushnell, 2023), to remove low-quality bases and Illumina
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adapters. This procedure was adopted to minimize potential errors or noise in the following
steps. The reads were then mapped to the reference genome using STAR version 2.7.11b (Dobin
et al., 2013) to identify their genomic origin and associate them with specific genes. Gene-level
read counts were generated using featureCounts version 2.0.8 (Liao; Smyth; Shi, 2014),
reflecting the expression level of each gene. The genome and annotation used as reference for
mapping and quantification of expression correspond to
GCF _001577835.2 Coturnix_japonica 2.1  (Morris et al., 2020), available at
https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/001/577/835/GCF_001577835.2 Coturnix_jap

onica 2.1.

Differential expression analysis

After gene-level read counts were obtained, differential gene expression analysis was
performed using DESeq2 version 1.42.0 (Love; Huber; Anders, 2014), an R/Bioconductor
package (Gentleman et al., 2004; Huber ef al., 2015). Briefly, the process involved the
following steps: (i) using the counts from each library to estimate normalization factors for
sequencing depth per sample and the associated dispersion, fitting a negative binomial model;
(i1) modeling the data using a generalized linear model with the quasi-likelihood method (Lund
etal.,2012) adjusted for the negative binomial; (iii) applying an independent filtering procedure
(Bourgon, Gentleman and Huber, 2010) to reduce the number of tests performed and increase
the statistical power of the analysis; and (iv) performing a Wald test to assess differential
expression for the contrasts of interest. p-values were adjusted using the false discovery rate
(FDR) method to control for false positives (Benjamini; Hochberg, 1995). Genes with FDR <

0.05 were considered differentially expressed.
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Functional analysis of differentially expressed genes (DEGs)

Functional analysis of DEGs was performed using the clusterProfiler package version
4.5.0 (Yu et al., 2012) in the R environment (R Core Team, 2023), with the org.Gg.eg.db
annotation database (Carlson, 2019) for Gallus gallus. Gene symbols were converted to Entrez
IDs using the bitr() function to ensure compatibility with functional enrichment tools and
standardize annotation terms.

Gene ontology (GO) enrichment analysis was conducted across three main domains:
biological processes, molecular functions, and cellular components. The parameter ont="ALL"
allowed simultaneous evaluation of all three categories. The Benjamini—Hochberg adjustment
method (pAdjustMethod = "BH") was applied to correct multiple comparisons and reduce false
positives. Significantly enriched terms were selected using a cutoff of adjusted p-value
(pvalueCutoff = 0.05) and a threshold of g-value (qvalueCutoff = 0.05) for improved statistical
reliability. The option readable = TRUE was used to convert Entrez IDs into gene symbols
recognized by the Vertebrate Gene Nomenclature Committee (VGNC) (Jones et al., 2023),
facilitating biological interpretation.

The results were processed and organized in a dataframe, with each GO term ranked by
significance (—logl0(FDR)), enabling identification of the most relevant pathways. The
dotplot() function of the enrichplot package was used for visualization, highlighting the most
enriched terms in each GO domain with a color gradient representing statistical significance
(—logl0(FDR)). For a more comprehensive analysis, the emapplot() function was used to
visualize relationships between enriched terms based on semantic similarity
(pairwise termsim), and the cnetplot() function was used to explore connections between genes

and biological pathways, emphasizing terms with lower p-values.
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Functional analysis of DEGs in the Kyoto Encyclopedia of Genes and Genomes (KEGQG)

Functional analysis was performed using a list of DEGs previously identified by RNA
sequencing. Genes with adjusted p < 0.05 were deemed significant. This criterion was adopted
to ensure the selection of genes with biologically relevant and statistically significant changes.
For compatibility with the KEGG database, gene symbols were converted to Entrez IDs using
the org.Gg.eg.db package specific to G. gallus. This step was essential to obtain the correct
functional annotation of genes in subsequent analyses. Genes not matched with database genes
were excluded from the analysis.

Pathway enrichment analysis for metabolic and signaling pathways was conducted
using the clusterProfiler package. Significantly enriched pathways were identified using a
threshold of adjusted p < 0.05, with Benjamini—Hochberg correction for multiple testing.
Additional filters were applied to include only pathways containing between 10 and 500 genes,
thereby avoiding selection of pathways that were overly broad or overly specific. For biological
interpretation, Entrez IDs were converted back to gene symbols recognized by the VGNC
(Jones et al., 2023), enabling more intuitive identification of genes associated with each
pathway. Redundancies were reduced by consolidating overlapping pathways through

simplification approaches.

Results
Embryonic performance

As shown in Table 1, the total hatching rate was significantly affected by incubation
temperature (p = 0.01128). Eggs incubated at the control temperature showed a higher total

hatching rate (68.50% = 3.08%) than those incubated at high temperature (56.62% + 3.43%).
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Similarly, the hatching rate of fertile eggs was also significantly higher in the control group
(74.75% + 3.17%) than in the high-temperature group (64.58% = 3.81%), with p = 0.042285.

Table 1. Hatching rate of eggs incubated at control temperature and high temperature

Incubation Total hatch rate (%) SE* Hatching rate of fertile eggs SE
(%)

Control 68.504* 3.08 74.754% 3.17

High temperature 56.617° 3.43 64.583° 3.81

Pvalue 0.011128 0.042285

*Values are presented with mean and standard error (SE). ®*Different letters in the same column indicate significant
differences by Student's t-test (p<0.05).

There were no significant differences (p > 0.05) in intestine length, embryo weight, egg
weight, yolk sac weight, or yolk sac utilization between control and high-temperature groups
(Table 2). Thus, exposure to a high incubation temperature did not significantly influence the

morphological or physiological performance of the analyzed embryos.

Table 2. Performance of embryos incubated at control temperature and high temperature
Incubation Bowel SE* Embryo SE Egg SE Yolk SE  Yolksac SE

length weight weight sac utilization
(cm) (8) (8) weight (%)
(g)
Control 86.201 1.69 6.085 0.14 10.248 025 1.780 0.10 29.316 1.64
High 80.458 507 5370 0.51 9846 034 1592 0.13 31.113 2.72
temperature
P value 0.30113 0.20094 0.36369 0.28455 0.58147

*Values are presented with mean and standard error (SE).

Chick performance

No interaction effect of temperature and challenge on chick performance was observed.
Therefore, the results are reported as the main effects of each factor. Table 3 presents the results
of the LPS challenge. LPS inoculation significantly influenced relative spleen weight, which
was higher in the challenged group (0.052% =+ 0.00) than in the unchallenged group (0.039% +

0.00) (p = 0.039034). Additionally, no significant differences were observed in absolute or
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relative heart weights, absolute spleen weight, bird weight at 17 days, or intestine length (p >

0.05).

Table 1. Effect of LPS on progeny performance
Inoculation Heart SE" Relative SE Spleen EP Relative SE Bird weight SE Bowel SE

weight heart weight weight spleen at 17 days length
® (%) (2) weight (%0) €] (cm)
LPS¥ 1.104 0.03 1.039 0.03 0.054 0.01 0.052* 0.01 104.387 3.33 46.545 1.28
SLPS 1.072 0.03 1.064 0.02 0.041 0.02 0.039® 0.02 103.342 2.55 43.000 1.53
P value 0.52783 0.58228 0.053801 0.039034 0.80635 0.21908

*Values are presented with mean and standard error (SE). ®Different letters in the same column indicate significant
differences by Student's t-test (p<0.05). ¥LPS (With LPS inoculation); SLPS (Without LPS inoculation).

As shown in Table 4, incubation temperature did not significantly affect performance
parameters (p > 0.05). No statistical differences were observed between the control and high-
temperature groups in absolute or relative heart weights, absolute or relative spleen weights,
body weight at 17 days, or intestine length.

Table 4. Effect of incubation temperature on progeny performance
Incubation  Heart SE" Relative SE Spleen EP Relative SE Bird weight SE Bowel SE

weight heart weight spleen at 17 days length
(2 weight (%) (2 weight (%) () (cm)
Control 1.091 0.03 1.061 0.03 0.051 0.01 0.049 0.01 103.163 2.35 43.272 1.71
High 1.085 0.03 1.042 0.02 0.045 0.01 0.042 0.01 104.566 3.47 45.272 1.09
temperature
P value 0.90401 0.68223 0.43538 0.30347 0.74186 0.33787

*Values are presented with mean and standard error (SE). ¥*CTL (Control temperature); AT (High temperature).

