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Abstract 

Background  Chicken embryos emerge from their shell by the piercing movement of the hatching muscle. Although 
considered a key player during hatching, with activity that imposes a substantial metabolic demand, data are still 
limited. The study provides a bioenergetic and transcriptomic analyses during the pre-post-hatching period.

Methods  Weight and morphology alongside content determination of creatine and glycogen were analysed. 
Transcriptome identified differentially expressed genes and enriched biological processes associated with hatch-
ing muscle development, catabolism, and energy provision. Using gene set enrichment, we followed the dynamics 
of gene-sets involved in energy pathways of oxidative phosphorylation, protein catabolism, glycolysis/gluconeogen-
esis, and glycogen metabolism.

Results  Results show several significant findings: (A) Creatine plays a crucial role in the energy metabolism 
of the hatching muscle, with its concentration remaining stable while glycogen concentration is depleted at hatch 
and placement. (B) The hatching muscle has the capacity for de-novo creatine synthesis, as indicated by the expres-
sion of related genes (AGAT, GAMT). (C) Transcriptome provided insights into genes related to energy pathways 
under conditions of pre-hatch oxygen and post-hatch glucose limitations (oxidative phosphorylation: NDUF, MT-ND, 
SDH, UQCR, COX, MT-CO, ATP5, MT-ATP; glycolysis/gluconeogenesis: FBP,G6PC, PFKM; glycogen metabolism: PPP1, 
PYGL, GYG1). (D) The post-hatch upregulation of protein catabolic processes genes (PSMA, RNF, UBE, FBX), which align 
with the muscle’s weight dynamics, indicates a functional shift from movement during hatching to lifting the head 
during feeding.

Conclusions  There is a dynamic metabolic switch in the hatching muscle during embryo-to-hatchling transition. 
When glycogen concentration depletes, energy supply is maintained by creatine and its de-novo synthesis. Under-
standing the hatching muscle’s energy dynamics is crucial, for reducing hatching failures in endangered avian species, 
and in domesticated chickens.
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Background
Birds rely on successful emergence from their shell 
to complete their embryonic development [1, 2]. The 
hatching muscle (complexus muscle), located in the 
upper cervical region, is responsible for the piercing 
movement necessary to exit the calcified shell [3]. It 
employs independent nerve control to coordinate vig-
orous muscle activity and movements [4]. The hatching 
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muscle consists primarily of glycolytic muscle fibers, 
functioning during hatching, while a minority is oxi-
dative-glycolytic fibers, which start functioning after 
hatch [5].

All muscle activities require the breakdown of adeno-
sine triphosphate (ATP) and the release of free energy 
[6]. However, as only a relatively small amount of ATP 
is stored within the body’s cells [7], ATP turnover relies 
on energy storage molecules such as glycogen and tria-
cylglycerols and also ATP regeneration by three primary 
energy systems: mitochondrial respiration, the glycolytic 
system, and the phosphagen (creatine/phosphocreatine) 
system [8]. These systems differ by the amount of gener-
ated ATP and turnover rate. Mitochondrial respiration, 
the most sizable ATP supply system, generates approxi-
mately 30–32 ATP molecules at a relatively slow turnover 
rate. In contrast, glycolysis yields only 2 ATP molecules 
but with a higher turnover rate, and the phosphagen sys-
tem, being the fastest way of ATP provision, yields only 
1 ATP per cycle [8, 9]. Thus, a view on these energy sys-
tems reflects on the muscle bioenergetic status.

The hatching muscle, as a key player during hatch-
ing, imposes a substantial metabolic demand [2, 5, 10]. 
Advancing our understanding of its energy metabolism 
may provide insights to reduce hatching failures, a mat-
ter of scientific and economic importance. A multilevel 
meta-analysis estimated hatching failures in birds to 
affect around 16.79% of all eggs laid [11], with domesti-
cated birds experiencing a rate of about 10%, while some 
endangered populations face hatching failure rates of up 
to 75% [12]. As meat-type (broiler) chickens’ domesti-
cation is considered relatively recent [13, 14] and as the 
hatching muscle shares characteristics with other birds 
such as North American Grebes [15], it is plausible that 
bioenergetic processes are also conserved across species. 
Thus, our animal model is instrumental not only in meet-
ing the ever-growing demand for day-old chicks, a crucial 
component of the broiler industry [16], but also in con-
servation efforts for endangered species. Despite all that, 
data about the metabolic and molecular processes in the 
hatching muscle are still limited.

