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ARTICLE INFO ABSTRACT

Editor: Glover Christopher miR-430, a microRNA expressed at the maternal-zygotic transition (MZT) stage, plays a vital role in maternal
transcript clearance and suppression of primordial germ cell-specific genes. This study investigated the expres-
sion and regulation of miR-430 in goldfish (Carassius auratus var., Q) x rare gudgeon (Gobiocypris rarus, 3) [s-
GFRG, survival] and rare gudgeon (Q) x goldfish (8) [d-RGGF, death] embryos to explore the role of miR-430
in hybrid fish. Gene sequence comparisons demonstrated that three types of miR-430 in s-GFRG exhibited sim-
ilarity to that of the female parent goldfish (GF) and displayed characteristic variation. Conversely, d-RGGF
exhibited two miR-430 variants resembling those of GF and rare gudgeon (RG). In addition, real-time quanti-
tative PCR and whole-mount in situ hybridization revealed that the expression trend of miR-430 was the same in
hybrid progenies, and temporal expression was delayed compared to that in the parental embryos. However,
miR-430 expression was significantly lower in d-RGGF than in GF and s-GFRG embryos. Similar to the devel-
opment of d-RGGF embryos, miR-430-silenced s-GFRG embryos exhibited morphological abnormalities including
spinal curvature and pericardial cavity enlargement. Overexpression of miR-430 in d-RGGF embryos effectively
rescued somitogenesis and prolonged fry survival. Thus, an abnormal MZT resulting from disturbed miR-430
expression may contribute to hybrid embryo mortality.
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1. Introduction

During early embryonic development, embryos rely entirely on
maternally provided materials for developmental processes such as
fertilization, cleavage, and the specification of primary cell fates and
patterns, due to zygotic transcriptional silencing (Abrams and Mullins,
2009). Following 1-10 cell divisions, embryonic development transi-
tions from maternal factor regulation to zygotic genome activation
(ZGA), which defines the maternal-to-zygotic transition (MZT). As a key
driver of embryogenesis, the precision and integrity of ZGA is crucial for
the normal progression of embryonic development, the orderly differ-
entiation of tissues and organs, and the healthy growth of the individual
(Jukam et al., 2017; Vastenhouw et al., 2019). Maternal transcript
degradation and ZGA onset, the two central processes of MZT, are
strongly interrelated in regulating developmental progression (Zhang
et al., 2022). Furthermore, zygotic transcription provides proteins and
microRNAs (miRNAs) with a feedback effect that enhances the effi-
ciency of maternal RNA clearance (Walser and Lipshitz, 2011). For
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example, maternal nanog and pou5f1 activate miR-430 expression, and
miR-430 is responsible for regulating the zygotic clearance of maternal
mRNAs (Lee et al., 2013).

miRNAs are a class of endogenous small non-coding RNAs. By
binding to the 3’ untranslated region (UTR) of target genes, miRNAs
function as crucial post-transcriptional regulators and often cause the
degradation or translation inhibition of target mRNAs (McCreight et al.,
2017). Primary miRNAs are first processed by the Drosha-DGCR8
complex into precursor miRNAs (pre-miRNAs), which are then further
processed by Dicer into mature miRNAs (Kim et al., 2009). One strand of
the mature miRNA is loaded into Argonaute (AGO) proteins, which in
turn recruit additional factors to induce mRNA decay(Fabian et al.,
2010). Numerous studies have highlighted the essential roles of miRNAs
during the MZT across diverse species, including Drosophila (Bushati
et al., 2008; Orkenby et al., 2023), African clawed frog (Xenopus laevis)
(Rosa and Brivanlou, 2017; Watanabe et al., 2005), and zebrafish (Danio
rerio) (Lee et al., 2013). The activation of miRNA transcription at the
onset of ZGA represents the only component of a parsimonious switch
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from the maternal to zygotic transcriptome (Rosa and Brivanlou, 2017).

As one of the earliest zygotic genes expressed during the early
development of fish, miR-430 is known to promote deadenylation and
degradation of a large number of maternally expressed mRNAs (Chen
et al., 2005; Giraldez et al., 2006; Jiménez-Ruiz et al., 2023). Nanog is
involved in regulating cellular pluripotency and early embryonic
development processes in teleost fish, influencing the proliferation and
migration of primordial germ cells (PGCs), and can also be used to
evaluate and improve fish egg quality (Yu et al., 2024). DGCR8 and
Dicer are essential for miRNA biogenesis (Zhu et al., 2020). As a member
of the ribonuclease III family, Dicer plays critical roles in antiviral im-
munity and microRNA biogenesis while directly mediating the
sequence-specific degradation of cognate mRNAs (Lv et al., 2019). AGO
proteins associate with small interfering RNAs (siRNAs) or miRNAs to
facilitate post-transcriptional gene silencing, primarily via mRNA
destabilization or translational repression (Tao et al., 2016). In miR-430-
deficient embryos, these maternal transcripts mentioned above are not
adequately degraded and zygotic genes are not fully initiated (Liu et al.,
2020b). In addition to the processes of embryogenesis and morpho-
genesis, miR-430 plays a crucial role in reproductive development. For
example, in many teleost fish, miR-430 regulates PGCs development by
targeting the C1q-like factor, tdrd7, and nanos3 in somatic cells (Li et al.,
2016; Mei et al., 2014; Sun et al., 2017; Tani et al., 2010). Tdrd7 per-
forms the function of a regulator of germ plasm localization, which re-
sults in the loss of PGC-specific cis-regulatory element accessibility
patterns and PGC fate (D'Orazio et al., 2021). In zebrafish, nanos3 is
essential for survival and migration of PGCs (Koprunner et al., 2001).
Additionally, piwil2 is responsible for regulating germ cell differentia-
tion during gametogenesis and gonad development (Houwing et al.,
2008; Zhao et al., 2018; Zhou et al., 2012; Zhou and Wang, 2014). As an
important maternal TNF/C1q superfamily factor, C1q-like factor plays a
crucial role in PGC development in Carassius auratus (Mei et al., 2014).
Furthermore, miR-430 directly inhibits the expression of squint and lefty
mRNA, thereby ensuring the appropriate dampening and balancing of
nodal signaling during mesendoderm induction (Choi et al., 2007).
Genetic deletion of miR-430 results in developmental defects in cell
movement, germ layer specification, axis patterning, and organ pro-
genitor formation in zebrafish, contributing to the establishment of an
abnormal embryonic body plan (Liu et al., 2020b).