DEG identification

In this experiment, Japanese quail eggs were incubated under control and high
temperature conditions. At 25 days of age, birds from both groups were inoculated with LPS or
saline. The effect of LPS challenge was compared within each incubation temperature.

Gene expression analysis revealed distinct transcriptional regulation patterns between
experimental groups. A total of 41 DEGs were identified in the control temperature group
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1074  (Control + LPS versus Control + Unchallenged), of which 22 were upregulated and 19 were
1075  downregulated based on log2 fold-change (log2FC) values (Figure 1A). In the high-temperature
1076  group (High Temperature + LPS versus High Temperature + Unchallenged), LPS inoculation
1077  resulted in 845 DEGs (Figure 1B), with 405 upregulated and 440 downregulated genes.

1078 The global distribution of DEGs was visualized using a volcano plot (Figure 1). The X-
1079  axis represents log2FC values, indicating both the direction and magnitude of gene regulation,
1080  whereas the Y-axis shows statistical significance as —log10 of the adjusted p-value. Upregulated
1081  genes, shown in red, cluster on the right side of the plot, reflecting increased expression,
1082  whereas downregulated genes, shown in blue, appear on the left, indicating strong suppression.
1083  The great concentration of points with high Y-axis values underscores the robustness of the

1084  analysis and highlights the presence of important genes.
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1086  Figure 1. Volcano plot of DEGs expressed in the contrasts CTL+LPS vs CTL+SLPS; and AT+LPS vs AT+SLPS.
1087 Scatter plots (volcano plots) representing the differentially expressed genes in the jejunum of Japanese quails. On
1088 the left (1A), results of the comparison between the group incubated at control temperature without and with LPS.
1089 On the right (1B), comparison between the group incubated at high temperature with and without LPS. The X-axis
1090 represents the log2Foldchange (1o0g2FC) values, while the Y-axis indicates the statistical significance (-logl10 of
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the adjusted p-value). Upregulated genes are highlighted in red and downregulated genes in blue (adjusted p-value
<0.05).

Heatmaps generated from RNA sequencing data are commonly used to analyze gene
expression in different biological samples. These heatmaps visually represent gene expression
levels, with each row corresponding to a gene and its 1og2FC value. The heatmap comparing
Control + LPS versus Control + Unchallenged (Figure 2) shows positively regulated DEGs,
with log2FC values ranging from 1.28 to 6.93. Some of the most highly expressed genes include
those involved in solute transport (SLC5412 and SLCI3A41), immune response and
inflammation (/L/R2 and IL18BP), and cell surface functions (PDCDILG2 and ZPLDI). The
presence of interleukins and immunity-associated genes supports the hypothesis of
inflammatory pathway activation in response to the experimental challenge. Negatively
regulated DEGs in the same comparison group exhibit log2FC values ranging from —0.65 to
—3.50. Genes showing the greatest suppression include those involved in energy metabolism
and lipid oxidation (GPD1), regulation of inflammation and immune response (SAMHDI), and

nutrient transport (SLC2415).
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Figure 2. Heatmap of DEGs expressed in CTL+LPS vs. CTL+SLPS from most suppressed to most expressed.
Heatmap representing the levels of differential gene expression in the jejunum of Japanese quails subjected to
incubation at control temperature and inoculation with lipopolysaccharide (LPS). The values correspond to the
log2Foldchange (log2FC) of the differentially expressed genes. The color scale ranges from red (suppressed genes)
to blue (overexpressed genes), as indicated in the top bar. Only genes with statistically significant differential
expression were included (adjusted p < 0.05).

In the heat map comparing DEGs between High Temperature + LPS and High
Temperature + Unchallenged (Figure 3) groups, log2FC values ranged from 7.19 to 0.31 for
upregulated genes and from —0.43 to —4.59 for downregulated genes. Among the genes
overexpressed in LPS-inoculated quail were LPCAT3, PANK3, PIGM, PGAP2, ITCH,
CULA4A, PSMALI, and PSMA7. Some of these genes perform essential functions, including
participation in the organophosphate pathway (LPCAT3 and PANK3), protein anchoring to the
membrane (PIGM and PGAP2), and degradation of misfolded proteins (ITCH, CUL4A,
PSMA1, and PSMA7). Among the downregulated genes, notable examples included GATA2,
VEGFC, FLT1, SOX9, CHD4, DNMT3A, and MIER1. These genes are involved in cellular

adaptation (GATA2, VEGFC, FLT1, and SOX9) and transcriptional repression (CHDA4,

DNMT3A, and MIER1).
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Figure 3. Heatmap of DEGs expressed in AT+LPS vs. AT+SLPS from most suppressed to most expressed.
Heatmap representing differential gene expression levels in the jejunum of Japanese quails subjected to high-
temperature incubation and inoculation with lipopolysaccharide (LPS). Values correspond to the log2Foldchange
(log2FC) of differentially expressed genes. The color scale ranges from red (suppressed genes) to blue
(overexpressed genes), as indicated in the top bar. Only genes with statistically significant differential expression
were included (adjusted p < 0.05).
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Effect of LPS inoculation within the control temperature group

Functional annotation using GO was grouped into three main domains: biological
process (Table 5), cellular component (Table 6), and molecular function (Table 7). These
domains describe the gene's biological function, its role at the molecular level, and its cellular
localization, respectively.

The graphs in Figure 4 (A-D) illustrate the functional enrichment analysis of DEGs
between Control + LPS and Control + Unchallenged, that is, genes differentially expressed in
quail incubated at control temperature and inoculated with LPS. For upregulated genes, the
cellular component and molecular function domains were significantly enriched (adjusted p <
0.05). In the cellular component domain (Figure 4A), enriched genes were predominantly
associated with extracellular structures, such as exosomes, vesicles, and the cell surface,
suggesting active signaling and intercellular communication mechanisms. In the molecular
function domain (Figure 4B), terms related to cytokine binding and symporter activity were
prominent, emphasizing the activation of pathways involved in immune response and molecular
transport. For downregulated genes, the biological process and molecular function domains
were enriched (adjusted p < 0.05). In the biological process domain (Figure 4C), DEGs were
strongly associated with nucleotide and purine metabolism, amino acid transport, and oxidative
processes such as NADH and NAD" metabolism. Suppression of these genes may indicate a
reduction in essential metabolic pathways, reflecting a redirection of cellular metabolism in
response to the immune challenge. Finally, in the molecular function domain (Figure 4D), the

activity of transmembrane L-amino acid transporters was enriched.
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1156 Figure 4. GO enrichment analysis of DEGs upregulated in CTL+LPS vs CTL+SLPS. Figure 4A: Cellular
1157 component of overexpressed DEGs. Figure 4B: Molecular function of overexpressed DEGs. Figure 4C: Biological
1158 process of suppressed DEGs. Figure 4D: Molecular function of suppressed DEGs. The figures individually present
1159 the GeneRatio (proportion of genes in a dataset that are associated with a specific enrichment term) on the X-axis
1160 and the enrichment terms on the Y-axis. The circles are associated in size with the gene count and in color with the
1161 adjusted p-value.
1162
1163 The biological processes enriched for genes downregulated in LPS-inoculated quail
1164  were primarily related to energy metabolism and amino acid transport (Table 5). The most
1165  significant term was NADH metabolic process (GO:0006734, adjusted p = 0.0052), involving
1166  SLC25A413 and GPDI. Amino acid transport processes were also prominent, including L-o-
1167 amino acid transmembrane transport (GO:1902475, adjusted p = 0.0052) and L-amino acid
1168  transport (GO:0015807, adjusted p = 0.0066), both mediated by SLC25413 and SLC25415.
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Furthermore, genes involved in nucleotide metabolism were suppressed, such as those

associated with the purine nucleotide metabolic process (GO:0006163, adjusted p = 0.0123),

including SLC25413, SAMHD1, and GPD1, and the broader term nucleotide metabolic process

(GO:0009117, adjusted p = 0.0161). Notably, SLC25413 emerged as a central regulator,

repeatedly associated with multiple metabolic and transport pathways. Adjusted p-values,

ranging from 0.0052 to 0.0161, indicated a coordinated downregulation of these biological

pathways in response to LPS-induced immune stress.