A large body of evidence comes from studies performed 
on the chick. During the embryo-to-hatchling transition 
period, the hatching muscle experiences dramatic mor-
phological changes. Starting on embryonic day (E) 17 
and until hatching on E21, this muscle undergoes rapid 
’lymph-like’ infiltration of fluids and glycogen granules 
[17, 18]. The extensive infiltration eventually separates 
individual muscle bundles and fibers while maintaining 
their functional contraction capability [19]. Post-hatch, 
the muscle’s size decreases as the ’lymph-like’ function 
declines. Then, the muscle undergoes a transition, taking 

on its new role as the complexus muscle, which acts in 
lifting the head during feeding [4, 20].

This study provides a bioenergetic and transcriptomic 
view of the hatching muscle in domesticated broiler 
chickens, from the late-embryonic stage (last week of 
incubation) until hatch and chick placement. We inves-
tigated weight and morphological changes in the hatch-
ing muscle alongside content determination of two 
high-energy value molecules: creatine and glycogen. 
Additionally, transcriptomic analysis identified differen-
tially expressed genes and enriched biological processes 
associated with hatching muscle development, catabo-
lism, and energy provision. Using gene set enrichment 
analysis, we followed the dynamics of specific gene sets 
involved in energy provision pathways of oxidative phos-
phorylation, protein catabolism, glycolysis/gluconeogen-
esis, and glycogen metabolism.

Results
Hatching muscle weight and morphology
Measurements of hatching muscle weight (E15- 0.18  g, 
E17- 0.30 g, E19- 0.79 g, hatch-0.87 g, placement-0.52 g) 
revealed a significant increase during the last week of 
incubation (Fig.  1G). A remarkable 4.8-fold change 
between embryonic day (E)15 and hatch (P < 0.0001). This 
weight increase correspond with images showing a mac-
roscopic view of the hatching muscle on E17, E19, and 
at hatch (Fig.  1A-C), and a microscopic view by H&E-
stained images (Fig. 1D-F). These images also indicate the 
separation between muscle bundles and myofibers which 
may be the result of ’lymph-like’ infiltration (Fig. 1D-F). 
A notable decrease in tissue weight was observed with a 
67% reduction during the 24 h from the moment of hatch 
until chick placement at the farm (P < 0.0001).

Creatine and glycogen content determination
The glycogen concentration (mg/g dry weight) in the 
hatching muscle exhibited dramatic fluctuations up 
to hatch, observed at 48-h intervals (Fig.  2A). Levels 
increased by 1.6-fold between E15 to E17 (P = 0.0005) 
and then sharply decreased by twofold between E19 and 
hatch (P < 0.0001). At chick placement, glycogen concer-
tation was lowest (6.13 ± 1.65), fivefold lower compared 
to the highest level at E17 (32.14 ± 2.49, P < 0.0001). Simi-
lar dynamics were observed in total glycogen amount 
(mg), calculated by multiplying the total tissue weight by 
the glycogen concentration (Fig. 2B). The total amount of 
hatching muscle glycogen was the highest at E19. Yet no 
significant differences were observed in either amount or 
concentration between E17 and E19. Creatine concentra-
tion (mg/g dry weight) and total amount (mg) remained 
constant between E17 and chick placement. In just 48 h 
between E15 and E17, a 1.5-fold increase in creatine 
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concentration was observed (Fig.  2A, P = 0.002) and 
also a 2.9-fold increase in creatine total amount (Fig. 2B, 
P < 0.0001).

A comparison between the two energy supply mol-
ecules (i.e., glycogen and creatine) within each exam-
ined day shows that on E15, E17, and E19, glycogen 
levels were significantly higher compared to creatine 
(P < 0.005). For example, the amount of glycogen (mg) in 
E19 was 2.71 ± 0.22, while the amount of creatine (mg) 
was 1.12 ± 0.04 (Fig.  2B). At hatch, both molecules had 
the exact amounts in the hatching muscle. At placement, 

although both creatine and glycogen amounts showed 
a significant decrease, creatine levels (1.08 ± 0.07) were 
doubled compared to glycogen (0.51 ± 0.16, P < 0.01).

