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ABSTRACT In the first 2 wk after hatching, broiler
chickens are vulnerable to enteric pathogens due to
underdeveloped gastrointestinal and immune systems.
Carvacrol has been reported to improve digestive and
immune functions. This study aimed to optimize
immune development of broiler chickens by delivering
carvacrol in ovo. Effects of 2 in ovo treatments delivered
at embryonic day (E)17.5 (saline or carvacrol) were eval-
uated at 3 stages (E19.5, hatch, and d 14 posthatch).
Hatchability, performance parameters, lymphoid organ
and yolk sac weights were determined. Histomorphology
assessment was performed for jejunal samples at hatch
and bursa of Fabricius samples at hatch and d 14. Gene
expression of immune-relevant genes was determined for
jejunal, bursal, and yolk sac samples over time. At
hatch, BW was 0.85% lower (P = 0.02) after in ovo car-
vacrol delivery compared to the controls. Interactions
between in ovo treatment and age were found for gene
expression. At hatch, carvacrol treatment resulted in
lower expression of proinflammatory cytokines IL-8 and
IFN-g in the yolk sac compared to the controls
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(P = 0.05 and < .001, respectively) suggesting a poten-
tial role for carvacrol-mediated immune modulation. At
d 14, carvacrol treatment led to lower expression of
proinflammatory cytokine IL-6 in the bursa compared
to the controls (P = 0.002). In ovo carvacrol delivery led
to bursal histomorphometric changes, including a larger
cortex in the bursal follicles (P = 0.03), and a higher cor-
tex/medulla ratio (P = 0.04) compared to the controls,
indicating increased B-cell stimulation and maturation.
Main effects were found for carvacrol treatment in the
jejunum, with overall higher expression of proinflamma-
tory mediators IL-1b and NF-kB, and anti-inflammatory
IL-10 compared to the controls (P = 0.04, 0.02, and 0.02
respectively) from E19.5 to d 14. Age-related main
effects showed various alterations in expression dynam-
ics of immune-related genes across all tissues over time.
Our findings suggest changes in immune parameters
occur as the chicken develops, but these mostly do not
interact with in ovo carvacrol treatment. In ovo carva-
crol treatment alters immune activity of broiler chickens
independent of age.
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INTRODUCTION

Enteric pathogens can have a severe impact on the
health and welfare of newly hatched chickens due to
their immature gastrointestinal tract (GIT) and
immune system (Lammers et al., 2010; Song et al.,
2021). This, in turn, results in a high reliance on antibi-
otic treatment (Hamal et al., 2006). The use of antibiot-
ics in livestock has been linked to the development of
antimicrobial resistance which explains a high interest
in developing alternative strategies to reduce antimicro-
bial dependence (Gadde et al., 2017a; Abreu et al.,
2023). One of these strategies is to enhance the early
development of the GIT and immune system to ensure
that chickens can effectively handle pathogenic chal-
lenges particularly early in life.
In the field of poultry nutrition, the use of natural

compounds found in essential oils has been showing ben-
eficial effects on immune function (Brenes and Roura,
2010; Williams et al., 2020). Carvacrol is a natural bio-
active compound found in essential oils such as oregano
and thyme, with a wide range of biological activities,
including antibacterial, antiviral, antioxidant, and anti-
inflammatory properties (Sharifi-Rad et al., 2018). In
broiler chickens, carvacrol has been shown to have
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Figure 1. Timeline and egg/chicken distribution. Created with
BioRender.com.
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immunomodulatory effects (Hashemipour et al., 2013;
Pirgozliev et al., 2019; Rehman et al., 2021; Zheng et al.,
2021).

Liu et al. (2019) showed that oral administration of
carvacrol resulted in inhibition of the expression of
inflammatory cytokines caused by a lipopolysaccharide
challenge. It was reported that carvacrol downregulated
the toll-like receptor (TLR) and nuclear factor k-B
(NF-kB) transcription pathway at d 15 posthatch (Liu
et al., 2019a). However, supplementing carvacrol post-
hatching might be missing the window of opportunity to
effectively optimize immune function before the critical
early posthatching phase. In the first 14 d of the life of a
chicken innate and adaptive immune responses are still
impaired, making the prehatching phase a useful target
period for applications aimed at improving immune
development (Bar-Shira and Friedman, 2006; Kogut,
2009; Broom and Kogut, 2018). Fast-growing broiler
chicken breeds spend around one-third of their life as
embryo inside the egg, and during this time, different
parts of the immune system are already developing and
functional (Garcia et al., 2021). This makes in ovo inter-
ventions with compounds targeting immune develop-
ment potentially valuable (Jha et al., 2019; Das et al.,
2021).

The aim of the current study was to investigate the in
ovo delivery of carvacrol in optimizing early immune
development in broiler chickens. It was hypothesized
that in ovo delivery of carvacrol may optimize immune
development expressed by the degree of bursal differen-
tiation, and expression of immune-relevant genes such
as cytokines and immunoglobulins.
MATERIALS AND METHODS

This experiment was conducted under approval of the
Animal Ethics Committee of the University of Queens-
land (2019/AE000463), in compliance with the Austra-
lian code for use of animals for scientific purposes
(National Health and Medical Research Council, 2013).
Experimental Design

This experiment was set up as a 2 £ 3 factorial
arrangement with 2 in ovo delivery treatment groups at
embryonic day (E)17.5 (control group injected with a
0.9% saline solution and a treatment group injected
with 5mL carvacrol in 0.9% saline solution) and 3 stages
of development for tissue collection after in ovo treat-
ment, at E19.5, at hatch, and at day 14 posthatch (d 14)
(Figure 1). The experimental solutions were injected
into the amniotic fluid of fertile eggs at E17.5.
Eggs, Chicks, and Housing