Table 5. Biological process of DEGs suppressed in CTL+LPS vs CTL+SLPS

ID:PB Description genelD p-ajusted
G0:0006734 NADH metabolic process SLC25413/GPDI 0.00516
L-alpha amino acid transmembrane
G0:1902475 transport SLC25A413/SLC25415 0.00516
GO:0015807 L-amino acid transport SLC25A413/SLC25A415 0.00665
GO0:0019674 NAD metabolic process SLC25413/GPDI 0.00665
G0:1905039  carboxylic acid transmembrane transport — SL.C25413/SLC25415 0.01230
GO0:1903825  organic acid transmembrane transport SLC25413/SLC25A415 0.01230
GO0:0006163 purine nucleotide metabolic process SLC25A413/SAMHDI1/GPD1  0.01230
G0:0003333  amino acid transmembrane transport SLC25413/SLC25415 0.01570
GO:0009117 nucleotide metabolic process SLC25A413/SAMHDI1/GPD1  0.01610
G0:0019362  pyridine nucleotide metabolic process SLC25413/GPDI1 0.01610
nicotinamide nucleotide metabolic
G0:0046496 process SLC25413/GPDI 0.01610
GO0:0006865 amino acid transport SLC25A413/SLC25A415 0.01610
pyridine-containing compound metabolic
G0:0072524 process SLC25413/GPDI 0.01610
purine-containing compound metabolic
G0:0072521 process SLC25413/SAMHD1/GPD1  0.01610
G0:0006753 nucleoside phosphate metabolic process SLC25413/SAMHDI1/GPDI  0.03070
nucleobase-containing small molecule
G0:0055086 metabolic process SLC25413/SAMHD1/GPD1 ~ 0.03630
G0:0046434 organophosphate catabolic process SAMHDI1/GPDI1 0.03660
GO:1901136  carbohydrate derivative catabolic process SAMHD1/GPDI 0.03660
G0:0046942 carboxylic acid transport SLC25413/SLC25A415 0.03710
G0:0015849 organic acid transport SLC25413/SLC25A415 0.03710
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Analysis of the enrichment of cellular components for upregulated DEGs in LPS-
inoculated quail revealed the most significant terms, as shown in Table 6. PDCDILG2 was
associated with the cell surface (GO:0009986), along with ZPLD1. The gene S100412 showed
strong associations with terms related to extracellular vesicles, including extracellular exosome
(GO:0070062), extracellular organelle (GO:0043230), extracellular membranous organelle
(GO:0065010), and extracellular vesicle (GO:1903561), suggesting potential involvement in

intercellular communication via exosomes.

Table 6. Cellular component of DEGs overexpressed in CTL+LPS vs CTL+SLPS

ID:CC Description genelD p-ajusted
G0:0009986 cell surface PDCDILG2/ZPLDI 0.04890
GO:0070062 extracellular exosome S100A412 0.04890
GO0:0043230 extracellular organelle S100412 0.04890
G0:0065010 extracellular membrane-bound organelle S100412 0.04890
GO:1903561 extracellular vesicle S100412 0.04890

Table 7 presents the main terms for molecular function of DEGs in LPS-inoculated
quail. Among the upregulated genes were IL/R2 and IL18BP, associated with cytokine binding
(GO:0019955, adjusted p = 0.03). SLC5412 and SLCI3A41 were related to symporter activity
(GO:0015293, adjusted p = 0.0406), acting on molecular import. The downregulated genes
SLC25A413 and SLC25A415 were related to L-amino acid transmembrane transporter activity

(GO:0015179, adjusted p = 0.0383).

Table 7. Molecular function of DEGs regulated in CTL+LPS vs CTL+SLPS

Overexpressed genes
ID:FM Description genelD p-ajusted
G0:0019955 cytokine binding ILIR2/IL18BP 0.03000
G0:0015293 symporter activity SLC5412/SLCI1341 0.04060
Suppressed genes
G0:0015179 L-amino acid transmembrane ¢/ -5 413/57 25475 0.03830

transporter activity
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The integrated enrichment map (emapplot) illustrates connectivity between significantly
enriched GO biological terms, allowing identification of interrelated functional groupings.
Figure 5A presents an emapplot based on genes upregulated in LPS-inoculated quail.
Significant integrations (adjusted p <0.05) were observed between terms related to extracellular
components, including organelle, vesicle, exosome, and delimiting membrane. The map also
revealed enriched genes (adjusted p < 0.05) in non-linked terms, such as cell surface and
cytokine binding.

Figure 5B shows a network characterized by strong interconnectivity (adjusted p <0.03)
among terms such as purine nucleotide metabolic process, phosphate nucleoside metabolic
process, nucleotide metabolic process, and NADH metabolic process, indicating coordinated
suppression of these pathways in LPS-inoculated quail. This metabolic reprogramming in the
quail jejunum in response to LPS challenge reflects a complex balance between maintaining
basic cellular functions, such as intercellular communication and molecular import, and

mounting an effective immune response.

54



1244
1245
1246
1247

SA extracellular organelle
extracegular vesicle .

size
cytokine bindingl} PR

.cell surface ® 12
@® 10

@
@

p.adjust

0.045
0.040
0.035

0.030

*
extracellular exosome
®extracellular membrane-bounded organelle

symporter activity

.
SB NAD metabolic process
pyridine nucleotige metabolic process

purine nucleotide, metabolic process size

" ® 200
carboxylic acid transm.embrane transport NADH metabolic process ® ®

: 2
L-amino acid transport @ 2=

. 275
. 3.00

p.adjust
0.030

0.025
0.020

amino acid trans.membrane transport

&
nicotinamide nucleotide metabolic process .
L-alpha-amino acid transmembrane transport

amino acid-transport . 0.015
L . .
organic acid transmembrane transport nucleoside phosphate’metabolic process 0.010
L

nucleotide metabolic process

purine-containing compound metabolic process

L
pyridine-containing compound metabolic process

Figure 5. Integrated enrichment map of DEGs in CTL+LPS vs CTL+SLPS. Figure SA: Integrated enrichment
map of overexpressed genes. Figure 5B: Integrated enrichment map of suppressed genes. Nodes represent GO
terms, where lines indicate interactions between terms, and the circle (node) corresponds by size to the number of
associated genes, and by coloring to the adjusted p-value.
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The network graph (cnetplot) lists the most important genes within a biological context
and relates them to GO terms. Figure 6A shows the relationship of genes upregulated (adjusted
p < 0.05) in LPS-inoculated quail with enriched terms. The gene S/00412 is related to
extracellular vesicle, extracellular exosome, external limiting membrane, and extracellular
organelle. The PDCDILG2 and ZPLDI genes are linked to the term cell surface. Figure 6B
shows the network of integrations (adjusted p < 0.05) between downregulated genes and
essential metabolic processes in LPS-inoculated quail. SLC25415, SLC25413, and GPDI
emerged as central elements in the analysis, demonstrating a strong connection between
metabolite transport and energy production. SLC25415 is directly associated with three crucial
transport processes: carboxylic acid transmembrane transport, L-amino acid transport, and L-o-
amino acid transport. Additionally, SLC25413 is strongly linked to NAD and NADH
metabolism, key components in redox reactions and cellular energy production. Finally, GPDI
complements this metabolic network by also participating in NADH metabolism, underscoring

the importance of this redox system in cellular processes.
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Figure 6. Network graph of DEG enrichment in CTL+LPS vs. CTL+SLPS. Figure 6A: Enrichment network of
overexpressed DEGs. Figure 6B: Enrichment network of suppressed DEGs. The larger, orange-colored nodes
represent GO terms. The smaller, gray nodes correspond to the genes involved in the respective biological
processes present in the figure. The sizes of the functional nodes are proportional to the number of associated
genes, as indicated in the lateral legend. Edges connect each gene to the GO terms to which they contributed
significantly in the enrichment test.
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Effect of LPS inoculation within the high-temperature group

This GO analysis was explored in two categories: biological process (Tables 8 and 9)
and cellular component (Table 10). This approach allowed elucidating not only the biological
functions of the identified genes but also their subcellular localization. For upregulated genes,
both the biological process and cellular component domains were enriched (adjusted p < 0.05).
Figure 7A shows the enriched biological process terms, which include organophosphate
metabolic processes, encompassing both biosynthesis and ubiquitin-dependent degradation
pathways. The notable presence of GPI-anchored protein biosynthesis in this group underscores
the crucial role of these proteins in cell signaling and adhesion. Concurrently, a marked
enrichment in protein degradation pathways was observed, particularly those mediated by the
ubiquitin-proteasome system and post-translational modifications. Analysis of the cellular
component domain (Figure 7B) complemented these findings, revealing that the upregulated
genes are predominantly located in strategic subcellular compartments.