Gene clustering and ontology
A transcriptomic clustering analysis was performed to 
track time-course expression patterns in the hatching 
muscle of chickens during the embryo-to-hatchling tran-
sition period. A total of 917 differentially expressed (DE) 
genes across 5 clusters were identified based on P < 0.05 
after false discovery rate (FDR) correction. Figure  3A 

Fig. 1  A view of the hatching muscle during the last week of chicken embryonic development. A-C Images showing a macroscopic view 
of the hatching muscle on E17, E19 and at hatch. D-F Histological images showing microscopic view (X40 magnification) were stained with H&E 
and generated using EVOS FL Auto-inverted microscope on E17, E19 and at hatch. ‘Lymph like’ accumulation and increased myofiber size are 
evident between E17 to E19 and hatch. G Weight data on embryonic day (E) 15, E17, E19, at hatch and at chick placement. Lowercase letters denote 
for means that are significantly different between days, as derived from one-way ANOVA followed by Tukey’s HSD test (p ≤ 0.05), n = 6 birds/day
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presents the cluster heatmap of DE genes across exam-
ined days, with comparisons as follows: E17 vs. E15, E19 
vs. E17, Hatch vs. E19, and Placement vs. Hatch.

Cluster 1 included 201 DE genes (Fig.  3A). Their 
expression pattern indicated the highest expression at 
E15, then gradually decreasing along E17, E19, hatch, 
and placement. The gene ontology of biological processes 
(GOBP) revealed a significant enrichment of the cre-
atine metabolic process related to the energy provision 
pathways (Fig.  3B). Among enriched genes are L-argi-
nine amidinotransferase (AGAT) and guanidinoacetate 
N-methyltransferase (GAMT), which is responsible for 
the de novo synthesis of creatine. Other processes were 
mainly related to muscle support system development, 

including collagen fibril organization, extracellular 
organization, muscle structure, tendon, and circulatory 
system development.

Cluster 2 included 172 DE genes showcasing a dynamic 
expression pattern, gradually increasing between E15 to 
E19 and rapidly decreasing at hatch and chick placement 
(Fig. 3A). The GOBP enrichment (Fig. 3C) revealed pro-
cesses pivotal for energy provision: glycolysis/gluconeo-
genesis and glucose metabolism. In addition, significant 
enrichments were observed in processes associated with 
the build-up of the hatching muscle. These include skel-
etal and cardiac muscle tissue development, cell differen-
tiation, sarcomere organization, muscle contraction, and 
actin-myosin filament sliding.

Fig. 2  Levels of creatine and glycogen in the hatching muscle on embryonic day (E) 15, E17, E19, at hatch and at chick placement at the farm. 
A The concentration of creatine and glycogen (mg/g dry weight tissue) were determined, and (B) the total amount (mg) was calculated 
to demonstrate the full capacity of energy storage in tissue. Asterisks denote for means that are significantly different between the levels of creatine 
and glycogen for each day, as derived from one-way ANOVA followed by Student’s t-test (p ≤ 0.05). Lowercase letters denote for means that are 
significantly different between days for the levels each energy molecule (creatine and glycogen), as derived from one-way ANOVA followed 
by Tukey’s HSD test (p ≤ 0.05). n = 6 birds/day
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Cluster 3 included 87 genes. No significant enrichment 
representative of a specific biological process or function 
was found within this cluster (Supplementary Fig. 1).

