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ARTICLE INFO ABSTRACT

Edited by Chris Martyniuk Distant hybridization has been widely applied in fish breeding. Unfortunately, hybrid offspring often exhibit

deformities and mortality during embryonic development. It has been demonstrated that the hybrid of the

Keywords: crucian carp (Carassius carassius) x common carp (Cyprinus carpio) can pass through reproductive isolation and
Hox generate fertile offspring. In the present study, we analyzed the transcriptomic changes during the embryonic
?NA-seg donal L developmental stages in red crucian carp (HJ), Koi carp (KOC) and the hybrid F;. In addition, the expression of
S(r)eri;stznp lonal regwation Hox genes in the three fishes was evaluated. The transcriptome expression analysis revealed that the greatest
Hybrid number of differentially expressed genes during the gastrula stage (GR) period was found among HJ, F;, and

KOC. Specifically, there were 3316 differentially expressed genes between KOC and F;, 6027 differentially
expressed genes between HJ and F;, and 1232 differentially expressed genes between KOC and HJ. The iden-
tification of cis- and trans-regulatory patterns indicated that most genes subject to cis- and/or trans- were assigned
to cis-trans compensating patterns, suggesting a complementary regulatory interaction between the subgenomes.
The Hox gene expression comparison results indicated that the genes were low expressed in the GR stage and
increased following somite formation. Although gene expression changes were found comparing the F; to its
parents, the trend of expression changes is consistent in the three fishes. The knowledge about the transcriptomic
changes and regulations in hybrids would aid to understand the interaction of subgenomes during embryonic
development.

1. Introduction

For along term, distant hybridization has been considered difficult to
occur in nature (Wang et al., 2019). This belief primarily stemmed from
researchers' views that reproductive isolation often prevents the for-
mation of fertile offspring from hybrids, thereby inhibiting the estab-
lishment of continuous lineages (Barton and De Cara, 2009; Westram
etal., 2022). However, recent studies suggest that reproductive isolation
is relative. Both in natural reproduction and artificial breeding pro-
cesses, fertile hybrids have been generated (Glover et al., 2013; Liu et al.,
2020). In contrast to intraspecific hybridization, distant hybridization
can occur across different species. It enables the combination of bio-
logical traits from different species while also breaking the interspecies
boundaries. This disruption of boundaries directly leads to significant
changes in the genotypes and phenotypes of hybrid progeny, potentially
giving rise to new species (Abbott et al., 2013; Shi et al., 2024). Crucian
carp (Carassius auratus) and common carp (Cyprinus carpio) both belong
to the family Cyprinidae of the order Cypriniformes (Liu et al., 2001).

* Corresponding authors.

Morphologically, the common carp is significantly larger than the cru-
cian carp and features distinctive barbels, whereas the crucian carp, in
comparison, is smaller and lacks barbels (Liu et al., 2022). Both the two
species are popular farmed fish. Hybridization between the crucian carp
and common carp can generate F; hybrid offspring with poor fertility,
yet a small number of both female and male individuals are capable of
producing eggs and sperm, respectively (Liu et al., 2001). The progeny
of distant hybridization possesses subgenomes derived from different
parents, and their expression and regulatory patterns are critical for
investigating heterosis and hybrid speciation (Zhong et al., 2019; Zhong
et al., 2023). Therefore, conducting research on gene expression and
regulation in crucian carp x common carp hybrid will provide a theo-
retical basis for understanding distant hybridization in fish.