The Golgi apparatus and endoplasmic reticulum emerged as key sites, with emphasis on
their membrane substructures. Associations with coated vesicles and specialized protein
complexes, such as the endopeptidase complex and the nuclear complex, suggest an active
reorganization of protein processing and transport systems in response to LPS stimulation.
Analysis of downregulated genes revealed enrichment only in the biological process domain
(adjusted p < 0.05). Figure 7C shows terms such as negative regulation of DNA-templated
transcription, negative regulation of RNA biosynthetic process, and circulatory system
development. This combination of terms suggests a conservative cellular strategy, in which

energy is prioritized and conserved under conditions of thermal stress.
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1312 Figure 7. GO enrichment analysis of DEGs upregulated in AT+LPS vs AT+SLPS. Figure 7A: Biological process
1313 of overexpressed DEGs. Figure 7B: Cellular component of overexpressed DEGs. Figure 7C: Biological process
1314 of suppressed DEGs. The figures individually present the GeneRatio (proportion of genes in a dataset that are
1315 associated with a specific enrichment term) on the X-axis and the enrichment terms on the Y-axis. The circles are
1316 associated in size with the gene count and in color with the adjusted p-value.

1317

1318 Enrichment analysis of biological processes revealed significant alterations in pathways
1319  related to organophosphate metabolism and inflammatory response among genes upregulated
1320  in LPS-inoculated quail (Table 8). The most enriched term, GO:0019637 (organophosphate
1321  metabolism, adjusted p = 0.00220), included 27 genes involved in energy metabolism and cell
1322 signaling, such as SPDF, CKB, PGM3, and NADK. These findings suggest that thermal stress
1323 during incubation, potentially exacerbated by LPS exposure, induces metabolic
1324  reprogramming, increasing the demand for organophosphates to sustain energy homeostasis
1325  (via ATP) and support membrane phospholipid synthesis under stress conditions.
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Enrichment of the term GO:0090407 (organophosphate biosynthetic process, adjusted
p = 0.00462), involving genes such as LPCAT3 and PANK3, supports the hypothesis that high
incubation temperatures activate organophosphate biosynthesis pathways, potentially to
compensate for cellular damage or replace signaling molecules. Additionally, the term
G0:0180046 (GPI-anchored protein biosynthesis, adjusted p = 0.00462) highlighted genes such
as PIGM and PGAP2, suggesting that thermal stress during incubation may modulate protein
anchoring to the membrane, a critical mechanism for cell communication during inflammatory
responses.

Ubiquitination-dependent protein degradation pathways (GO:0006511, adjusted p =
0.00462) were also enriched, related to genes such as /TCH and CUL4A4, as well as proteasome
subunit genes (PSMA1 and PSMA?7). Possibly, exposure of the embryo to heat and later to LPS
activated the degradation of poorly coiled or damaged proteins, a protective mechanism against
cellular stress. The overlap of these genes with terms such as GO:0019941 (modification-
dependent protein catabolic process) supports the idea that ubiquitination is a conserved

response during conditions of combined stresses (thermal and inflammatory).

Table 8. Biological processes of DEGs overexpressed in AT+LPS vs AT+SLPS
ID:PB Description genelD p-ajusted

organophosphate PLA2G10/FDPS/CKB/PIGH/CMPK1/GP 0.00220

metabolic process CPDI/LPCAT3/PGM3/PANK3/DOLK/NA
DK/ENPP3/TALDO1/AK2/ATP6V1B2/PG
D/NAPEPLD/SUCLG2/HK1/SMPD3/TPI
1/PGAP3/GUCY2C/PIGM/PLPP2/TPK1/
PGAP2

'organopho sphate FDPS/CKB/PIGH/CMPK1/LPCAT3/PG 0.04620
GO:0090407 biosynthetic process M3/PANK3/DOLK/NADK/AK2/TPI1/PGA
P3/GUCY2C/PIGM/TPK1/PGAP2

ubiquitin-dependent KCTD17/ITCH/RNF114/CDC34/ATE1/PS  0.04620
GO:0006511  protein catabolic process MAI/NHLRC3/PSMA7/PSMA2/RNF14/S
NF8/AMFR/PSMC2/CUL4A/UFLI
gpi-anchored protein 0.04620
GO:0180046 biosynthesis PIGH/PGAP3/PIGM/PIGU/PGAP2

GO:0019637
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modification-dependent KCTDI17/ITCH/RNF114/CDC34/ATEI/PS  0.04620
GO:0019941 protein catabolic process MAI/NHLRC3/PSMA7/PSMA2/RNF14/S
NF8/AMFR/PSMC2/CUL4A4/UFLI

KCTD17/ITCH/RNF114/CDC34/ATE1/PS
MAI/NHLRC3/PSMA7/PSMA2/RNF14/S
NFS/AMFR/PSMC2/CUL4A/UFLI

modification-dependent 0.04620
macromolecule

GO0:0043632 .
catabolic process

For genes downregulated in LPS-inoculated quail, Table 9 shows significant enrichment
of biological processes related to circulatory system development, negative regulation of gene
transcription, and extracellular matrix organization.

The results demonstrated significant activation (adjusted p < 0.05) of circulatory system
development (GO:0072359), negative regulation of DNA-templated transcription
(GO:0045892), and negative regulation of RNA biosynthetic process (GO:1902679). GATA2,
VEGFC, FLTI, and SOX9 are examples of genes associated with these processes. They play
critical roles in angiogenesis and vascularization, suggesting active vascular adaptation in
response to thermal and immune stress. In parallel, genes such as CHD4, DNMT3A, and MIERI,
involved in transcriptional repression, were suppressed in quail chicks inoculated with LPS.
Suppression of these genes may indicate an adaptive response that prioritizes the expression of
pro-inflammatory or defense-related genes, thereby relaxing control over transcription under

stress conditions.

Table 9. Biological processes of DEGs suppressed in AT+LPS vs AT+SLPS

ID:PB Description genelD p-ajusted
circulatory system NIPBL/SIPRI/MEF2C/GATA2/PTPRB/ 0.04390
GO:0072359 development VEGFC/FLT1/S0O0X18/PDLIM3/FHOD3
/ANXA1/SOX9

negative regulation of dna- MIERI/ATXNI1/CHD4/NR2F2/SEMA4D 0.04390
G0:0045892 influenced transcription /MIER3/HEXIM1/BASP1/PER2/CRY2/G
ATA2/DNMT3A4/SOXY/THRB

negative regulation of rna ~ MIERI/ATXN1/CHD4/NR2F2/SEMA4D 0.04390
GO:1902679 biosynthetic processes /MIER3/HEXIM1/BASP1/PER2/CRY2/G
ATA2/DNMT3A/SOX9/THRB
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Regarding cellular components (Table 10), for the genes overexpressed in LPS-
challenged chicks, the enriched terms were mainly associated with the endoplasmic reticulum.
The most significant term was organelle subcompartment (GO:0031984, adjusted p <0.00001)
including 27 genes such as KDSR, PIGH, PGAP3, and PIGU. This finding suggests the
structural reorganization of organelles in response to thermal and immune stress. Specifically,
strong enrichment was observed in endoplasmic reticulum subcompartment (GO:0098827,
adjusted p <0.00001) and endoplasmic reticulum membrane (GO:0005789, adjusted p =
0.00001), involving genes associated with lipid metabolism (KDSR and MOGATI), protein
anchoring (PIGH, PGAP3, and PIGU), and response to misfolded proteins (ERLIN2
and UFLI).

The nuclear outer membrane-endoplasmic reticulum membrane network (GO:0042175,
adjusted p = 0.00001) was also affected, indicating changes in communication between these
compartments. Enrichment was observed in the Golgi apparatus (GO:0005794, adjusted p =
0.00004), with the differential expression of genes such as COPGI and CLTC, involved in
vesicular transport and post-translational protein modification. Protein degradation pathways
were also modulated, notably in the proteasome core complex (GO:0005839, adjusted p =
0.00442), including the subunits PSMA1, PSMA7, and PSMA?2, indicating an increased demand
for the removal of damaged proteins under stress conditions.