Cluster 4 included 163 DE genes (Fig.  3A). Their 
expression was almost completely shut down at E15 and 
E17. At E19, expression dramatically peaked, maintaining 

Fig. 3  Gene clustering enrichment outputs and gene ontology of biological processes (GOBP). A Presents gene clustering heatmap, evaluation 
along days (E15-E17-E19-Hatch-Placement) and before vs. after hatching. B-C GOBP by cluster, showing direct terms that were significantly 
enriched indicating activation before (B) or after (C) hatching. Data is presented as ‘-Log10 normalized p-value’ representing the level of significance 
based on false discovery rate (FDR) p-value correction. The red dash line represents the significance threshold at P < 0.05 level. Bars exceeding 
the threshold were significantly enriched, no significant enrichments were found in cluster 3
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a high level at hatch, followed by a decrease at placement. 
GOBP enrichments (Fig. 3D) were just at the significant 
threshold and involved processes mainly related to sig-
nal transduction and programmed cell death. Addition-
ally, gene enrichments associated with circulatory system 
development, inflammatory response, and energy provi-
sion via the mitochondrial electron transport chain were 
identified.

Cluster 5 included 294 DE genes and exhibited a 
dichotomous expression pattern between pre- and post-
hatching days (Fig.  3A). On pre-hatch days (E15, E17, 
E19), expression levels of genes in this cluster were sup-
pressed, while on post-hatch days (hatch, placement), 
expression levels of these genes were boosted. GOBP 
enrichments in this cluster (Fig.  3E) involved lipid and 
protein catabolic processes, and lipid, fatty acid, and 
amino acid metabolic processes. In addition, processes 
related to immune system development, hematopoietic/
lymph development, and response to hypoxia and glu-
cose starvation.

Gene set enrichment analysis
Different from a clustering analysis, which initially identi-
fies DE genes and later links them to specific biological 
processes, a gene set enrichment analysis (GSEA) uti-
lizes pre-defined sets of genes to determine significant 
differences (based on P < 0.05 after FDR correction) in 
specific biological processes between two biological 
states. This approach enabled us to analyze 7083 identi-
fied genes linked to 2639 gene sets. We focused on four 

biological processes related to energy provision pathways 
in the hatching muscle: oxidative phosphorylation, pro-
tein catabolic process, glycolysis/gluconeogenesis, and 
glycogen metabolism. Figure  4 compares consecutive 
days (E17 vs. E15; E19 vs. E17; Hatch vs. E19; Placement 
vs. Hatch) when a positive parabola indicates that most 
gene set members were upregulated. In contrast, a nega-
tive parabola indicates that most gene set members were 
distributed in a downregulated manner.

The GSEA identified 92 genes related to oxidative phos-
phorylation, indicating the mitochondrial electron trans-
port chain (Fig.  4; GSEA supplementary data). Among 
them are genes of mitochondrial complex 1 [NADH: 
ubiquinone oxidoreductase subunits (NDUF, MT-ND)], 
mitochondrial complex 2 [succinate dehydrogenase 
subunits (SDH)], mitochondrial complex 3 [ubiquinol-
cytochrome c reductase complex subunits (UQCR)], 
mitochondrial complex 4 [cytochrome c oxidase subu-
nits (COX, MT-CO)], and mitochondrial complex 5 
[ATP synthase subunits (ATP5, MT-ATP)]. The oxidative 
phosphorylation gene set expression profile indicated 
upregulation when comparing E17 to E15 (85% of the 
genes were upregulated), upregulation on E19 compared 
to E17 (64% of the genes were upregulated), and down-
regulation when comparing between hatch and E19 (61% 
of the genes were downregulated). No significant gene set 
enrichments were found between placement and hatch.

Analysis of the protein catabolic process identified 
545 related genes (Fig.  4; GSEA supplementary data). 
The four largest gene groups, representing almost 20% 

Fig. 4  Gene set enrichment analysis (GSEA) of biological processes (BP) related to energy provision pathways (Oxidative Phosphorylation; Protein 
Catabolic Process; Glycolysis/Gluconeogenesis; Glycogen Metabolism). Comparisons between days (E17-E15; E19_E17; Hatch_E19; Placement_
Hatch) of gene sets that are enriched in up or down-regulated manner and Not Applicable (NA, gene set is not enriched). FDR False discovery rate 
(FDR) p-value correction of P < 0.05, represents the significance threshold
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of identified genes, are proteasome alpha (PSMA) sub-
units, RING finger (RNF) proteins, Ubiquitin-protein 
ligase E (UBE) subunits, and the F-box (FBX) gene 
family. Significant protein catabolic process gene set 
enrichments were observed between hatch and E19 
and between placement and hatch, with 51% and 64% 
upregulation, respectively.