Ross 308 fertile eggs (n = 240, Figure 1) with an aver-
age weight of 61 g (SD = 1.6 g) from 1 broiler breeder
flock, aged 38 wk, were obtained from a commercial
hatchery (Woodlands, Beerwah, QLD, Australia) and
transferred to the University of Queensland experimen-
tal chicken hatchery (St Lucia, Queensland, Australia).
A setter (Ova-Easy 580 Advance Series II, Brinsea, FL,
USA) containing 6 levels with 2 trays per level was used,
making a total of 12 trays with a maximum capacity of
576 eggs. In this setter, eggs were incubated for
17.5 days until in ovo injection at a set incubator tem-
perature of 37.8°C, a relative humidity of 57%, and a
turning interval of 60 min over an angle of 90°. The start
of incubation was defined as the moment the eggs were
placed in the setter that had previously been set at the
appropriate temperature and humidity. Before in ovo
injection at E17.5 (see in ovo treatments), eggs were can-
dled and dead embryos as well as infertile eggs were
removed. Following injection, the eggs designated for
sampling at E19.5 were placed back in the same setter,
while the remaining eggs were transferred to a hatcher
where they were allowed to hatch (Greatlander 6BH 6
Basket Hatcher, Australia). The settings of the setter
were adjusted to a relative humidity of 70%, with no
turning interval and an angle of 0° (horizontal). The
hatcher consisted of 6 hatching baskets on top of each
other with each basket partitioned into 32 single-egg
compartments with windows for air flow. Each egg was
allocated to 1 compartment, following the same random-
ized design used for the setter. Eggs were incubated until
hatching at a set hatcher temperature of 37.8°C and rel-
ative humidity of 70%. From E20 onward, the hatcher
was checked daily at 8 AM and 8 PM for hatched chicks
and time of hatch was recorded, as well as hatchability
(% of fertile eggs), navel quality (as described by Mole-
naar et al., 2010), chicken quality (1 = good,
2 = deformed and to be euthanized, 3 = dead on
arrival). Sixty first-grade (quality score 1) chickens per
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in ovo treatment were transferred to cage brooders
(Cimuka, Turkey) and were reared until 14 days of age.
Five brooder units were used, each consisting of 5 cages
on top of each other, of which the top 4 cages were used.
Each cage (90 £ 44 £ 24 cm) was allocated to 6 chickens,
where they had ad libitum access to water and feed
(n = 10 cages/replicates per treatment). Brooder temper-
ature was maintained at 35°C for the first 3 d and lowered
to 30°C afterwards. For the first 3 d, 24 h of light was
used, and from d 3 to d 14, chickens were provided with 6
continuous hours (11PM−5 AM) of daily darkness.

The body weight (BW) (per individual and averaged
per cage) and feed intake (FI) (per cage) were measured
on d 7 and d 14 posthatch. Feed conversion ratio (FCR)
was calculated using body weight gain (BWG) and FI
between d 0 and d 7, d 7 and d 14 and d 0 and d 14.
In Ovo Treatments

At E17.5, eggs were injected with saline or carvacrol
solutions. Eggs were sterilized by wiping with 70% etha-
nol, whereafter a hole was drilled in the eggshell on the
blunt side of the egg, using a multipurpose rotary tool
(Ryobi EHT150, Ryobi, Hiroshima, Japan) with an
arrow-shaped insert (Dremel High-Speed Cutter
6.4 mm, Dremel, Mount Prospect, Ill), while maintain-
ing the membranes intact. For injection in the amniotic
fluid, a 23G 1 1=4 (32 mm) precision needle was used.
After injection, holes were sealed with beeswax and eggs
were transferred to the hatcher (for tissue collection at
hatch and d 14) or returned to the setter (for tissue col-
lection at E19.5).

Eggs were injected with either 1000 mL of 0.9% sterile
saline solution (NaCl 0.9% in water, Baxter, Deerfield, Ill,
CAS: 7647-14-5) or a solution consisting of 5 mL carvacrol
(Sigma Aldrich, St. Louis, MO, CAS: 499-75-2) in 1000
mL of 0.9% sterile saline. The dosage of carvacrol was
determined based on the work performed by Niknafs et
al., (2024), who found that up to 10 mL of oregano essen-
tial oil, containing approximately 75% carvacrol, did not
negatively affect hatchability or other performance data.
The carvacrol solution was prepared by mixing 2000 mL
of carvacrol with 2000 mL of the nonionic surfactant poly-
sorbate 80 (Tween 80, Sigma-Aldrich, St. Louis, MO,
CAS: 9005-65-6) for solubilization. This was mixed prop-
erly by gently pipetting for 1 min. Afterwards, 2000 mL of
0.9% sterile saline solution was added and mixed with
this carvacrol − polysorbate 80 solution by pipetting.
This addition and mixing of 2000 mL saline were repeated
3 more times to a total volume of 12mL. Finally, the solu-
tion was brought to a total volume of 40 mL by adding
28 mL of sterile saline and shaking vigorously. This 5%
carvacrol stock solution was used to make the experimen-
tal solutions of 0.5% carvacrol.
Sampling and Measurements

At E19.5, 10 eggs per treatment were randomly
selected from the setters. The eggshell was removed, and
embryonic BW was recorded. Embryos were euthanised
using decapitation and the residual yolk weight (RSY)
was recorded and expressed as the percentage of yolk
free body weight. Approximately 5 mm of tissue was col-
lected from the distal jejunum as well as half of the
bursa. For yolk sac tissue collection, the yolk sac was
suspended by lifting the point attached to the embryonic
GIT (yolk stalk), thereby allowing gravity to weigh
down the yolk sac, making it possible to collect a piece of
tissue from the other side. Samples were rinsed with
PBS and collected in RNAlater (Sigma Aldrich) and
stored at �80°C until gene expression analysis.
At hatch, every 8th hatched chicken per treatment

was decapitated, ensuring every chicken was between 0
and 12 h of age. The same sampling procedures for gene
expression samples were followed as for E19.5. Addition-
ally, jejunum and bursa samples were rinsed with PBS
and fixed in formalin (10% Neutral Buffered Formalin,
Hurst and Co) for histology. After 24 h, samples were
washed with running tap water for 20 min. and stored in
70% ethanol for 48 h at room temperature until paraffin
embedding.
At d 14 posthatch, 10 chickens per treatment (1 from

each pen) were selected based on average weight per
cage. The same procedures as for hatch were used, with
the following exceptions: chickens were euthanized,
using cervical dislocation and no yolk sac was weighed
or collected. In addition, bursa and spleen weights were
recorded and expressed as percentage of BW.
Histology

Jejunum and bursa samples were embedded in paraf-
fin, sectioned at 6 mm and stained with hematoxylin and
eosin. Slides were digitalized using a slide scanner (Zeiss
AxioScan Z1; Zeiss, Oberkochen, Germany) and exam-
ined using Zeiss Zen 3.7 (Zeiss, Oberkochen, Germany)
image processing software.
For the morphological assessment of the jejunum, 10

to 20 intact villi per chicken were measured and aver-
aged per chicken. Due to sample loss of d 14 samples dur-
ing processing, jejunum assessment was only performed
on samples from hatched chickens (Figure 2). Villus
height was measured from the tip of the villus to the vil-
lus crypt junction, and crypt depth was determined as
the depth of the invagination between adjacent villi. Vil-
lus width was measured at the middle of each villus. The
ratio villus height/crypt depth was determined for each
villus by dividing villus height by crypt depth. For the
determination of villus surface area, a villus was consid-
ered a cylindrical structure, using the formula of Nain et
al. (2012):