Table 10. Cellular components of DEGs overexpressed in AT+LPS vs AT+SLPS

ID:CC Description genelD p-adjusted
organelle KDSR/MOGATI/PIGH/DOLK/MMGTI/ERL 0.00001
subcompartment IN2/TMCO1/MYRFL/ATP11C/SCAMP2/LM
G0O:0031984 F2/PGAP3/NCLN/GOSR1/MAGTI/RAB14/N

SF/SSR1/TBC1D23/BACE1/OSTC/ERLINI/S
RPRB/ARVI/UFLI/PIGU/PGAP2

endoplasmic reticulum KDSR/MOGATI1/PIGH/DOLK/MMGTI/ERL 0.00001
subcompartment IN2/TMCO1/MYRFL/LMF2/PGAP3/NCLN/
MAGTI1/SSR1/OSTC/ERLIN1/SRPRB/ARV 1/
UFLI1/PIGU/PGAP2

G0:0098827
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endoplasmic reticulum KDSR/MOGATI/PIGH/DOLK/MMGTI/ERL 0.00001
GO-0005789 membrane IN2/TMCO1/MYRFL/LMF2/PGAP3/NCLN/
) MAGTI/SSR1/OSTC/ERLIN1/SRPRB/UFL1/
PIGU/PGAP2
endoplasmic KDSR/MOGATI/PIGH/DOLK/MMGTI/ERL 0.00001
GO-0042175 reticulum-outer IN2/TMCO1/MYRFL/LMF2/PGAP3/NCLN/
’ nuclear membrane MAGTI1/SSR1/OSTC/ERLINI1/SRPRB/UFLI1/
network PIGU/PGAP2
golgi apparatus TMBIM1/COPG1/XPRI1/ARLI/SLC3541/M 0.00048
MGTI1/TRAPPC5/ATP11C/SCAMP2/AP1S3/
GO:0005794 ZDHHCY9/CLTC/GOSRI1/RAB14/NSF/TBCI1
D23/COPE/BACE1/ZDHHCG6/ARV1/PGAP2/
GLG1/COG3
endoplasmic reticulum 0.00364
GO:-0140534 protein-containing PIGH/MMGTI1/MAGT1/OSTC/PIGM/SRPRB
' complex /PIGU
golgi-associated 0.04310
GO0:0030660 vesicle membrane COPGI1/AP1S3/CLTC/COPE
G0:0030120 vesicle coat COPG1/AP1S3/CLTC/SEC13/COPE 0.04310
) proteasome core 0.04420
GO0:0005839 complex PSMA1/PSMA7/PSMA2
GO:1905369 en(i‘z)fﬁgiase PSMA1/PSMA7/PSMA2/PSMC2/PIGU 0.04650

The integrated enrichment map (emapplot) of DEGs overexpressed in quail chicks
subjected to thermal stress during incubation and inoculated with LPS is shown in Figure 8A.
Three main axes are evident: activation of the proteostasis system, dynamic remodeling of
membrane organelles, and metabolic reprogramming with cell signaling. The significant
enrichment of the proteasome core complex (adjusted p < 0.04) and ubiquitin-dependent
degradation pathways underscores the critical role of proteostasis under stress conditions. The
presence of proteasomal subunits and ubiquitination factors suggests an increased degradation
of damaged proteins.

Terms such as endoplasmic reticulum membrane (adjusted p < 0.04) and endoplasmic
reticulum subcompartment (p < 0.04) were enriched with genes involved in post-translational
modification and response to misfolded proteins. Enrichment of the Golgi apparatus (adjusted

p < 0.04) and associated structures (vesicle lining and Golgi-associated vesicle membrane) is
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indicative of alterations in vesicular traffic, which is essential for secretion of inflammatory
mediators and cellular repair. Genes such as COPGI and CLTC (involved in vesicle transport)
can facilitate communication between organelles during stress. Organophosphate metabolism
(adjusted p < 0.04) emerged as a central pathway, with genes linked to ATP synthesis (NADK),
phospholipids (LPCAT3), and GPI anchors (PIGM).

Figure 8B shows the integrated enrichment map of suppressed DEGs in LPS-inoculated
quail. Among the main enriched terms (adjusted p < 0.05), there was a clear interconnection
between negative regulation of DNA-templated transcription and negative regulation of

transcription by RNA. Furthermore, circulatory system development was evidenced.
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where lines indicate interactions between terms. and the circle (node) corresponds by size to the number of
associated genes and by color to the adjusted p-value.

Analysis of the DEG network in LPS-inoculated quail revealed two distinct functional
groups. The first group (Figure 9A, upper left) encompassed processes related to
organophosphate metabolism and biosynthesis, including genes such as CMPK1, PGD, HK1,
DOLK, PGAP2, PGAP3, PIGH, PIGM, and PIGU, associated with cell signaling, energy
metabolism, and protein anchoring to the cell membrane, especially by GPI. In the second group
(Figure 9A, lower right), ubiquitin-dependent protein catabolism processes were observed, with
genes such as PSMAI, RNFI14, ITCH, CUL44, and PSMC2, essential for the selective
degradation of proteins via proteasome, which is crucial for protein homeostasis and cellular
stress response.

Figure 9B shows the network of downregulated DEGs in LPS-challenged quail. Two
groups were identified. The first (top) is associated with circulatory system development,
involving genes such as VEGFC, FLTI, PTPRB, MEF2C, SIPRI, SOXI8, and GATA2,
suggesting a possible impact on vascular formation due to induced systemic inflammation. The
second group (bottom) is related to negative regulation of transcription and RNA biosynthetic
processes, encompassing genes such as CHD4, MIERI, THRB, NR2F2, SEMA4D, DNMT3A,
CRY2, and BASPI. This finding indicates a cellular functional suppression in response to
thermal and immune stress. SOX9 and GATA2 appear in both groups, underscoring their dual

relevance in the physiological response of quail.
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Figure 9. Network graph of DEGs in AT+LPS vs. AT+SLPS. Figure 9A: Enrichment network of overexpressed
DEGs. Figure 9B: Enrichment network of suppressed DEGs. The larger orange nodes represent the GO terms; the
smaller gray nodes correspond to the genes involved in the respective biological processes present in the figure.
The sizes of the functional nodes are proportional to the number of associated genes. as indicated in the lateral
legend. Edges connect each gene to the GO terms to which they contributed significantly in the enrichment test.

Genes modulated by LPS exposure according to incubation temperature
The effect of LPS exposure was evaluated within the different incubation temperature
groups to better understand its influence on intestinal gene expression in Japanese quail. The

analysis identified 20 common DEGs in LPS-challenged chicks from both thermal treatments
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(control and high temperature) (Table 11), indicating a set of genes whose modulation was
induced by the LPS stimulus, regardless of incubation temperature.

Among these genes, 13 were overexpressed in chicks from the control temperature and
high temperature groups, in particular MMP7 (1og2FC = 4.66 and 5.88, respectively), involved
in the remodeling of the extracellular matrix; PI3 (protease inhibitor 3 gene), a protease
inhibitor with immunoregulatory function (log2FC = 3.68 and 4.91); and SLC6A14, an amino
acid transporter related to the inflammatory response (log2FC = 2.51 and 3.36). Other genes
also showed consistent induction, such as IL4I1, related to modulation of immune responses,
and CHRDL2, involved in cell differentiation mediated by bone morphogenetic proteins.
Additionally, seven genes were suppressed, including MFNI1 (mitofusin 1), related to
mitochondrial dynamics (log2FC = —-0.60 and —1.03); DNASEIL3, associated with
extracellular DNA degradation (log2FC = —2.02 and —1.84); and ACOT12, involved in fatty
acid metabolism (log2FC = —2.94 and —2.78). The consistency in the repression of these genes
suggests a possible downgrade of metabolic and mitochondrial maintenance pathways in
response to LPS.

These findings demonstrated that, although incubation at high temperature significantly
increased the total number of genes modulated by LPS, there remains a robust and conserved
core inflammatory response. This core consists of genes that were responsive to LPS under both

environmental conditions and are essential for innate immunity, transport, and metabolism.