Glycolysis/Gluconeogenesis GSEA revealed 26 genes 
(Fig.  4; GSEA supplementary data). Among them are 
three genes encoding key rate-limiting enzymes: fruc-
tose-1,6-bisphosphatase (FBP), Phosphofructokinase 
muscle (PFKM), and glucose-6-phosphatase (G6PC). 
Significant gene set enrichment was found on E17 
compared to E15 when 73% of the analysed genes were 
upregulated. Opposingly, when comparing between 
hatch and E19, 81% of the analysed genes were down-
regulated. No significant enrichments were found 
between E19 to E17 and between placement to hatch.

Interestingly, a similar expression profile was 
observed in the analysis of 13 genes related to glyco-
gen metabolism (Fig.  4; GSEA supplementary data). 
Compared to E15, 69% of analysed genes were upregu-
lated on E17, while between hatch to E19, 69% of genes 
were downregulated. These genes include the glycogen 
phosphorylase L (PYGL), glycogenin-1 (GYG1), and 
phosphoprotein phosphatase 1 (PPP1) gene family.

Together, GSEA indicted pre-hatch upregulation 
vs. post-hatch downregulation in gene sets involved 
in energy provision pathways of oxidative phospho-
rylation, glycolysis/gluconeogenesis, and glycogen 
metabolism and post-hatch upregulation in gene sets 
involved in protein catabolism.

Discussion
This study provides new insights on energy dynamics in 
the broiler chick hatching muscle during the pre-post-
hatching period through measurements of weight and 
morphology, creatine and glycogen content determina-
tion, and transcriptomic analysis (Fig. 5). The study aims 
to better understand the metabolism of the hatching 
muscle energy that supports its activity and enables the 
embryo to pierce its way out of the shell.

The nearly fivefold increase in hatching muscle weight 
from E15 to hatch, together with our macroscopic and 
histological observations, is plausibly the result of the 
rapid ’lymph-like’ infiltration of fluids and glycogen gran-
ules. These results agree with previous studies that por-
tray the muscle -weight dynamics and energy-storing 
capacity required to support the intense muscle activ-
ity during hatching [17, 18]. The observed separation 
between muscle bundles and myofibers (as shown in the 
H&E images in Fig. 1) may result from extensive ’lymph-
like’ infiltration, as suggested in previous research [19]. 
The rapid decrease in muscle weight within 24  h from 
the moment of hatching at placement is suggested to be 
related to functional adaptation in the muscle from facili-
tating hatching to enabling feeding [4, 20].

To meet the high metabolic demands during hatch-
ing, a rapid utilization of glycogen take place [5]. This 
was portrayed by the dramatic decrease in glycogen con-
centration and amount in the hatching muscle towards 
hatch. A similar pattern was demonstrated in the embry-
onic liver, breast muscle, and the extraembryonic yolk 
sac (YS) tissue corresponding with the changes in energy 
metabolism and increased energy demands [21–28]. 
Remarkably, when hatching muscle glycogen concen-
tration depleted, creatine concentration remained sus-
tained, highlighting its importance to embryos and 

Fig. 5  Experimental design. The study investigates bioenergetic and transcriptomic profiles in the hatching muscle of chickens 
from late-embryonic development until hatch and chick placement. We recorded weight and morphological changes alongside assessments 
of creatine and glycogen stores, combining histological analysis and content evaluation. Transcriptomic analysis included gene clustering 
enrichment outputs, gene ontology of biological processes (GOBP), and gene set enrichment analysis (GSEA), all associated with hatching muscle 
development, catabolism, and energy provision pathways
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hatchlings. This phenomenon was also demonstrated in 
the breast muscle [28].