Hox genes play a crucial role in homeotic transformations (Hubert
and Wellik, 2023). In Drosophila, segmental development changes
leading to transformations are defined as homeotic transformations
regulating by Hox genes (Morata and Lawrence, 2022). Since Hox genes
determine the anterior-posterior —morphology during early
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developmental stages, they have a significant impact on the anterior-
posterior morphogenesis of segments (Hombria et al., 2021). Re-
searchers often focus on their early expression and regulatory mecha-
nisms. Studies have shown that histone methylation modifications are
significantly associated with Hox gene expression (Liu et al., 2021). For
example, Polycomb group (PCG), trithorax groups (TRXG), ubiquitously
transcribed tetratricopeptide repeat, X chromosome (UTX), and Jumonji
domain-containing protein D3 (JMJD3) are key genes regulating histone
methylation levels, collectively influencing Hox gene expression and
subsequently affecting anterior-posterior axis development (Steens and
Klein, 2022). PCG is related to the spatial expression of Hox genes
(Gentile and Kmita, 2020); and the disruption of PCG leads to changes in
the spatial expression pattern of Hox genes (Gentile and Kmita, 2020). In
contrast, TRXG disruption results in decreased Hox gene expression
(Afzal and Krumlauf, 2022). Additionally, the nuclear arrangement of
Hox gene transcription is associated with their expression (Afzal and
Krumlauf, 2022). Hox genes within the same cluster exhibit a close
spatial distribution, and their chromosomal binding and distribution
with transcriptional regulatory elements, including promoters and en-
hancers, regulate gene expression (Hajirnis and Mishra, 2021). The
genomic arrangement of Hox genes demonstrates their spatiotemporal
expression patterns and reflects their morphogenetic processes (Mulhair
and Holland, 2024). Future research needs to further investigate
whether the expression patterns of Hox genes are conserved across
species and the complementary roles among paralogous Hox genes.

Currently, hybrid breeding has been widely applied in the field of
fish breeding. Besides selective breeding, distant hybridization is one of
the most extensively used methods in fish (Hu et al., 2021). However,
the genetic variation patterns of hybrid populations need further study
to enrich the theoretical foundation of hybrid breeding. Hox genes
regulate the anterior-posterior patterning of the embryo by assigning
segmental identities to developing tissues. This study investigates the
changes in transcriptomic expression and expression changes of the Hox
gene during the embryonic development in the F; hybrids of crucian
carp and koi carp (Cyprinus carpio). The expression characteristics of the
Hox gene family provide a basis for understanding the genomic evolu-
tion and key regulatory mechanisms of segmental development in the
hybrid, offering theoretical support for distant hybridization breeding
techniques in fish.

2. Materials and methods
2.1. Fish breeding and sample collection

All experimental materials were obtained from the Hunan Fish Ge-
netics and Breeding Center, Hunan Normal University, Changsha, China.
Sexually mature female crucian carp and male koi carp were selected
and induced to spawn artificially. Eggs from red crucian carp and sperm
from koi carp were collected and fertilized to produce F; hybrid.
Simultaneously, self-fertilization of both crucian carp and koi carp was
performed. The fertilized eggs of the three experimental fish were
incubated in culture dishes at a water temperature of 24 °C to 26 °C. The
embryos were collected at various developmental stages for each group:
gastrula stage (F; GR), bud stage (F; bud), 6-somite stage (F; 6S), 14-so-
mite stage (F; 14S), 22-somite stage (F; 22S), and long-pec stage (F; LP)
for F; hybrids; gastrula stage (KOC GR), bud stage (KOC bud), 6-somite
stage (KOC 6S), 14-somite stage (KOC 14S), 22-somite stage (KOC 22S),
and long-pec stage (KOC LP) for koi carp; gastrula stage (HJ GR), bud
stage (HJ bud), 6-somite stage (HJ 6S), 14-somite stage (HJ 14S), 22-so-
mite stage (HJ 22S), and long-pec stage (HJ LP) for crucian carp. Em-
bryos were carefully detached from the culture dishes and collected with
a clean rubber-tipped pipette, then placed on a clean gauze. For each
group, 150 embryos were collected, with every 50 embryos placed into
one centrifuge tube. The detached fertilized eggs were washed three
times with DEPC-treated water. The rinsed fertilized eggs were placed
on DEPC-treated gauze, quickly drained, and fertilized eggs were
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transferred to centrifuge tubes. The collected embryos were frozen in
liquid nitrogen and subsequently stored at —80 °C until RNA extraction.

2.2. RNA-seq

The total RNAs from the different developmental embryos were
extracted using Trizol reagent (Invitrogen, USA) according to the man-
ufacturer's instructions. RNAs were tested by 1.20 % agarose gel and
BioPhotometer Plus (Eppendorf, Germany) and the RNA concentration
was determined by NanoDrop spectrophotometer (NanoDrop Technol-
ogies, USA). The RNA integrity number (RIN) was determined by the
Agilent 2100 Bioanalyzer (Agilent Technologies, USA). The RNA with
RIN > 7 was used for the following analysis. RNA was extracted sepa-
rately from the three tubes collected in each group. After extraction and
concentration measurement, equal amounts from each tube were pooled
into a single tube. mRNA was enriched by magnetic oligo (dT) beads and
fragmented by fragmentation buffer. After amplification by random
hexamer, the cDNAs were synthesized and purified by AMPure XP beads
following PCR to obtain the sequenced cDNA library. A total of 18 cDNA
libraries were constructed and sequenced in this study, covering six
developmental stages (GR, bud, 6S, 14S, 22S and LP) and three types of
fishes (F1, KOC and HJ). The libraries were sequenced by Illumina
NovaSeq 6000.