Table 11. DEGs common to CTL + LPS vs CTL + SLPS and AT + LPS vs AT + SLPS contrasts

Log2FoldChange
CTL+LPS  AT+LPS
Gene ID Description Vs Vs

CTL+SLPS AT+SLPS

Overexpressed genes

MMP7 degrades extracellular matrix components 4.661412 5.885439
PI3 anti-inflammatory activity 3.682538 4916192
LOCI107314689 antimicrobial defense protein 3.215632 4773523
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LOCI107312866 epithelial secretory protein 5.916072 4.362927
LOC107321681 involvement in the immune response 3.899021 4.192006
LOC107323109 associated with extracellular signaling 3.359889 3.923222
LOCI107312882 involvement with antimicrobial function 4.918488 3.537924
SLC6A14 associated with intestinal inflammation 2.517060 3.365530
1411 involved in modulating the adaptive immune 1.986800 3317761
response
CHRDL? involved in epithelial differentiation 1.946798 3.045061
LOCI107312884 extracellular matrix regulatory protein 3.899713 2.593708
LOCI107306119 possible epithelial secreted protein 2.013980 2.087660
ZPLDI involved in epithelial adhesion and integrity 2.139733 1.960277
Suppressed genes
MFENI participates in mitochondria! fusion and energy 0.60195 _1.03524
homeostasis
LOCI107309078 involved in mitochondrial organization -1.21531 -1.76968
DNASEIL3 involved in apoptosis and immunity -2.02369 -1.84935
LOCI107309641 mitochondrial regulatory factor -1.26793 -1.86782
ACOTI2 involved in fatty acid metabolism and detoxification = -2.94015 -2.78039
TPPP3 related to cytoskeletal stability -3.50452 -3.50452

Functional analysis of DEGs in KEGG

KEGG is a database used for systematic analysis of genetic functions, linking genomic
and functional information. It allows categorizing a set of genes based on the metabolic
pathways in which they participate or the functions they perform (Kanehisa and Goto, 2000;
Feng et al., 2025). The genes suppressed in quail incubated at the control temperature and
inoculated with LPS, namely GPX4 and PTGR1 (Table 12), are related to the arachidonic acid
metabolic pathway (adjusted p = 0.014367), indicating a reduction in the production of
inflammatory mediators. Table 12 also lists the genes upregulated in quail incubated at high
temperature and inoculated with LPS. Enrichment analysis revealed that upregulated genes
were mainly associated with intracellular degradation (lysosome pathway, adjusted p =
0.018314). Additionally, pathways indicative of metabolic reprogramming were identified,
involving membrane modifications and cell signaling, such as the GPI anchor biosynthesis
pathway.

Table 12. KEGG analysis of the cellular process of DEGs

Contrast Pathway Gene p-adjusted
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Suppressed

CTL+LPS vs CTL+SLPS Arachidonic acid
metabolism GPX4/PTGR1 0.01436
Overexpressed
Lysosome GUSB/ASAH1/CD164/ACP2/
ATP6VOC/AP1S3/HYAL1/CL 0.01831
ATHLPS vs ATH+SLPS Glycosylphosphatidylinos TCAGASATASIER0)
. PIGH/PGAP3/PIGM/PIGU/
itol (GPI)-anchor PGAP? 0.01905

biosynthesis

Discussion
Influence of incubation temperature on quail embryos

The results showed that high-temperature incubation significantly influenced total
hatching rate (56.62% versus 68.50%) and fertile egg hatching rate (64.58% versus 74.75%).
Accordingly, previous research has shown that an increase in temperature during incubation
can impact embryo survival and hatchability (Lin ef al., 2017; Abdelfattah, 2019; Carvalho et
al., 2020; Yalcin; Sezen; Shah, 2022). The observed reduction in hatching rate can be attributed
to heat stress induced by high temperature, which affects physiological processes critical to
embryonic development, such as respiration, osmotic regulation, and energy metabolism
(Lourens et al., 2007). Thermal stress is known to alter gas exchange through the eggshell,
leading to hypoxia and metabolic acidosis, factors that can increase embryonic mortality,
especially in the final stages of incubation (Jimoh et al., 2023). Thus, the lower hatching rate
observed in the high-temperature group suggests that embryos experienced difficulties adapting
to the adverse thermal condition imposed during development.

On the other hand, despite the effect on hatching rates, no significant differences (p >
0.05) were observed in the morphological or physiological parameters of the surviving
embryos, including intestine length, embryo weight, egg weight, yolk sac weight, and yolk sac
utilization. These findings indicate that, although the high incubation temperature reduced

hatching success, surviving embryos exhibited morphological traits comparable to those
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incubated under control conditions. Similar results were reported by Carvalho et al. (2020),
who observed that embryos exposed to thermal variations during incubation had higher
mortality; however, among survivors, there were no significant differences in body weight. This
pattern may be explained by natural selection imposed by thermal stress, where only the most
resilient embryos complete development, retaining morphological traits similar to those of
individuals not exposed to the stressor.

Furthermore, the lack of differences in yolk sac utilization suggests that embryo
metabolism and nutrient absorption were not significantly affected by high temperature (Van et
al., 2020), highlighting that thermal stress primarily impacted hatching rates rather than the

morphometry of surviving embryos.

Effect of incubation temperature and immune stress on chicks

LPS inoculation significantly impacted (p < 0.05) variables associated with the immune
response of quail chicks, particularly with regard to the spleen. The higher absolute and relative
weights of the spleen (0.054 g and 0.052%, respectively) among Japanese quail inoculated with
LPS may reflect immune system activation. The spleen plays a central role in the innate and
adaptive immune response of birds (John, 1994). LPS, a component of the cell wall of Gram-
negative bacteria, is a potent immunomodulatory agent capable of inducing systemic
inflammatory responses, leading to hypertrophy of lymphoid organs, such as the spleen
(Scanes, 2020).

Interestingly, no significant changes in absolute or relative weight of the heart, as well
as body weight or intestine length, were found in LPS-challenged chicks. These results suggest

that although the immune challenge promoted specific alterations in the spleen, it did not
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produce enough systemic impact to affect overall morphological development or alter
cardiovascular or intestinal traits.

Incubation temperature did not significantly affect (p>0.05) the growth performance of
quail chicks. Parameters such as absolute and relative weights of the heart and spleen, body
weight, and intestine length were similar between chicks incubated at control or high
temperatures. Although elevated incubation temperature reduced the hatching rate, as
previously demonstrated, no detectable or latent effects on the physiological performance of
chicks were observed up to the post-hatch evaluation. Similar findings were reported by
Berntsen and Bech (2021), who observed no changes in morphological development or long-
term effect on basal metabolic rate in birds exposed to adverse thermal conditions during

incubation.

Effect of LPS challenge on the jejunum of Japanese quail subjected to control temperature
during egg incubation

LPS inoculation induced the differential expression of 41 genes in the jejunum of
Japanese quail, with a balanced distribution between overexpressed (22) and suppressed (19)
genes. This pattern reflects a functional equilibrium between immune activation and
modulation, with each molecular component contributing specifically to the physiological
context of the intestinal tissue.

The immune response in the jejunum demonstrated sophisticated self-limiting strategies
aimed at containing collateral damage to the intestinal epithelium. One of the main elements of
this regulation was /L/R2 (adjusted p = 0.0300), expressed in goblet cells (Li et al., 2023). Its
overexpression has been described as a marker of infection by Gram-negative bacteria, as

observed in various animal models challenged with LPS, such as mice and wild ducks (Lang et

72



1592

1593

1594

1595

1596

1597

1598

1599

1600

1601

1602

1603

1604

1605

1606

1607

1608

1609

1610

1611

1612

1613

1614

1615

al.,2016; Jax et al., 2021; Kim; Lee, 2024). Additionally, /L/8BP (adjusted p = 0.0300), of the
immunoglobulin family (Wang, 2024), was also significantly overexpressed. Studies in murine
models have shown that its administration under inflammatory conditions contributes to the
reduction of exacerbated immune activity (Novick et al., 1999; Harms et al., 2017).

The gene S100412 (adjusted p = 0.0489) deserves mention among the overexpressed
genes, being previously described as a marker of epithelial and leukocyte activation in different
contexts of intestinal inflammation (Chiou ef al., 2016; Ronaldo et al., 2020; Yang et al., 2001;
Singh; Rai; Agrawal, 2022; Wang et al., 2023). The upregulation of PDCDILG2 (adjusted p =
0.0489) highlights the involvement of lymphocyte modulation mechanisms in jejunal tissue. Its
participation has been described in infectious contexts and humoral responses, with a potential
role in inflammatory containment (Tanaka ef al., 2018; Chen et al., 2014). Additionally, ZPLD1
(adjusted p = 0.0489) exhibited increased expression; its previously reported association with
intestinal epithelial barrier homeostasis in mice (Vijayakumar et al., 2019) suggests a role in
tissue responses to inflammatory stress.