Transcriptomic clustering, conducted for the first time 
in the chick hatching muscle, indicated dynamic changes 
in energy pathways related to the physiological limita-
tions in oxygen and glucose levels in the pre-hatch and 
post-hatch periods, respectively. Cluster 1, with 201 
DE genes, showed the highest expression levels at E15, 
which decreased over time. The GOBP revealed a signifi-
cant enrichment in creatine metabolism. This includes 
genes encoding for the two enzymes responsible for the 
de-novo synthesis of creatine: L-arginine: glycine amidi-
notransferase (AGAT), catalyzing the reaction between 
glycine and arginine to create ornithine and guanidi-
noacetic acid and guanidinoacetate N-methyltransferase 
(GAMT), responsible for GAA methylation via S-aden-
osylmethionine to form creatine [9, 29]. This study is 
the first to demonstrate the hatching muscle’s potential 
to synthesize creatine, a capability previously shown in 
the skeletal muscles of fish, mice, cattle, and pigs [30] 
and in the breast muscle of chickens [28]. The ability of 
the hatching muscle to synthesize its own creatine may 
explain the sustained creatine levels post-hatch, facilitat-
ing a metabolic advantage by maintaining muscle creatine 
levels and cellular energy [31]. Cluster 2 included 172 DE 
genes, linked to energy pathways of glycolysis, gluconeo-
genesis, and glucose metabolism; their expression levels 
increased until E19. During hatching, the muscle activ-
ity strongly relies on glycolysis from glucose provided 
by the glycogen reserves [32]. Once glycogen levels were 
depleted at hatch and placement, expression dynamics 
indicated a downregulation of glycolysis, gluconeogen-
esis, and glucose metabolism pathways. Similar patterns 
of expression were observed in the liver, YS tissue, and 
breast muscle, where their dynamics changed according 
to oxygen and glucose availability [2, 5, 26–28, 33]. GOBP 
of clusters 1 and 2 also included processes associated 
with the build-up of the hatching muscle and its support 
system development. The expression pattern corresponds 
with our results and results from previous studies, show-
ing the growth dynamics of the hatching muscle [17, 18, 
34]. Clusters 4 and 5 showed similar patterns. Cluster 4 
contained 163 DE genes with expression shut down at 
E15 and E17, and then peaking at E19 onwards. Cluster 
5, with 294 DE genes, exhibited suppressed pre-hatch 
and boosted post-hatch expression. GOBP of cluster 4 
included mitochondrial electron transport chain genes, 
and GOBP enrichments in cluster 5 involved lipid, fatty 
acid, and amino acid metabolic processes, as well as pro-
cesses related to immune system development, hemat-
opoietic/lymph development, and response to hypoxia 
and glucose starvation. Their enrichment towards and 
post-hatch periods may be linked to the oxygen status 

and the high energy demand of the hatching process [2, 5, 
33, 35]. Once the beak pierces the shell, pulmonary func-
tioning provides adequate O2 for fatty acid catabolism to 
resume as a source of energy [36, 37]. This is indicated in 
the GOBP of clusters 4 and 5 with genes related to lipid 
and protein catabolism, signal transduction, and pro-
grammed cell death. The biological processes of clusters 
4 and 5 are probably also linked to the observed weight 
decrease post-hatch, as the muscle undergoes a transition 
from shell piercing movement to movement during feed-
ing [4, 20].

The gene set enrichment analysis (GSEA) focused on 
four biological processes: oxidative phosphorylation, 
protein catabolic process, glycolysis/gluconeogenesis, 
and glycogen metabolism. The comparison matrix exam-
ined differences between consecutive days (E17 vs. E15; 
E19 vs. E17; Hatch vs. E19; Placement vs. Hatch). The 
GSEA for oxidative phosphorylation identified 92 related 
genes, indicating energy provision by the mitochondrial 
electron transport chain. The observed upregulation 
towards E19 shows a similar pattern to cluster 4, with 
an expression peak on E19. The detailed view of GSEA 
shows that from E15 to E19, the mitochondrial electron 
transport chain functions effectively, as indicated by the 
upregulation of the oxidative phosphorylation process. 
The downregulation observed between E19, hatch, and 
placement may be related to the muscle’s response to 
oxygen and glucose starvation, as indicated in the GOBP 
of cluster 5 and by the sharp decrease in glycogen levels 
towards hatch. Glucose deficiency has been shown to 
induce oxidative stress and mitochondrial dysfunction 
[38–40]. GSEA of the protein catabolic process identi-
fied 545 related genes. The observed enrichments post-
hatch perfectly align with the expression boost presented 
in cluster 5, indicating muscle tissue degradation and a 
functional shift. GSEA of Glycolysis/Gluconeogenesis 
(26 genes) and glycogen metabolism (13 genes) indicate 
that the high expression levels between E17 and E15 were 
maintained until E19, and then, between E19 and hatch, 
downregulation was observed. These results are in simi-
larity to the process indicated in cluster 2. As seen previ-
ously in the liver, YS tissue, and breast muscle [28], the 
decreased activity of these metabolic pathways fit the 
observed decrease in glycogen levels, suggesting poor 
energetic status in hatchlings.