Villus surface area

¼ 2p� ðaverage villus width=2Þ � villus length

In the bursa of Fabricius, 20 intact bursal follicles per
chicken were measured and averaged per chicken. A grid
was applied, and only follicles at a crossing of the grid



Figure 2. Morphological structure of the jejunum at hatch, following in ovo supplementation of saline or carvacrol at embryonic day (E) 17.5.
No significant differences were found between treatments (Table 4).
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were used for morphological assessment. Follicle surface
size was measured following the methods described by
Correa Muniz et al., (2006) using Zeiss Zen 3.7 software,
by tracing the outline of the follicle, and medulla size
was measured as the inside of the follicle until the cor-
tico-medullary border (Figure 3). Cortex size was mea-
sured by subtracting the size of the outside of the
cortico-medullary border from the follicle size. Cortex/
medulla ratio was determined by dividing cortex size by
medulla size.
Gene Expression (qRT-PCR)

Total RNA was isolated from jejunal and bursa tissue
samples, using RNeasy mini kit (Qiagen, Hilden, Ger-
many) and from yolk sac tissue, using RNeasy Universal
Figure 3. Effects of in ovo carvacrol supplementation at embryonic day
cius at hatch and d 14 (n = 10). F, follicle; C, cortex; M, medulla; CMB, c
could not be distinguished at hatch. * P ≤ 0.05.
kit (Qiagen, Hilden, Germany). RNA concentrations
were determined by Nanodrop 1000 (Thermo Scientific,
Waltham, MA). Total RNA from each sample was
reverse transcribed into cDNA, using a cDNA synthesis
kit (Qiagen, Hilden, Germany). The cDNA was verified
by 1.5% agarose gel electrophoresis.
For qRT-PCR 1 mL cDNA and 1 mL forward and

reverse primers (4 nM) were added to 5 mL SYBR green-
based mix (QuantiNova, Qiagen, Hilden, Germany) and
filled up with 3 mL RNAse free water to a total volume
of 10 mL. The primer sequences (Sigma Aldrich, St.
Louis, MO) used for real-time PCR are listed in Table 1.
The RT-PCR analysis was carried out on a Viia7 real-
time PCR machine (Thermo Scientific, Waltham, MA).
All reactions were analyzed in duplicate under the fol-
lowing conditions: 2 min 95°C, followed by 45 cycles of
5 s 95°C and 20 s 60°C. A melt curve was produced at
(E) 17.5 on the morphological structure of follicles in the bursa of Fabri-
ortico-medullary border. Cortex, medulla and corticomedullary border



Table 1. Primer sequences used for RT-qPCR analysis.

Gene1 Accession No. Primer sequence (50−30) 2 Reference

IL1B NM_204524.2 F: TGAGGGCACCACGCGCTTCGAGT Liu et al. (2019a)
R: TAGCTTGTAGGTGGCGATGTTGAC

IL2 AF033563 F: TTCAAAATATCGAAAAGAACCTCAAG Lammers et al. (2010)
R: CGGTGTGATTTAGACCCGTAAGAC

IL4 AJ621249 F: GTGCCCACGCTGTGCTTAC Lammers et al. (2010)
R: AGGAAACCTCTCCCTGGATGTC

IL6 NM_204628.2 F: GTTCGCCTTTCAGACCTAC Liu et al. (2019a)
R: ACCACTTCATCGGGATTTA

IL8L1 NM_205018.2 F: CACGTTCAGCGATTGAACTC Santos et al. (2019)
R: GACTTCCACATTCTTGCAGTG

IL10 AJ621614 F: CGCTGTCACCGCTTCTTCA Lammers et al. (2010)
R: TCCCGTTCTCATCCATCTTCTC

IFNG Y07922 F: GTGAAGAAGGTGAAAGATATCATGGA Lammers et al. (2010)
R: GCTTTGCGCTGGATTCTCA

LITAF XM_046927265.1 F: CCCCTACCCTGTCCCACAA Liu et al. (2019a)
R: TGAGTACTGCGGAGGGTTCAT

TGFB4 M31160 F: ACCTCGACACCGACTACTGCTT Lammers et al. (2010)
R: ATCCTTGCGGAAGTCGATGT

NFKB XM_046915553.1 F: GAAGGAATCGTACCGGGAACA Chiang et al. (2009)
R: CTCAGAGGGCCTTGTGACAGTAA

CD3D NM_205512.2 F: TGTTGTCGCCACTGTCTTGCTG Song et al. (2021)
R: GTCCATCATTCCGCTCACCAAGG

BU1 NM_205182.2 F: GGCTGTTGTGTCCTCACTCATCT Pal et al. (2020)
R: CACCACCGACATTGTTATTCCAT

IGMH X01613.1 F: GCATCAGCGTCACCGAAAGC Lammers et al. (2010)
R: TCCGCACTCCATCCTCTTGC

IGGH X07174.1 F: ATCACGTCAAGGGATGCCCG Lammers et al. (2010)
R: ACCAGGCACCTCAGTTTGG

IGAH S40610 F: GTCACCGTCACCTGGACTACA Lammers et al. (2010)
R: ACCGATGGTCTCCTTCACATC

MUC2 XM_040673077.2 F: ATGCGATGTTAACACAGGACTC Stefanello et al. (2020)
R: GTGGAGCACAGCAGACTTTG

BACT X00182 F: CAACACAGTGCTGTCTGGTGGTA St. Paul et al. (2011)
R: ATCGTACTCCTGCTTGCTGATCC

1IL1B = Interleukin 1b; IL2 = Interleukin 2; IL4 = Interleukin 4; IL6 = Interleukin 6; IL8L1 = Interleukin 8-like 1; IL10 = Interleukin 10;
IFNG = Interferon g; LITAF = lipopolysaccharide induced Tumor necrosis factor; TGFB4 = Transforming growth factor b4; NFKB = Nuclear factor k
B; CD3D = CD3 d subunit of T-cell Receptor Complex, present on T-cells and NK-cells; BU1 = Transmembrane protein of B-cells and a subset of macro-
phages; IGMH = Immunoglobulin M; IGGH = Immunoglobulin Y; IGAH = Immunoglobulin A; MUC2 = Mucin 2; BACT = b-actin.

2F = forward primer; R = reverse primer.
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the end of the run to determine single product amplifica-
tion. The delta-delta Ct method (Livak and Schmittgen,
2001) was used to quantify qPCR results. This method
involved comparing the Ct values of controls and treat-
ments at different days (E19.5, hatch and d 14) to the
control group at E19.5.

DCT ¼ Ct value gene of interest

� Ct value control gene ðb� actinÞ

DDCT ¼ DCt value gene of interest

� Average DCt value control group

Fold change in gene expression was then calculated
using 2�DDCt.