The observed changes also indicate metabolic reprogramming in enterocytes. The
suppression of GPDI (adjusted p = 0.00516) suggests modulation of energy metabolism, as
described by Oh et al. (2024) and Kishimoto et al. (2021), potentially reflecting an adaptation
to the inflammatory microenvironment. Similarly, SAMHDI (adjusted p = 0.0161) was
downregulated; its inactivation has been associated with increased genomic vulnerability and
cell apoptosis under stress conditions (Eudald et al., 2022; Rentoft et al., 2016).

Modulation of mitochondrial transporters was also observed. The downregulation of
SLC25A413 and SLC25A15 (adjusted p = 0.0383) suggests an impact on energy metabolism and
mitochondrial activity, as described by Chen et al. (2019), Ryan and Luke (2017), and Zhang

et al. (2023). These changes align with the metabolic reprogramming typical of inflammation
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(Warburg effect) (Kurmi; Haigis, 2020). By contrast, genes involved in the transport and
utilization of alternative substrates were upregulated. The overexpression of SLC5A4 12 (adjusted
p=0.0406) and SLC1341 (adjusted p = 0.0406) indicates compensatory strategies for metabolic
support and antioxidant protection against inflammatory challenge (Petersen et al., 2022;
Barnes et al., 2017).

Figure 6A shows the significant integration between terms related to extracellular
components, indicating a coordinated activation of structures involved in intercellular transport
and communication, especially via exosomes, potentially modulating inflammatory and
immune signals. Figure 6B, on the other hand, reveals functional interconnection between
nucleotide metabolism pathways, suggesting a coordinated inactivation of these pathways in
the face of inflammatory challenge, possibly aimed at energy conservation and adaptation to
stress.

In Figure 7A, genes such as S100412 are associated with extracellular vesicle release
and immune modulation, whereas PDCDILG2 and ZPLDI indicate participation in cell
recognition and adaptive immune signaling. Finally, Figure 7B highlights suppressed genes,
such as SLC25415, SLC25413, and GPD1, which are essential for metabolite transport and
mitochondrial energy metabolism. The pattern suggests a prioritization of immune functions
over metabolic activity in response to the inflammatory stimulus. Overall, this functional
dissociation reflects a potential redirection of cellular metabolism during the inflammatory

response.

Effect of LPS challenge on Japanese quail subjected to high temperature during egg incubation
Analysis of gene expression in the gut of Japanese quail incubated at high temperature

and inoculated with LPS revealed a coordinated modulation of genes associated with
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inflammatory processes, cellular stress, metabolism, and maintenance of epithelial homeostasis.
The significant expression of PLA2G10 (adjusted p = 0.00220) highlights the importance of
arachidonic acid in the response to combined stress, corroborating previous studies that
identified this phospholipase as a mediator of fatty acid release during inflammatory processes
(Jurivich et al., 1996; Curfs et al., 2008). In parallel, NAPEPLD activation (adjusted p =
0.00220) indicates the involvement of endogenous anti-inflammatory endocannabinoid
pathways (Lefort et al, 2020). Upregulation of BACEI (adjusted p < 0.0000) is also
noteworthy. The gene plays a role in intestinal inflammation and is associated with
angiogenesis, immunological and antimicrobial properties, and inflammatory response in
macrophages, as recently elucidated (Taylor et al., 2022).

The activation patterns of AP1S3, ZDHHC6, and ZDHHCY (adjusted p = 0.0004)
suggest active remodeling of membrane microdomains during inflammation (Mabhil et al., 2016;
Shimell et al., 2019; Salaun; Tomkinson; Chamberlain, 2023). This mechanism seems to be
amplified by the positive co-regulation of MAGTI and MMGTI (adjusted p < 0.0000),
consistent with their role as key signaling modulators of immune cells (Matsuda-Lennikov et
al., 2019), particularly in lymphocyte activation (Goytain; Quamme, 2008).

Transcriptional analysis also revealed the reprogramming of lipid metabolism in the gut
of Japanese quail, possibly aimed at maintaining mucosal integrity under adverse conditions.
Activation of LPCAT3, GPCPDI1, SMPD3, and PLPP2 (adjusted p = 0.00220), together with
MOGATI and KDSR (adjusted p < 0.0000), demonstrates an integrated response to maintain
lipid homeostasis under adverse conditions (Garoby-Salom et al., 2014; Liss et al., 2018;
Lutkewitte ef al., 2019; Reed et al., 2022; Tang et al., 2022; Adam et al., 2024; Chen et al.,
2024). Similarly, Sedghi et al. (2024) identified the importance of LPCAT3 in preserving

membrane fluidity during inflammatory processes in poultry.
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The expression pattern of ARV (adjusted p < 0.0000) underscores the importance of
cholesterol homeostasis, confirming previous observations about its role in the vesicular
transport of sterols (Palmer et al., 2016). The positive regulation of TMBIMI (adjusted p =
0.0004) and ATP11C (adjusted p = 0.0004) elucidates mechanisms of cellular protection against
endoplasmic reticulum stress and ionic imbalances, as described in studies with mammalian
models (Doycheva et al., 2019).

The identified expression patterns also indicated the reprogramming of intestinal energy
metabolism.  The  significant  induction  of SPDF (adjusted p = 0.00220)
and PGD and TALDOI (adjusted p = 0.00220) indicates activation of the pentose-phosphate
pathway, suggesting an increase in the production of NADPH and ribose-5-phosphate to meet
the demands of cell biosynthesis under adverse conditions (Lin et al., 2015). Together, the
glycolytic enhancement evidenced by the expression of HK/ and TPII (adjusted p = 0.00220)
reveals the prioritization of rapid ATP production. Accordingly, the concomitant activation
of SUCLG?2 (adjusted p = 0.00220) indicates efficient coupling between glycolysis and the
Krebs cycle, ensuring the continuous flow of metabolic intermediates (Hu ef al., 2023). The
coordinated activation of genes such as AK2, CMPKI, PANK3, TPKI,
CKB, and NADK (adjusted p = 0.00220) is related to the regulation of critical cofactors.
According to previous studies, these genes act to maintain cellular energy homeostasis, ensuring
the continuous availability of ATP, CoA, and NAD", even under stress conditions (Suzuki et
al., 2004; Uda et al., 2006, Elbow; Manoel, 2020).

The adaptive response of the endoplasmic reticulum was demonstrated by the activation
of PGM3 (adjusted p = 0.0462) and DOLK (adjusted p = 0.00220). These genes, associated
with the N-glycosylation pathway, are essential for protein modification under cellular stress

(Yang et al., 2024). Induction of GPI anchor synthesis genes (PIGH, PGAP2, PGAP3, PIGM,
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and PIGU, adjusted p = 0.00220) suggests structural adaptation of cell membranes, which is
crucial for the maintenance of cell signaling under adverse conditions (Naseer et al., 2016;
Nguyen et al., 2018; Farooqi et al., 2023; Torres al., 2024). Genes related to protein quality
control, such as ERLINI, ERLIN2, and TMCOI (adjusted p < 0.0000), are involved in the
degradation of poorly coiled receptors, functioning as a negative feedback mechanism to
control the inflammatory response (Wang et al., 2016). Protein translocation and folding
machinery were also activated, as demonstrated by the increased expression of OSTC,
SRPRB, and SSR1 (adjusted p < 0.0000).

The ubiquitin-proteasome system was significantly activated, as indicated by the
upregulation of proteasomal subunits PSMA1, PSMA2, PSMA7, and PSMC?2 (adjusted p =
0.0462). This response likely reflects an adaptation to the accumulation of misfolded proteins
arising from cellular stress (Hershko; Ciechanover, 1998). Such a pattern aligns with the
classical proteotoxic stress response, in which the ubiquitin-proteasome system serves as the
primary protein quality control system (Tanaka, 2009). The coordinated expression of multiple
E3 ligases, including /TCH, RNF114, RNF14, CDC34, CUL4A, AMFR, UFL1, ATE1, KCTD17,
SNF8, and NHLRC3 (adjusted p = 0.0462), suggests the activation of selective mechanisms for
recognizing and labeling damaged proteins (Chiu et al., 2008; Cocklin et al., 2011; Han et al.,
2013; Ingham et al., 2014; Hannah; Zhou, 2015; Kashina, 2015; Mentrup et al., 2017;
Nakajima; Raz, 2020; Yang et al., 2022; Wolfe et al., 2022; Shin et al., 2023; Brugger et al.,
2024).