2.3. Bioinformatic analysis

The raw sequencing data were first subjected to filtering. The data
obtained from Illumina NovaSeq sequencing are referred to as raw reads
or raw data, which were then subjected to quality control (QC) analysis.
Trimmomatic (http://www.usadellab.org/cms/index.php?page=tr
immomatic) was used for filtering the raw data based on the following
criteria: 1) removing reads containing adaptors; 2) removing reads with
more than 10 % N bases; and 3) removing reads with more than 50 % of
bases having a quality score below 20. The filtered data are referred to as
clean reads. Next, FastQC (http://www.bioinformatics.babraham.ac.
uk/projects/fastqc) was used to perform QC on the clean reads, and
only those clean reads passing QC were used for subsequent bioinfor-
matics analysis. All clean reads were first aligned to the reference
genome. The reference genome used in this study was the genome
sequence of crucian carp (https://www.ensembl.org/Carassius_auratus
/Info/Index). Alignment to the reference genome was performed using
HISAT2 with an allowance of 4 mismatches in end-to-end mode and
based on the alignment results and the reference genome annotation, the
distribution of aligned reads in the reference genome was analyzed. The
gene expression was determined using Fragments Per Kilobase of tran-
script per Million mapped reads (FPKM). The differentially expressed
genes were identified using edgeR software. When the fold change >2
and FDR < 0.05, the genes were determined as differentially expressed
genes.

The genomes of crucian carp (https://www.ensembl.org/Carassius
_auratus/Info/Index) and common carp (https://www.ensembl.org/
Cyprinus_carpio_carpio/Info/Index) were compared to identify the
specific (Single Nucleotide Polymorphism, SNP). Subsequently, the
mapping clean reads were assigned to maternal and paternal origin
using the SNPs. The specific reads from maternal or paternal genomes
were identified based on the two standards: first, the reads contained
specific SNP genotypes unique to one parent; second, more than 10 reads
mapping to the gene. The ratio of maternal to paternal clean reads was
used to calculate the allelic gene expression.

The comparative expression values of parental genes are defined as
A = log2(Maternal/Paternal), representing both cis and trans effects. In
contrast, the comparative expression values of alleles in offspring are
defined as B = log2(F;-Maternal allele/F;-Paternal allele), representing
cis effects. Therefore, trans effects can be calculated as A-B. The identi-
fication method of the regulatory patterns was according to previous
studies in Drosophila (Wittkopp et al., 2004) and Arabidopsis (Shi et al.,
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2012).

2.4. Quantitative PCR (qPCR)

The cDNA was synthesized using 1 pg total RNAs which were
extracted by the PrimeScript RT reagent Kit with gDNA Eraser Perfect
Real Time kit (Takara, Japan) according to the manufacturer's in-
structions. The Primers of HoxB1b, HoxA3a, HoxB3a, HoxA5a, HoxC5a,
HoxB7a, HoxB9a, HoxC9a, HoxA10b, HoxC10a, HoxAlla, HoxA13a
and HoxA13b genes were designed by Primer Express Software Version
3.0 (ABI, USA) (Supplementary Table 1). -Actin was used as reference
genes. qPCR was performed in a StepOnePlus™ Real-Time PCR System
(ThermoFisher, USA). Three biological replicates were used for analysis.
The PCR reaction mixture had a total volume of 20 pL, consisting of 5 pL
ddH30, 2 pL cDNA, 1 pL each of 10 pM forward and reverse primers, 1 pL
of ROX Reference Dye (50x), and 10 pL of 2x TB Green Premix Ex Taq II
(Tli RNase H Plus, Takara, Japan). The reaction was conducted using a
two-step method. The first step involved pre-denaturation at 95 °C for
30 s. The second step proceeded to the PCR reaction, which consisted of
40 cycles with the following conditions: 95 °C for 5 s and 60 °C for 30 s.
Melting curve analysis was performed after PCR to determine the spe-
cific amplification. Relative quantification (RQ) was calculated using
the 2724¢ method (Livak and Schmittgen, 2001).