Afterwards, the E19.5 control group was assigned an
arbitrary value of 1.00 and the other groups were
expressed relative to this value.
Statistical Analyses

All qRT-PCR data were log transformed to obtain
normal distribution. All data were analyzed using the
statistical software package SAS 9.4 (SAS Institute Inc.,
Cary, NC).
For hatchability, BW at E19.5 and hatch, organ

weights, hours until hatch, navel and quality scores, his-
tological parameters, eggs or chickens were used as exper-
imental units, while for BW at d 7 and d 14, BWG, FI,
and FCR, cage was considered as the experimental unit.
A generalized linear mixed model (Proc Glimmix)

procedure was used to analyze hatchability, navel score
and quality score, with a binary distribution and a logit
link function. A general linear mixed model (Proc
Mixed) was used to analyze BW, organ %, hours until
hatch, BWG, FI, FCR and all histological parameters.
Model assumptions were approved on both the means
and residuals. Data are expressed as LSmeans § SEM
and multiple comparisons between treatments were cor-
rected for Tukey. Differences between treatments were
considered significant at P ≤ 0.05.
The basic model used for all performance data was

Yi ¼ mþ Treatmenti þ ei ð1Þ
where Yi = the dependent variable, m = the overall
mean, Treatmenti = in ovo treatment (i = saline or car-
vacrol injected) and ei = the residual error term.
For BW at E19.5 and hatch, egg weight at E0 was

added to the model as a covariate. At E19.5 and hatch,



Table 2. Effects of in ovo delivery of carvacrol at embryonic day
(E)17.5 in broiler eggs on hatchability, chicken quality, perfor-
mance parameters and organ weights at E19.5, hatch, d 7, and d
14 posthatch.

In ovo treatment

Control Carvacrol SEM n P-value

E19.5
BW (g) 44.53 44.56 0.89 10 0.97
Residual yolk (% of BW) 25.60 26.73 0.78 10 0.32

Hatch
Hatchability (%) 98.9 95.8 1.65 96 0.21
BW (g) 46.04a 45.65b 0.12 96 0.02
Hours until hatch (h) 516 516 0.09 96 0.26
Navel score1 1.30 1.40 0.07 96 0.22
Quality score2 1.00 1.02 0.10 96 0.15
Residual yolk (% of BW) 14.95 14.94 0.60 10 0.99

d 0−d 7
BW (g) 197 198 2.98 10 0.84
BWG (g) 150 152 2.95 10 0.73
FI (g) 145 144 4.21 10 0.87
FCR (g/g) 0.97 0.94 0.02 10 0.32
Bursa (% of BW) 0.21 0.21 0.01 10 0.87
Spleen (% of BW) 0.07 0.07 0.01 10 0.73
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tray within the setter was added to the model as random
effect for all performance variables.

A general linear mixed model (Proc Mixed) was used
to analyze gene expression fold change. The basic model
used was:

Yi ¼ mþ Treatmenti þDayj

þ Treatment � Dayij þ eij ð2Þ

where Y = the dependent variable, m = the overall mean
Treatmenti = in ovo treatment (i = saline or carvacrol
injected), Dayj = the age of the chicken (j = E19.5, hatch
or d 14), Treatment x Dayij = the interaction between the
Treatment and Day, and eij = the residual error term. Indi-
vidual chickens were considered as the experimental unit.

Additionally, gene expression fold change was ana-
lyzed comparing in ovo treatments (saline or carvacrol
injected) per age (E19.5, hatch and d 14) using a Stu-
dent’s t-test (Proc T-Test).
d 0−d 14
BW (g) 540 546 7.57 10 0.58
BWG (g) 493 498 7.75 10 0.70
FI (g) 586 595 5.19 10 0.22
FCR (g/g) 1.18 1.17 0.01 10 0.09
Bursa (% of BW) 0.2 0.22 0.02 10 0.28
Spleen (% of BW) 0.07 0.09 0.01 10 0.20

d 7−d 14
BWG (g) 343 347 5.97 10 0.67
FI (g) 441 457 5.84 10 0.07
FCR (g/g) 1.29 1.30 0.02 10 0.97
a,bLSMeans within a row lacking a common superscript differ (P ≤

0.05).
1Navel score: 1 = closed and clean navel area), 2 = black button up to

2 mm or black string, 3 = black button that exceeds 2 mm or open navel
area. As described by Molenaar et al (2010).

2Quality score: 1 = good, 2 = deformed and to be euthanized, 3 = dead
on arrival.Residual yolk, bursa and spleen weights were expressed as per-
centage of body weight (BW). Results are expressed as LSmeans § pooled
SEM with n as number of replicates per treatment.
RESULTS

Performance

On E19.5, no significant effects were found for the
parameters BW and the percentage of residual yolk (P >
0.05; Table 2). At hatch, a difference in BW was found,
with the carvacrol-injected chickens having a lower
body weight compared to the control group (�0.8%;
P = 0.02). No effects were found for the parameters
hatchability, navel score, quality score or the percentage
of residual yolk. At d 7, d 14 and between d 7 and d 14
no significant effects were found for BW, BWG, FI,
FCR, bursa percentage, spleen percentage or spleen/
bursa ratio. FCR between d 0 and d 14 tended to be
lower (�0.8%) for the carvacrol injected chickens
(P = 0.09). Between d 7 and d 14 a tendency was found
for FI (P = 0.07), with the carvacrol injected chickens
having a higher FI (+3.6%) than the control group.
Table 3. Effects of in ovo delivery of carvacrol at embryonic day
(E) 17.5 on histomorphology parameters of bursal follicles in the
bursa of Fabricius at hatch and d 14 posthatch in broilers.

Follicle (mm2) Medulla (mm2) Cortex (mm2) C/M1

Treatment Hatch d 14 d 14

Control 13510.38 81610.01 37251.83 28437.47b 0.85b

Carvacrol 13713.29 91477.21 38809.75 35100.53a 1.04a
Histology

The morphological assessment of the bursa of Fabri-
cius at d 14 showed a larger bursal cortex size for the
carvacrol injected chickens (D = 6663.06 mm2;
P = 0.03), which also resulted in a higher cortex/
medulla ratio (+22.4%; P = 0.04) (Table 3). At hatch,
only follicle size was measured, because neither a clearly
distinguishable cortico-medullary border nor cortex
were visible. No significant differences were observed
for bursal morphology at hatch (Table 3), nor for
parameters measured in the jejunum, including villus
height, crypt depth, ratio villus height/crypt depth and
villus area (Table 4).
SEM 950.24 4294.09 2391.52 1934.94 0.06
P-value 0.88 0.12 0.65 0.03 0.04

a,bLSMeans within a column lacking a common superscript differ (P ≤
0.05).