Conclusion
This study has yielded notable findings. First, creatine’s 
role in sustaining energy levels as glycogen reserves in 
the hatching muscle deplete highlights its importance. 
Second, de-novo synthesis of creatine is supported by 
active gene expression. Third, transcriptomic analysis 
reveals adaptive energy pathways to address pre-hatch 
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oxygen and post-hatch glucose limitations. Lastly, post-
hatch upregulation of protein catabolism aligns with a 
functional shift, marking the muscle’s transition from 
hatching activity to feeding adaptations, illustrating its 
dynamic developmental role during the embryo-to-
hatchling transition. Given the hatching muscle’s critical 
role and substantial metabolic demand during shell pierc-
ing, understanding its energy dynamics can provide valu-
able insights for reducing hatching failures, supporting 
conservation efforts for endangered species, and meeting 
the needs of the domesticated chicken industry. From an 
evolutionary perspective, the relative recentness of the 
chicken’s domestication from its wild ancestor the red 
jungle fowl, and the similar hatching muscle characteris-
tics found in other avian species, suggest that the gener-
ality of the aforementioned bioenergetic processes will be 
conserved, promising relevance to all avian species.

Methods
Eggs, incubation and sampling procedure
Fertile eggs (n = 100; mean weight = 70.04 g, SD = 2.19 g) 
from 40-week-old broiler hens (Cobb 500) were pur-
chased from a commercial breeder farm (Y. Brown and 
Sons Ltd., Hod Hasharon, Israel). Eggs were incubated in 
a Petersime hatchery at the Faculty of Agriculture of the 
Hebrew University under standard conditions (37.8  °C 
and 56% relative humidity). On embryonic day (E)10, 
eggs were candled, unfertilized eggs and dead embryo 
eggs were removed. Tissue sampling was performed at 
E15, E17, E19, at hatch (actual time of hatch at the hatch-
ery) and at chick placement (24 h post hatch, prior to first 
feed at the farm). Sampling was conducted on randomly 
selected males, which were euthanized via cervical dis-
location. Hatching muscle was removed, weighted and 
immediately was placed in liquid nitrogen and kept under 
−80°c until further processing. Muscles were analyzed for 
the following: (1) creatine and glycogen content determi-
nation (E15, E17, E19, hatch and chick placement, n = 6 
per day); (3) MARS-Seq transcriptome analysis (E15, E17, 
E19, hatch and chick placement, n = 6,6,5,5,4 per day, 
respectively). For histology (E17, E19 and hatch, n = 4 per 
day), muscles were immediately fixed in formaldehyde as 
described below. A summary of the experimental design 
appears in Fig. 5. The study was reviewed and approved 
by the Hebrew University Institutional Animal Care and 
Use Committee (IACUC): AG-20–16298.

Creatine and glycogen content determination
Frozen muscle samples were lyophilized and later 
examined for their creatine and glycogen content by 
Swiss-BioQuant-AG (Reinach, Switzerland). The concen-
tration of creatine and glycogen (mg/g dry weight tissue) 

was determined, and the total tissue weight (mg) was 
calculated.