2.5. Statistical analysis

All the statistical analysis was performed using SPSS 22.0. The data
was shown as mean + standard deviation. The significant differences of
RQ among the groups were determined by a one-way ANOVA test
following Tukey post hoc tests. When p < 0.05, the significant differ-
ences were confirmed.

3. Results
3.1. Transcriptomic changes during embryogenesis in hybrids

After filtering the low-quality reads and adaptors, a total of
803,467,004 clean reads were retained. On average, each sample ob-

tained 44,637,055.78 reads (Supplementary Table 2). The clean reads of
F1, KOC, and HJ at different embryonic development stages were

Up

Down
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aligned to the reference genome. The average alignment rate of the clean
sequences from 18 libraries was 86.46 %, indicating a high alignment
rate (Supplementary Table 3). The differential expressed genes (DEGs)
between the fishes in the same stages were performed. For the three
comparisons, GR stages had the most DEGs (KOC GR vs F; GR: 3316
DEGs; HJ GR vs F; GR: 6027 DEGs; KOC GR vs HJ GR: 1232 DEGs),
indicating that GR is the stage with significant transcriptomic changes in
the hybrid compared to the parents. In contrast, the LP stage had the
fewest DEGs (KOC vs and F;: 180 DEGs, between HJ and Fq: 71 DEGs,
and KOC and HJ: 446 DEGs) (Fig. 1) (Supplementary Table 4). In
addition, we found more DEGs when comparing F; with KOC than when
comparing F; with HJ almost in all the stages, except the GR stages
showing a maternal effect. The results of DEGs were deposited in fig-
share (https://doi.org/10.6084,/m9.figshare.29634575).

3.2. Gene regulation during embryogenesis in hybrids

In the GR stage, the hybrids showed the most genes that were under
control by cis- and/or trans-regulatory effects. A total of 459, 46, 9 and
40 genes were cis-trans compensating, cis-trans enhancing, only cis- and
only trans-regulation in the hybrid. In other stages, including bud, 6S,
22S, and LP stages, the most genes in the cis- and trans-regulatory pat-
terns were cis-trans compensating and the lowest genes were only cis-
regulation pattern (Fig. 2a).

Based on the analysis of gene regulation, the KEGG pathway
enrichment analysis was conducted on genes under cis- and/or trans-
regulation in various developmental stages of the hybrid. A total of 16
KEGG pathways showed significant enrichment across these 6 stages.
Specifically, the GR stage exhibited several unique KEGG pathway en-
richments, including 10 pathways. These pathways are primarily
involved in adipocytokine signaling, fatty acid degradation, lysosomal
function, O-glycan biosynthesis (including mannose type and other
types), ribosome biogenesis in eukaryotes, and RNA degradation. In
other stages, both the bud and 6S stages consistently enriched pathways
such as arginine and proline metabolism, and mitophagy-animal
pathway. Overall, during the period of body segment formation, path-
ways including lipid metabolism, protein metabolism, carbohydrate
metabolism, cell cycle, lysosome, peroxisome, and vesicle transport
were subject to cis- and trans-regulation, reflecting their association with
unique transcriptional expression regulation in the hybrid (Fig. 2b).
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Fig. 1. Differentially expressed gene identified from pairwise comparisons of three fishes in the same stages during the somite formation period.
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3.3. Hox gene expression in hybrids

In the GR stage, several genes in hybrid exhibited significantly higher
expression than in the maternal HJ and paternal KOC, whereas HoxA11,
HoxB2, HoxB3, HoxC13, HoxC9 and HoxD13a showed higher expres-
sion in KOC than in F;. Additionally, HJ had 19 Hox genes with higher
expression than KOC, while only 12 Hox genes exhibited lower expres-
sion compared to KOC. In contrast to the GR stage, Hox gene expression
in KOC during the Bud stage was generally higher than in F; and HJ.
Among the 64 Hox genes examined, 38 genes showed higher expression
in KOC compared to F;, accounting for 59 % of all detected 64 Hox

genes. From the 6S to 22S stages and LP stage, gene expression in KOC
was significantly higher than that in hybrid F; and HJ (Fig. 3). There-
fore, except for the GR stage, KOC generally exhibited higher trends in
Hox gene expression compared to hybrid F; and HJ.