1C/M: Cortex/Medulla ratio.
Results are expressed as LSmeans § pooled SEM.
Gene Expression

Main effects were found for treatment with in ovo car-
vacrol showing higher gene expression of IL-1b
(P = 0.04), IL-10 (P = 0.02), NF-kB (P = 0.02) while
IgM was lower (P = 0.008) compared to the saline con-
trol group (Table 5). While no interactions between
treatment and age were found, comparisons per age
resulted in significant differences between in ovo treat-
ments indicating that in ovo delivery of carvacrol
increased expressions of IL-1b at E19.5 (P = 0.02) and d
14 (P = 0.03) as well as expression of NF-kB at E19.5
(P = 0.001), expression of IL-10 at d 14 (P = 0.02) and
expression of BU-1 at hatch (P = 0.02) (Figure 4).



Table 4. Effects of in ovo delivery of carvacrol at embryonic day (E) 17.5 on histomorphology parameters in the jejunum at hatch in
broilers.

Treatment Villus height (mM) Crypt depth (mM) Villus width (mM) VH/CD1 Villus area (mM2)

Control 236.69 37.58 46.67 7.12 34667.06
Carvacrol 256.38 42.81 41.72 6.70 33809.35
SEM 14.52 2.62 2.17 0.49 2483.90
P-value 0.36 0.19 0.13 0.56 0.81

1VH/CD: ratio Villus height/Crypt depth.Results are expressed as LSmeans § pooled SEM.
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Furthermore, in ovo delivery of carvacrol decreased
expression of IgM at E19.5 (P = 0.02).

In the bursa of Fabricius, an interaction between in
ovo treatment and age was found for IL-6 (P = 0.002)
(Table 6). At E19.5 and hatch, expression of IL-6 did
not differ between the carvacrol injected and the control
group but was reduced for both groups at hatch com-
pared to E19.5. In contrast, at d 14 expression of IL-6
was lower in the carvacrol compared to the control
group. Moreover, the interaction between treatment
and age tended to affect IL-2 expression (P = 0.06).
Comparisons per age resulted in a similar finding for IL-
6, which was decreased by in ovo delivery of carvacrol at
d 14 (P = 0.006) (Figure 4).

In the yolk sac, an interaction between in ovo treat-
ment and age was found for IL-8 (P = 0.05) (Table 7). At
E19.5, the expression was similar between the carvacrol
compared to the control group, while at hatch expression
was lower for both, but significantly lower in the carva-
crol compared to the control group. In addition, the inter-
action between treatment and age tended to affect
expression of Cd3d (P = 0.10) and NF-kB (P = 0.07). A
main effect of carvacrol was observed showing a lower
expression of IFN-g compared to the control group (P ≤
.001). Comparisons per age resulted in similar findings for
IL-8 and IFN-g which were both decreased by in ovo
delivery of carvacrol at hatch (P = 0.04 and P ≤ 0.001,
resp.) (Figure 4). Additionally, at E19.5 in ovo delivery of
carvacrol increased the expression of both NF-kB
(P = 0.04) and CD3d (P= 0.03).
Table 5. Effects of in ovo delivery of carvacrol at embryonic day (
change relative to the saline-injected group at E19.5) in the jejunum of

Treatment Age IL-1b IL-2 IL-4 IL-8 IL-10 IFN-g TNF-

Control 0.81b 0.82 0.55 4.28 0.74b 0.89 2.51
Carvacrol 1.26a 0.94 0.67 4.70 1.06a 1.05 2.62
SEM 0.12 0.15 0.14 1.07 0.10 0.14 0.12
Control E19.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Hatch 0.82 0.51 0.20 4.52 0.63 0.50 1.97
d 14 0.61 0.95 0.44 7.31 0.57 1.18 4.54

Carvacrol E19.5 1.98 0.98 1.40 1.03 1.48 0.87 1.14
Hatch 0.85 0.70 0.14 6.74 0.80 0.64 2.01
d 14 0.96 1.14 0.46 6.32 0.91 1.63 4.69

SEM 0.21 0.26 0.24 1.85 0.17 0.24 0.22
P-value

Treatment 0.04 0.55 0.80 0.86 0.02 0.37 0.33
Age <0.001 0.08 <0.001 <0.001 0.08 <0.001 <0.00
Treatment £ Age 0.19 0.62 0.76 0.92 0.49 0.41 0.78

IL-1b, 2, 4, 8, 10: Interleukin 1b, 2, 4, 8, 10; IFN-g: Interferon g; TNF-a
Nuclear factor k B; CD3d: CD3 d subunit of T-cell Receptor Complex, present o
set of macrophages; IgM, Y, A: Immunoglobulin M, Y, A; Muc-2: Mucin 2.

a,bLSMeans within a column and factor lacking a common superscript differ
The gene expression values of the control group at E19.5 were assigned an ar
value. Main effects for age are shown in Figure 4. Results are expressed as LSme
Main effects for age were found in all 3 tissues. In the
jejunum, higher expressions over time were observed for
IL-8 (P ≤ .001), TNF-a (P ≤ 0.001), Bu-1 (P ≤ 0.001),
IgM (P ≤ 0.001), and Muc-2 (P ≤ 0.001) (Figure 5). In
contrast, lower expressions over time were observed for
IL-1b (P ≤ 0.001), NF-kB (P ≤ 0.001) and TGF-b (P ≤
0.001). Expressions of IL-4 (P ≤ 0.001), IFN-g (P ≤
0.001) and IgY (P ≤ 0.001) were lowest at hatch but
returned to similar levels as before hatch at d 14. The
expressions of Cd3d (P ≤ 0.001), and IgA (P ≤ 0.001)
were lowest at hatch, but at d 14 surpassed expression of
those genes compared to E19.5. In addition, age tended
to affect IL-2 (P = 0.08) and IL-10 (P = 0.08). No
expression of IL-6 was detected.
In the bursa, higher expressions over time were

observed for IL-1b (P ≤ 0.001), IgM (P ≤ 0.001), IgY (P
≤ 0.001) and IgA (P ≤ 0.001), while expression of TNF-
a (P ≤ 0.001) and Cd3d (P ≤ 0.001) lowered over time
(Figure 6). Expression of IFN-g was lowest at hatch but
returned to similar levels as before hatch at d 14 (P ≤
0.001). IL-8 (P ≤ 0.001) and IL-10 (P ≤ 0.001) were low-
est at hatch, but at d 14 surpassed expression of those
genes compared to E19.5. Age tended to affect NF-kB
(P = 0.06). Expression of IL-2 was only detected at
hatch and d 14.
In the yolk sac, from E19.5 to hatch lower expressions

were observed for IL-1b (P ≤ 0.001), IL-2 (P ≤ 0.001),
IL-8 (P ≤ 0.001), TNF-a (P ≤ 0.001), TGF-b (P ≤
0.001), NF-kB (P ≤ 0.001), CD3d (P ≤ 0.001), Bu-1
(P = 0.01), IgM (P = 0.02), and Muc-2 (P = 0.01)
E)17.5 on expression of immune-related genes (expressed as fold
broiler chickens measured at E19.5, hatch and day 14.