Histology
Muscle samples were obtained by removing the entire 
left half of the hatching muscle and were subsequently 
fixed in 3.7% formaldehyde in PBS at pH 7.4 (Sigma-
Aldrich, Rehovot, Israel) for 24  h. Then, samples were 
dehydrated, cleared, and embedded in paraffin. Cross 
sections of 4–6  µm thick were cut, deparaffinized in 
Histochoice clearing agent (Sigma-Aldrich St. Louis, 
MO), rehydrated, and stained. After drying, samples 
were mounted on cover glass using DPX slide mounting 
medium (Sigma-Aldrich St. Louis, MO). Finally, images 
were captured using an EVOS FL Auto-inverted micro-
scope with X40 magnification and analysed using Fiji 
ImageJ software (version 1.53t). Hematoxylin & Eosin 
(H&E) staining was used to allow a histological view of 
the hatching muscle tissue.

MARS‑Seq and bioinformatics
Total RNA was isolated from 100  mg of frozen muscle 
tissue using TRI-Reagent (Sigma-Aldrich, St. Louis, MO) 
according to the manufacturer’s protocol. RNA concen-
trations were determined using a Nano Drop ND-1000 
instrument (Thermo Fisher Scientific, Wilmington, DE), 
and the integrity was assessed by Tape-Station (Agilent 
Technologies, Santa Clara, CA, USA). Of the initial 30 
samples, 26 were ultimately analyzed, with NanoDrop 
ratios around ~ 2.0 and RNA Integrity Numbers (RIN) 
ranging between 8.1 and 9.8, ensuring high-quality data 
for further analysis. Sequencing Libraries were prepared 
using LIB_PREP_PROTOCOL. READ_TYPE, 75 bp sin-
gle reads were sequenced on NUM_LANES lane(s) of 
an Illumina ILLUMINA_INSTRUMENT. The output 
was ~ 16 million reads per sample [The Nancy and Ste-
phen Grand Israel National Center for Personalized Med-
icine. The Weizmann Institute of Science, Rehovot, Israel 
(http://g-​incpm.​weizm​ann.​ac.​il/)]. Poly-A/T stretches 
and Illumina adapters were trimmed from the reads 
using cut-adapt [41], resulting reads shorter than 30  bp 
were discarded. Remaining reads were mapped onto 3’ 
UTR regions (1000 bases) of the Gallus, galGal7 genome 
according to Refseq annotations, using STAR 2.7.10a [42] 
with End-to-end option and out Filter Mismatch Nover 
Lmax was set to 0.05. Deduplication was carried out by 
flagging all reads that were mapped to the same gene and 
had the same UMI. Counts for each gene were quanti-
fied using HTSeq-count 2.0.2 [43], using the gene trans-
fer format (GTF) above. UMI counts were corrected for 
saturation by considering the expected number of unique 
elements when sampling without replacement. Differen-
tially expressed genes were identified using DESeq2 [44] 

http://g-incpm.weizmann.ac.il/
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with the beta Prior, cooks Cutoff and independent Filter-
ing parameters set to False. Raw P values were adjusted 
for multiple testing using the procedure of Benjamini and 
Hochberg. Pipeline was run using snake-make [45].

For bioinformatics advanced analysis, two approaches 
were applied to the expression data for identifying 
altered gene sets and pathways in the various biologi-
cal states. In the first approach, genes from the various 
clusters were submitted for enrichment analysis using 
ShinyGO 0.76 [46], human orthologs were used, with the 
default parameters and background. In the second, whole 
expression data were submitted for gene set enrichment 
analysis (GSEA). GSEA was used to determine whether a 
priori defined sets of genes show statistically significant, 
concordant differences between two biological states 
[47]. The ortholog human genes were used for the analy-
sis. The following gene sets databases were used: the hall-
mark collection from the molecular signatures database 
(MSigDB v2023.2.Hs), and gene ontology of biological 
process (GOBP).

Statistical analysis
Data of hatching muscle weight were subjected to one-
way ANOVA, differences between days were tested by 
Tukey’s HSD test. Data of creatine and glycogen content 
determination were subjected to one-way ANOVA, dif-
ferences within each day were tested by Student’ t-test 
and differences between days for each molecule were 
tested by Tukey’s HSD test. Values are presented as 
mean ± standard error mean (SEM) and were considered 
significantly different with P-value lower than or equal to 
0.05 (P ≤ 0.05). All aforementioned analyses were carried 
out using JMP-pro 16 software (SAS Institute Inc., Cary, 
NC).
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