We then used qPCR to analyze expression changes of 12 Hox genes.
For HoxA3a, HoxAb5a and HoxA13b, no significant changes could be
found in the same stage by comparing the F; and its parents (Fig. 4a, b,
f). For HoxA10b, higher expression was found in the 14S stage from F,
compared to the HJ and KOC (p < 0.05) (Fig. 4c). The HoxAl1la showed
no significant changes in all the stages except the 14S stage showing a
significantly higher expression in HJ and F; compared to KOC (p < 0.05)
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Fig. 3. FPKM comparisons in the three fishes at the same stages of Hox genes by heatmap.
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(Fig. 4d). Higher expression of HoxA13a was found in F; than that in HJ
from the LP stage (p < 0.05) (Fig. 4e). The HoxB1b in HJ was signifi-
cantly higher compared to KOC and F; in the LP stage (p < 0.05)
(Fig. 5a). No significant changes could be found for HoxB3a among the
fishes in the same stages (Fig. 5b). As for HoxB7a, lower expression was
found in KOC and F; compared to HJ from the bud stage (Fig. 5c).
Notably, HJ exhibited markedly elevated HoxB9a expression compared
to the KOC and F; in LP stage (Fig. 5d). Higher expression of HoxC5a was
observed in HJ and F; compared to KOC in the 14S stage (p < 0.05)
(Fig. 6a). As for HoxC9a, higher expression was found in F; compared to
KOC in the 14S stage (p < 0.05) (Fig. 6b). No significant changes could
be found in HoxC10a expression among the fishes in the same stages
(Fig. 6¢).

4. Discussion

In this study, the embryos of GR, bud, 6S, 14S, 22S and LP stages
were collected from HJ, KOC, and their hybrid F;. We constructed cDNA
libraries and performed transcriptome sequencing, obtaining a large
number of expressed sequences and identifying DEGs. Differential gene
screening revealed the highest number of DEGs during the GR stage
among the three fishes. As the GR stage is the earliest among all the
studied stages, it was found that the highest number of differentially
expressed genes between the F; and its parents. A previous study on the
embryonic transcriptome of a large yellow croaker (Larimichthys crocea)
revealed significant changes between the blastula and gastrula stages,
suggesting that during early embryonic development, there is a transi-
tion from maternal transcript expression to embryonic genome activa-
tion (Wan et al., 2019). The GR stage, being in the early phase of
embryogenesis, might be associated with intense changes in gene
expression. Consequently, in the early stages of embryonic development,
more aberrantly expressed genes might be observed in the hybrid F;
compared to its parents (McGirr and Martin, 2020). It has been reported
that the hybrid F; resulting from distant hybridization has a significantly
higher rate of developmental abnormalities compared to the self-
crossing of parents, which might be due to gene expression disorders
during early embryonic development (Renaut et al., 2009). Notably, due
to factors like reproductive isolation and genomic incompatibility,
hybrid F; resulting from distant hybridization is generally considered
sterile or developmentally abnormal (Maheshwari and Barbash, 2011).
However, several hybrid progenies have been successfully used in
practical production applications in teleost (Liu, 2010). Notably, hybrid
red crucian carp x common carp can continue through chromosomal
doubling, eventually forming fertile allopolyploid strains (Liu et al.,
2001). The present study confirms that specific gene expression patterns
during embryonic development might influence the embryonic devel-
opment of hybrid progenies, especially during the GR stage. The aber-
rant gene expression during this stage might be related to the high rate
of malformations in hybrid progenies.