a TGF-b NF-kB CD3d BU-1 IgM IgY IgA Muc-2

0.64 0.73b 1.40 4.48 10.67a 2.28 29.86 63.48
0.61 0.83a 1.33 4.23 7.23b 1.43 25.93 87.73
0.03 0.02 0.11 0.53 3.11 0.45 12.46 11.02
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0.44 0.73 0.52 0.81 0.51 0.32 0.30 22.33
0.48 0.46 2.70 11.64 30.50 5.51 88.29 167.11
1.08 1.23 1.08 1.55 0.30 1.50 1.48 1.46
0.38 0.77 0.49 1.37 0.20 0.35 0.39 17.93
0.38 0.49 2.43 9.77 21.19 2.43 75.92 243.81
0.05 0.04 0.19 0.92 5.39 0.78 21.58 19.09

0.16 0.02 0.96 0.29 0.008 0.45 0.76 0.39
1 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

0.17 0.38 0.88 0.17 0.86 0.16 0.38 0.70

: Tumor necrosis factor a; TGF-b: Transforming growth factor b; NF-kB:
n T-cells and NK-cells; BU-1: Transmembrane protein of B-cells and a sub-

(P ≤ 0.05).
bitrary value of 1.00 and the other groups were expressed relative to this
ans § SEM.



Figure 4. Selected effects of in ovo delivery of carvacrol at embryonic day (E) 17.5 on expression of immune-related genes in the jejunum (A),
bursa of Fabricius (B) and yolk sac (C) (expressed as fold change relative to the saline-injected group at E19.5) measured at E19.5, hatch and day
14 in broilers. The figures show only the parameters with significant differences between treatments at different ages. Results are expressed as the
fold change of individual samples, relative to the saline-injected at E19.5. No expression of IFN-g was detected in the yolk sac at E19.5. * P ≤ 0.05;
** P ≤ 0.01; *** P ≤ 0.001.
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(Figure 7). Expression of IFN-g was only detected at
hatch, and no expression of IL-6, IL-10, IgY or IgA was
detected.
DISCUSSION

The current study aimed to investigate the impact of
in ovo delivery of carvacrol on immune development in
Table 6. Effects of in ovo delivery of carvacrol at embryonic day (E
change relative to the saline-injected group at E19.5) in the bursa of Fa

Treatment Age IL-1b IL-21 IL-4 IL-6 IL-8 IL-10 IFN-g

Control 2.77 2.12 1.11 0.60 1.26 2.24 0.68
Carvacrol 3.09 1.79 0.95 0.52 1.18 1.49 0.57
SEM 0.24 0.74 0.18 0.11 0.12 0.32 0.08
Control E19.5 1.00 - 1.00 1.00a 1.00 1.00 1.00

Hatch 1.45 1.00 1.00 0.33c 0.57 0.52 0.20
d 14 5.87 3.24 1.35 0.47bc 2.21 5.21 0.84

Carvacrol E19.5 1.26 - 1.16 1.00ab 1.14 0.82 1.05
Hatch 2.05 2.43 0.87 0.46ac 0.41 0.26 0.13
d 14 5.95 1.14 0.81 0.10d 2.00 3.38 0.54

SEM 0.42 1.04 0.31 0.19 0.22 0.55 0.14
P-value

Treatment 0.23 0.89 0.55 0.14 0.59 0.44 0.11
Age <0.001 0.33 0.28 <0.001 <0.001 <0.001 <0.001
Treatment £ Age 0.50 0.06 0.26 0.002 0.53 0.59 0.26

IL-1b, 2, 4, 6, 8, 10: Interleukin 1b, 2, 4, 6, 8, 10; IFN-g: Interferon g; TN
kB: Nuclear factor k B; CD3d: CD3 d subunit of T-cell Receptor Complex, prese
subset of macrophages; IgM, Y, A: Immunoglobulin M, Y, A; Muc-2: Mucin 2.

1No expression of IL-2 was detected at E19.5.
a-dLSMeans within a column and factor lacking a common superscript differ

The gene expression values of the control group at E19.5 (at hatch for IL-2) we
relative to this value. Main effects for age are shown in Figure 5. Results are exp
broiler chickens. In the jejunum, the expression levels of
IL-1b, IL-10 and NF-kB from E19.5 to d 14 posthatch
were higher in the carvacrol compared to the control
group, suggesting that in ovo delivery of carvacrol may
be associated with the activation of innate immune
pathways. Carvacrol led to higher mRNA expression of
proinflammatory cytokine IL-1b, together with higher
expression of NF-kB. The cytokine IL-1b is produced as
) 17.5 on expression of immune-related genes (expressed as fold
bricius of broiler chickens measured at E19.5, hatch, and day 14.

TNF-a TGF-b NF-kB CD3d BU-1 IgM IgY IgA Muc-2

0.88 0.95 0.96 0.73 1.03 1.19 20.27 2.34 2.08
0.88 1.01 1.03 0.74 1.13 1.24 16.01 2.48 1.47
0.05 0.04 0.03 0.03 0.06 0.05 2.01 0.26 0.95
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.06 0.91 0.89 0.71 1.13 0.86 1.32 1.40 1.06
0.60 0.94 0.99 0.47 0.95 1.69 58.49 4.63 4.18
1.14 1.11 1.15 1.04 1.15 1.11 1.09 1.36 1.19
0.99 1.00 0.98 0.73 1.23 0.90 1.31 1.68 2.47
0.52 0.92 0.97 0.44 1.01 1.71 45.62 4.40 0.76
0.09 0.07 0.06 0.05 0.10 0.09 3.49 0.45 1.64

0.67 0.33 0.17 0.86 0.33 0.44 0.89 0.69 0.60
<0.001 0.25 0.06 <0.001 0.12 <0.001 <0.001 <0.001 0.81
0.25 0.69 0.32 0.81 0.87 0.77 0.43 0.55 0.89

F-a: Tumor necrosis factor a; TGF-b: Transforming growth factor b; NF-
nt on T-cells and NK-cells; BU-1: Transmembrane protein of B-cells and a

(P ≤ 0.05).
re assigned an arbitrary value of 1.00 and the other groups were expressed
ressed as LSmeans § SEM.