In the intracellular transport axis, components of the clathrin-coated vesicle complex
and proteins associated with vesicular traffic were activated (adjusted p < 0.0004), including
COPG1, COPE, SEC13, GOSRI1, SCAMP2, RAB14, NSF, and ARLI. This response suggests

an intense reorganization of the endomembrane system, possibly aiming to increase the
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transport capacity of essential components such as proteins and lipids and facilitate the removal
of damaged proteins (Junutula et al., 2004; Torres; Rosa-Ferreira; Munro, 2014; Niu et al.,
2014; Chen et al., 2021; Liu et al., 2023). In parallel, activation of genes of the Golgi apparatus,
namely COG3, SLC3541, TBCID23, TRAPPCS5, and ARLI (adjusted p < .00001), indicates a
specific adaptation of this organelle, crucial for post-translational modification processes (Ma
et al.,2020; Liu et al., 2024; Papaioannou et al., 2023; Liu et al., 2025).

Regarding epithelial homeostasis, genes associated with preservation of the intestinal
barrier were activated, including GUCY2C, ATP6VIB2, LMF2, GLG1, NCLN, MYRFL, XPR1,
and ENPP3 (adjusted p < 0.0020). Concomitantly, some components of the immune response
were downregulated, such as SASH3, SYK, and DOCKS and inflammatory modulators HRH I
and ANXA1 (adjusted p = 0.04390) (Mocsai; Ruland; Victor, 2010; Wang et al., 2015; Li;
Richardson, 2016; Novoa et al., 2017; Han et al., 2020; Borza et al., 2021; Renan et al., 2023;
Chen et al., 2025).

The analysis revealed the suppression of genes related to angiogenesis (VEGFC, FLTI,
PTPRB, SOX18, PLXNA2, and SIPRI, adjusted p = 0.04390), indicating impaired intestinal
vascularization, which could limit tissue perfusion and nutrient delivery (Dufty; Bouchier-
hayes; Harmey, 2015; Olbromski; Okotow; Dziggiel, 2018; Zhao et al., 2018; Weng et al., 2019;
Winfree et al., 2024; Wang et al., 2024). Epithelial differentiation and renewal could also be
affected with the suppression of essential transcription factors, such as MEF2C, GATA2, SOX9,
NR2F2, THRB, and BASPI (adjusted p = 0.04390). These findings corroborate previous
research showing that these genes regulate intestinal epithelial homeostasis (Symon; Harley,
2017; Wang et al., 2019; Moorhouse et al., 2022; Iris; Pater; Zhang, 2023; Rehman et al., 2023;
Ward; Sjulson; Batista-Brito, 2024). Some epigenetic genes were also suppressed, including

CHD4, MIERI, MIER3, DNMT3A4, ATXN1, HEXIMI, and NIPBL (adjusted p = 0.04390),
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which indicates a profound impact on transcriptional plasticity, possibly compromising the
adaptive capacity of intestinal cells (Didonna et al., 2020; Lv et al., 2023; Yan; Liu; Yuan,
2024).

Circadian regulation was also significantly affected, as evidenced by suppression of
PER?2 and CRY?2 (adjusted p = 0.04390). These genes are central components of the circadian
molecular oscillator, and their dysregulation can impact several physiological processes,
including intestinal motility and nutrient absorption (Chang et al., 2019; Sokolowska et al.,
2020; Wiertsema et al., 2021; Tobias; Sadiq, 2022). In poultry, disturbance of the circadian
rhythm is consistently associated with reductions in weight gain and feed efficiency (Helm;
Greives; Zeman, 2024).

Finally, the reduced expression of genes involved in neuroimmune communication,
namely SLITRK6 and SEMA4D (adjusted p = 0.04390), and cytoskeleton organization, such as
PDLIM3 and FHOD3 (adjusted p = 0.04390), points to disturbances in the integration between
the enteric nervous system and immune system (Smith et al., 2014; Mir et al., 2023), as well as
in the maintenance of epithelial architecture (Wu ef al., 2021). Such alterations may have
significant implications for intestinal function, potentially compromising from epithelial barrier

integrity to local immune response.

Inflammatory response to LPS, regardless of incubation temperature

A total of 19 genes were expressed in LPS-challenged chicks from both incubation
groups. Among the overexpressed genes (13 genes), MMP7 deserves mention, as it is involved
in inflammatory processes, and was detected with high expression levels (log2FC = 4.66 and
5.88) in both treatments (Liao et al., 2021). Similarly, PI3, related to immune regulation,

showed strong induction (log2FC = 3.68 and 4.91) (Cao et al., 2020). Another highly expressed
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gene was SLC6A414, associated with metabolism. It was highly expressed (log2FC = 2.51 and
3.36) in chicks from both groups (Ahmadi et al., 2018). Genes such as IL411, related to immune
response (Sadik et al., 2020), and CHRDL2, involved in cell signaling (Wang et al., 2022),
exhibited increased expression.

Among the genes suppressed in LPS-challenged chicks incubated at control and high
temperatures (7 genes), the following deserve mention: MFNI, related to mitochondrial
function (log2FC = —0.60 and —1.03) (Alghamdi, 2024); DNASEIL3, involved in DNA
degradation (log2FC = —2.02 and —1.84) (Chan et al., 2020); and ACOT12, related to lipid
metabolism (log2FC =—2.94 and —2.78) (Lu et al., 2019).

The fact that these genes were modulated in chicks from both incubation treatments
(control and high temperature) demonstrates the presence of a conserved functional core of
inflammatory response to LPS. This core encompasses genes that are critical for innate
immunity, solute transport, and metabolic regulation. The findings underscore that, although
high incubation temperatures may increase the total number of modulated genes, LPS exposure
alone is sufficient to activate an essential set of biological responses that remain stable even

under adverse physiological conditions.

KEGG pathways modified by LPS exposure and incubation temperature

Comparative analysis of quail chicks incubated at the control temperature and later
inoculated with LPS revealed the negative regulation of the arachidonic acid metabolic pathway
(adjusted p = 0.014367), with suppression of GPX4 and PTGRI. This pathway is directly
involved in the production of pro-inflammatory eicosanoids, such as prostaglandins and

leukotrienes (Higgins; Lees, 1984; Wang et al., 2021). Such repression suggests a negative
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modulation of the biosynthesis of inflammatory lipid mediators, which may represent an
adaptive response of inflammation containment triggered by the immune challenge.

By contrast, in quail chicks subjected to high temperature during incubation and later
challenged with LPS, positive changes in gene expression were observed in pathways
associated with catabolic processes and cell restructuring. The lysosome pathway was enriched
(adjusted p = 0.018314), and a set of genes was activated, including GUSB, ASAHI1, CD164,
ACP2, ATP6VOC, AP1S3, HYALI, CLTC, GNS, AP4S1, and CD63. These genes are involved
in the degradation of cellular components, macromolecule recycling, and response to
intracellular damage, suggesting an intensification of lysosomal activity as an adaptation
mechanism to heat and inflammatory stress.

Additionally, the GPI anchor biosynthesis pathway was enriched (adjusted p =
0.019050), with increased expression of PIGH, PGAP3, PIGM, PIGU, and PGAP2. These lipid
anchors are responsible for attaching proteins to the outer face of the plasma membrane, playing
a central role in the modulation of cell signaling, adhesion, and intercellular recognition
(Paulick; Bertozzi, 2008). Activation of this pathway suggests reconfiguration of cell membrane
architecture and functional reorganization of intestinal cells as part of an adaptive response to

challenges imposed by high-temperature incubation and inflammation.

Conclusion

The results of this study demonstrate that high incubation temperature exerts significant
impacts on embryonic development by reducing hatching rates. Nevertheless, embryos that
complete development under these adverse conditions display morphological and physiological
traits comparable to those incubated at control temperatures, suggesting a selective process that

favors more resistant individuals.
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By contrast, immune challenge with LPS elicited a coordinated inflammatory response
in the quail gut, with activation of genes involved in immunomodulation, energy metabolism,
and tissue repair. Notably, the combination of high incubation temperature and LPS exposure
resulted in the suppression of genes associated with immune response, angiogenesis, and cell
differentiation, indicating a possible limitation of intestinal adaptive capacity. However, this
constraint was not accompanied by detectable phenotypic alterations, suggesting that the
observed effects reflect molecular adjustments that do not cause functional impairment. A core
set of inflammatory genes was consistently modulated by LPS exposure, regardless of
incubation temperature, underscoring the existence of conserved pathogen-response pathways.
These findings highlight the complex interplay between thermal stress and inflammation during
embryonic development and provide novel insights into the mechanisms underlying immune
resistance and intestinal programming in birds.
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