In the analysis of gene regulation, this study delineates the KEGG
signaling pathway enrichment in various developmental stages of the
hybrid F;, influenced by cis- and/or trans-regulatory genes. Overall, 16
KEGG signaling pathways were significantly enriched across these six
stages for the cis- and/or trans-regulatory genes. Specifically, during the
GR stage, multiple unique KEGG signaling pathways were enriched,
including 10 pathways. These pathways are primarily involved in fat
metabolism, lysosome, carbohydrate metabolism, and nucleic acid
processing. This result suggests that during embryonic development,
significant regulatory changes predominantly affect metabolism, nucleic
acid processing, and key disease resistance signaling pathways. In the
early stages of embryonic development, individuals require substantial
energy, with carbohydrates and lipids providing high energy levels for
fish (Lipavska and Konradova, 2004; Kawano et al., 2011). During the
embryonic stage, energy is mainly supplied by vitellogenin, a high-
density glycol-lipoprotein (Augustine et al., 2011). Thus, during early
embryonic development, the utilization of carbohydrates and lipids is
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crucial for energy supply to the developing embryo. Furthermore,
extensive replication and synthesis of genetic material are necessary for
individual development, particularly during cell division and growth,
making the regulation of nucleic acid processing pathways notably
prominent during this period (Gillies and Cabernard, 2011). Interest-
ingly, the enrichment of the antibacterial enzyme signaling pathway
may indicate a crucial role in the embryo's defense against external
factors during embryogenesis. In other developmental stages, the KEGG
pathways consistently enriched in the bud and 6S stages were the
Arginine and proline metabolism and mitophagy-animal signaling
pathways. Overall, during the studied stages, pathways related to fat
metabolism, protein metabolism, carbohydrate metabolism, cell cycle,
lysosome, peroxisome, and vesicle transport were regulated by both cis-
and trans-acting elements. This correlates with the unique transcrip-
tional regulation of the hybrid genome.

Similar to other animals, after the embryo forms the neural plate, it
further develops into the neural groove, neural folds, and neural tube
along the dorsal side (Kudoh et al., 2001). On both sides of the neural
tube, the paraxial mesoderm gradually develops, and the neural tube
and paraxial mesoderm grow towards the tail end of the embryo along
the body axis (Mullins, 1998). The paraxial mesoderm aggregates to-
wards the head direction of the embryo (Tani et al., 2020). The sepa-
ration of two aggregated cell masses forms the first pair of somites (Tani
et al., 2020). Subsequently, multiple cell masses aggregate repeatedly to
form numerous somites (Pourquié, 2001). In recent years, a substantial
amount of research has been published on the molecular biological
processes involved in somite formation (Ibarra-Soria et al., 2023;
Keseroglu et al., 2023; Uriu and Morelli, 2023). As a crucial gene for
somite polarity, Hox determines the function and morphology of each
developing somite, playing a vital regulatory role in the development
and differentiation of somites (Saito and Suzuki, 2020). Here, we
analyzed the gene expression of Hox genes. Overall, during the earliest
embryonic development stage analyzed in this study, the GR stage, gene
expression was found to be low in all three types of fish. As embryonic
development progressed into the somitogenesis stage, Hox gene
expression began to upregulate, particularly during the late somito-
genesis stage (LP stage), where several genes reached their highest
expression levels. Therefore, at the end of the gastrulation stage, somites
have not yet formed, resulting in low Hox expression and no necessity
for Hox function at this stage. Once somitogenesis begins, Hox gene
expression gradually increases to perform its role in regulating the dif-
ferentiation of somites. This finding is consistent with studies conducted
on zebrafish (Yamada et al., 2021) and Drosophila (Mallo et al., 2010).
The Hox gene expression results showed that the genes in the Hox gene
family exhibit relatively stable expression patterns in the hybrid F;.
Since Hox genes play a crucial role in embryonic development, espe-
cially in the development of the anteroposterior axis of somites, muta-
tions or significant changes in gene expression levels occur in some
members of the Hox gene family results in embryonic deformities, hin-
dering the successful completion of the entire embryonic development
process and ultimately leading to embryonic death. Therefore, the
relatively stable expression of the Hox gene family in hybrid fish further
underscores the conservatism and importance of these genes in their
function.

5. Conclusion

The present study focused on the transcriptomic changes, especially
showing the gene expression of members of the Hox gene family in the
red crucian carp, Koi carp and the hybrid F;. The results showed that the
greatest DEGs were found in the period in GR among HJ, F1 and KOC,
and most of the DEGs were assigned to cis-trans compensating patterns,
which suggested the complementarity regulation of the subgenomes.
The Hox gene showed lower expression in the GR stage and higher level
in somite formation. The results showed the characteristics of the crucial
genes that are associated with somite formation providing clues for the
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gene expression profile of embryogenesis in hybrid fish, showing a
pioneer insight into gene expression and regulation during
embryogenesis.
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