Table 7. Effects of in ovo delivery of carvacrol at embryonic day (E)17.5 on expression of immune-related genes in the yolk sac mem-
brane (expressed as fold change relative to the saline-injected group at E19.5) of broiler chickens measured at E19.5, hatch and day 14.

Treatment Age IL-1b IL-2 IL-4 IL-8 IFN-g1 TNF-a TGF-b NF-kB CD3d BU-1 IgM Muc-2

Control 0.76 0.63 0.91 0.65 1.00a 0.79 0.80 0.80 0.61 0.67 0.61 0.78
Carvacrol 0.70 0.57 0.72 0.49 0.23b 0.83 0.84 0.94 0.86 0.64 0.76 0.71
SEM 0.10 0.20 0.17 0.18 0.13 0.09 0.08 0.06 0.08 0.28 0.19 0.13
Control E19.5 1.00 1.00 1.00 1.00a - 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Hatch 0.52 0.25 0.82 0.31b 1.00 0.57 0.61 0.60 0.22 0.34 0.22 0.56
Carvacrol E19.5 0.93 0.87 0.75 0.91a - 1.20 1.15 1.28 1.52 1.03 1.31 0.89

Hatch 0.48 0.26 0.68 0.07c 0.23 0.46 0.53 0.60 0.20 0.25 0.21 0.54
SEM 0.15 0.28 0.24 0.25 - 0.12 0.11 0.08 0.11 0.40 0.27 0.18
P-value
Treatment 0.59 0.92 0.12 0.14 <0.001 0.88 0.90 0.12 0.34 0.87 0.16 0.90
Age <0.001 <0.001 0.23 <0.001 - <0.001 <0.001 <0.001 <0.001 0.001 0.02 0.01
Treatment x Age 0.98 0.66 0.71 0.05 - 0.35 0.27 0.07 0.10 0.49 0.45 0.61

IL-1b, 2, 4, 8: Interleukin 1b, 2, 4, 8; IFN-g: Interferon g; TNF-a: Tumor necrosis factor a; TGF-b: Transforming growth factor b; NF-kB: Nuclear fac-
tor k B; CD3d: CD3 d subunit of T-cell Receptor Complex, present on T-cells and NK-cells; BU-1: Transmembrane protein of B-cells and a subset of mac-
rophages; IgM: Immunoglobulin M; Muc-2: Mucin 2.

1No expression of IFN-g was detected at E19.5.
a-cLSMeans within a column and factor lacking a common superscript differ (P ≤ 0.05).

The gene expression values of the control group at E19.5 (at hatch for IFN-g) were assigned an arbitrary value of 1.00 and the other groups were expressed
relative to this value. Main effects for age are shown in Figure 6. Results are expressed as LSmeans § SEM.

Figure 5. Effects of age (embryonic day (E) 19.5, hatch or d 14) on gene expression of immune-related genes in the jejunum of broiler chickens.
Results are expressed as the fold change of individual samples, relative to the saline-injected group at E19.5. a-c LSMeans lacking a common letter dif-
fer (P ≤ 0.05).
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Figure 6. Effects of age (embryonic day (E) 19.5, hatch or d 14) on gene expression of immune-related genes in the bursa of Fabricius of broiler
chickens. Results are expressed as the fold change of individual samples, relative to the saline-injected group at E19.5. a-cLSMeans lacking a common
letter differ (P ≤ 0.05).
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a result of NF-kB signaling pathway activation. In brief,
after antigenic stimulation of TLRs, the resulting intra-
cellular activation of NF-kB mediates the production of
proinflammatory cytokines, such as IL-1b (Rehman et
al., 2021). Previous research on posthatch supplementa-
tion of carvacrol found contradictory results (Liu et al.,
2019a), however this was an observation after an
immune challenge model based on lipopolysaccharide-
induced proinflammatory state. Additionally, overall
mRNA expression of immunoglobulin M (IgM) was
lower after carvacrol delivery, which might have been a
result of the activation of a proinflammatory response,
thereby slowing down adaptive immune responses. The
higher mRNA expression of regulatory cytokine IL-10
after the carvacrol treatment suggests that there might
be a balancing effect on inflammatory responses, since
IL-10 is known to downregulate inflammatory responses
and shift adaptive responses from cell-mediated T-helper
(Th)1 to a humoral Th2 response (Giansanti et al.,
2007; Gadde et al., 2017b). Because the chicken under-
goes major biological changes between E19.5 and d 14,
treatments were also assessed based on age even though
initially no evidence of treatment by age interactions
were found. These results suggest that the observed



Figure 7. Effects of age (embryonic day (E) 19.5 and hatch) on gene expression of immune-related genes in the yolk sac membrane of broiler
chickens. Results are expressed as the fold change of individual samples, relative to the saline-injected group at E19.5. a,b Means lacking a common
letter differ (P ≤ 0.05).
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increase in the expression of proinflammatory mediators
IL-1b and NF-kB as well as the decrease in IgM mainly
occur at E19.5, while the increased expression of anti-
inflammatory cytokine IL-10 occurred at d 14. Similarly,
when comparing in ovo treatments per age in the yolk
sac, it was found that carvacrol increased expression of
both NF-kB as well as CD3d at E19.5, again suggesting
that carvacrol may trigger proinflammatory responses
(NF-kB) as well as T-cell or NK-cell stimulation (CD3d)
early after injection. Thus, the injection of carvacrol
into the fertile egg triggered proinflammatory pathways
during embryonic development. Since nutrients are
required to sustain immune responses (Klasing, 2007),
this may explain the observed subsequent temporary
decrease in performance as shown by a lower BW at
hatch. Given carvacrol’s antimicrobial properties, it can
be speculated that its impact on immune activation
could be linked to bacterial modulation (Xu et al., 2008;
Liu et al., 2019b). However, further research is necessary
to confirm this observation.

In studies with mice, anti-inflammatory effects of car-
vacrol were found during inflammation involving IL-10
which played a key role in suppressing the inflammatory
event. At the same time, production of proinflammatory
cytokines IFN-g and IL-6 was decreased, likely because
of a lower TLR4/NF-kB pathway activation (Lima et
al., 2013; Mahmoodi et al., 2019; Zhao et al., 2020). In
broilers, posthatch feed supplementation with a combi-
nation of carvacrol and thymol also upregulated ileal IL-
10 expression, while at the same time downregulating
IL-6 (Li et al., 2023). This aligns with the capacity of IL-
10 to inhibit inflammation, by downregulating produc-
tion of proinflammatory cytokines, such as TNF-a, IL-
1b and IL-6 (Ma, 2016). In the current study, no IL-6
could be detected in the jejunum, but in the bursa of
Fabricius a pronounced decrease in IL-6 expression after
in ovo carvacrol treatment was found at d 14 compared
to the control group, and in the yolk sac IFN-g was
lower at hatch compared to the control group. It has
been shown that a trigger such as heat stress was able to
increase inflammatory pathways in broilers, including
IL-6 mRNA expression in the bursa (Liu et al., 2021).
Moreover, an increased IL-6 expression in the bursa of
laying chickens was associated with infectious bursal dis-
ease virus or infectious bronchitis virus challenges (Xu et
al., 2019; Tang et al., 2022). Thus, our results may
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indicate a decreased inflammatory state. In addition,
this study showed that in ovo delivery of carvacrol
increased bursal cortex/medulla ratio, reflected by a
larger cortex size. A larger cortex could be the result of
B-cell translocation from the medulla to the cortex, an
indication of enhanced B-cell stimulation and migration
to the peripheral bloodstream (Madej et al., 2015; Nagy
et al., 2021). The cell types in the cortex were not identi-
fied, thus, the potential involvement of non−B-cell types
cannot be discarded. Broiler chickens seem to develop
adaptive immune responses between d 10 and 15 post-
hatch (Hamal et al., 2006; Lammers et al., 2010). Conse-
quently, adaptive immune responses in the first 14 d
posthatch are mostly of maternal origin. Thus, putting
altogether, our results identified a 2-phase response to
carvacrol triggering first an inflammatory response
shortly after injection, specifically in the GIT, while
then promoting a shift towards more anti-inflammatory
and potentially adaptive responses 14 d after hatching.

The yolk sac is known to play multiple immune-
related roles during embryonic development, while also
having a direct connection with the GIT (van der Wagt
et al., 2020; Wong and Uni, 2021). Previous research
from our group showed that after in ovo delivery, carva-
crol migrates mainly to the yolk sac content ready to be
absorbed into the GIT (Meijer et al., 2024). Interest-
ingly, in the current study an interaction was observed
between treatment and age on mRNA expression of
proinflammatory cytokine IL-8 consisting of a decreased
expression of IL-8 with age from E19.5 to hatch in both
control and carvacrol treatment groups, but with a more
pronounced decrease for the carvacrol treatment. IL-8 is
a chemokine produced following TLR activation (Kogut,
2002). The expression of proinflammatory cytokine IFN-
g was also lower at hatch compared to the control group,
which is in line with previous research in mice spleno-
cytes treated with carvacrol (Mahmoodi et al., 2019).
IFN-g is a type II interferon mainly produced by Th1
cells and is involved in macrophage and T-cell activa-
tion, leading to the development of a cell-mediated
immune response (Giansanti et al., 2007). The expres-
sion of both cytokines (Il-8 and IFN-g) was modulated
following carvacrol treatment, which suggests that in
ovo application of carvacrol may influence yolk sac
immune pathways.

The absence of impact on performance parameters in
the carvacrol treatment group may be due to carvacrol
being supplemented only in ovo. Previous studies have
shown benefits, especially during later life, when carva-
crol was continuously supplemented posthatching in
combination with thymol (Hashemipour et al., 2013; Li
et al., 2023). The slight reduction in BW at hatch could
be due to nutrient redirection towards immune function
rather than growth, which may also explain trends of
increased FI and decreased FCR observed posthatching,
suggesting compensatory mechanisms.

Independent of carvacrol treatment, age affected gene
expression patterns. Several genes were expressed higher
as chicken development progressed (jejunum; IL-8,
TNF-a, Bu-1, IgM, Muc-2 while expression of others
decreased, indicating how immune development in the
young chicken is a dynamic and ongoing process, which
starts before hatching. However, caution is advised for
the interpretation, as the embryos used for analyses at
E19.5 remained in the setter, experiencing a slightly dif-
ferent environment compared to the chickens used for
hatch and d 14, which were moved to the hatcher. Some
of the expression patterns were similar between the jeju-
num and bursa (expression of IgM, IgY and IgA
increased in both), while others showed opposite pat-
terns (IL-1b decreased in the jejunum but increased in
the bursa; TNF-a increased in the jejunum but
decreased in the bursa; CD3d increased in the jejunum
but decreased in the bursa). Even though proinflamma-
tory cytokines (IL-1b, TNF-a) as well as T-/NK-cell
marker (CD3d) patterns differed over time in both tis-
sues, immunoglobulin gene expression increased in both.
Immunoglobulin (IgM, IgY and IgA) expression
increased over time in both tissues. Previous research in
layers has indicated that during the peri-hatching phase
only IgM is produced, and endogenous production of
IgY and IgA starts after the first week of age (Lammers
et al., 2010). Therefore, it is important to investigate if
the gene expression of these immunoglobulins corre-
sponds to their presence as free antibodies or as recep-
tors bound to B-cells. Interestingly, expression of IFN-g
in the jejunum and bursa, as well as IL-8 in the bursa,
showed a decrease at hatch, and returned to or exceeded
embryonic levels at d 14, indicating that the process of
hatching has a significant impact depressing the expres-
sion of these cytokines. Similarly, Ko et al. (2018) found
a decrease at hatch in splenic BU-1-positive cells, which
are indicative of B-cells, showing the potential impact of
hatching on immune functioning. Potentially, the meta-
bolic effort to hatch is more important and is therefore
allocated more energy, resulting in a temporary suppres-
sion of inflammatory functioning. IFN-g is known to
stimulate and activate T-cells, essential for an effective
immune response following vaccination. Marek’s disease
vaccine is commonly administered in ovo, and it has
been shown that elevated IFN-g levels increase the effi-
cacy of the vaccine (Haq et al., 2011; Bavananthasivam
et al., 2019). Therefore, the observed decrease in expres-
sion of IFN-g may suggest that the efficacy of in ovo vac-
cination may be reduced around hatching.
In contrast, in the yolk all changes during develop-

ment reflected a decrease in immune activity, which can
be explained by the fact that during the peri-hatching
phase the yolk sac undergoes a process of degradation,
while immune organs in the chicken are developing
(Wong and Uni, 2021).
Based on our findings, it can be concluded that (1) in

ovo delivery of carvacrol modulates expression of genes
related to immune responses during the peri-hatching
phase until d 14 posthatch, and (2) major changes in
immune-related gene expression take place between
E19.5 and d 14 posthatch. For future research it is envis-
aged that the effects of in ovo administration of carva-
crol might be potentiated under an immune challenge to
mimic pathogen presence when the immune function is
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still under development. Unfortunately, serological data
were not collected in this study, but future research
should consider incorporating such analyses to further
explain the regulatory effects of carvacrol on the
immune response. Moreover, the gene expression of
immunoglobulins at early age warrants more investiga-
tion, as well as the role of the yolk sac in the develop-
ment of the immune response.
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