Given its critical role in orchestrating embryonic development, miR-
430 may contribute to the manifestation of hybrid lethality. Hybrid
lethality has been observed in many eukaryotes owing to genetic and
reproductive regularity barriers (Deng et al., 2019; Liu et al., 2020a;
Wang et al., 2019). In our previous study, we obtained several types of
surviving hybrid progeny using a series of distant fish crossing experi-
ments (Duan et al., 2007; Liu et al., 2018; Ren et al., 2019). However,
many hybrids exhibit abnormal embryonic development and fail to
produce viable offspring. Few studies have documented the molecular
mechanisms underlying hybrid lethality. Goldfish (Carassius auratus
var., GF), easily maintained in small laboratory aquaria with year-round
periodic spawning and large egg production per event, exhibit embry-
onic development timing and processes similar to zebrafish. The small-
bodied rare gudgeon (Gobiocypris rarus, RG) matures quickly, has high
reproductive capacity, and spawns year-round. Belonging to distinct
genera with significant chromosome number differences, their hybrid
embryos serve as convenient experimental models for studying the
molecular mechanisms of hybrid lethality. In our previous studies we
found that the goldfish (Q) x rare gudgeon (8) [s-GFRG, survival] hy-
brids survived, while the embryos of rare gudgeon (@) x goldfish (&) [d-
RGGF, death] developed abnormally and did not survive (Wang et al.,
2025).

In the present study, we investigated miRNA expression and its role
in hybrid embryogenesis. Our findings highlighted the potential mo-
lecular mechanisms that may underpin hybrid lethality and facilitate a
comprehensive understanding of the pivotal role that miRNAs play in
fish embryonic development.
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2. Materials and methods
2.1. Animals and ethics statement

The specimens (designated as GF and RG) were obtained from the
State Key Laboratory of Developmental Biology of Freshwater Fish
(Changsha, China). During the breeding season from April to June,
sexually mature and healthy individuals were carefully selected as
parents and then administered oxytocic agents to induce spawning. A
small amount of water was added to a clean glass petri dish. Meanwhile,
by gently squeezing the abdomens of female and male fish, fish eggs and
sperm were collected into the petri dish. The two were quickly shaken to
ensure uniform fertilization. The fertilized eggs were incubated at room
temperature. Dead eggs were removed and the water was replaced every
three hours. The development of fertilized eggs was observed and
documented through stereomicroscopic imaging (MZ16FA; Leica, Wet-
zlar, Germany). All experimental procedures were approved by the
Animal Care Committee of Hunan Normal University and followed the
University's guidelines for the care of experimental laboratory animals
Welfare (GB/T 35823-2018).

2.2. miR-430 sequencing

Total genomic DNA was extracted with a DNA extraction kit (San-
gon, Shanghai, China) and each sample contained 20 embryos. The
primers are listed in Table S1. PCR was performed using 1.25 units of
Taq DNA polymerase (Takara, Dalian, China), 0.4 pM of each primer,
and 2 pL DNA in 25 pL reaction volume. The PCR products were sepa-
rated and purified by agarose gel electrophoresis and ligated into a
pMD18-T vector (Takara, Dalian, China). The vector was subsequently
transferred into Escherichia coli DH5a. Twenty positive clones were
selected for Sanger sequencing. The sequence comparison was con-
ducted by BioEdit 7.2.5 software.

2.3. Real-time quantitative PCR

The staging of embryonic development referred to relevant zebrafish
literature and our previously completed work (Kimmel et al., 1995;
Wang et al., 2025). Embryos at different stages of development were
frozen in liquid nitrogen for total RNA extraction. Total RNA was iso-
lated using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) and each
sample contained 20 embryos. Complementary DNA (cDNA) templates
were synthesized from 1 pg total RNA using the miRNA First-Strand
Synthesis Kit (Takara, Dalian, China). Real-time quantitative PCR
(qPCR) reactions were carried out with 5 pL. PowerUp SYBR Green
Master Mix (Applied Biosystems, Carlsbad, CA, USA), 0.4 pM of specific
forward primers and universal reverse primers, and 5 ng cDNA tem-
plates in a final volume of 10 pL in triplicate. The specific forward
primer sequence was 5’-TAAGTGCTATTTGTTGGGGTAG-3'. qPCR was
performed on a QuantStudio5 instrument (Applied Biosystems, Carls-
bad, CA, USA) according to the following protocol: 50 °C for 5 min; 95 °C
for 10 min; and 40 cycles of 95 °C for 10 s and 60 °C for 30 s. Melting
curve analysis was performed for validation of the amplification
specificity.

The stability of housekeeping gene expression was meticulously
evaluated using the BestKeeper software. The original Cycle Threshold
(Ct) values of the reference genes were inputted in strict compliance
with the software instructions (Pfaffl et al., 2004) to derive the standard
deviation (SD) and the coefficient of variation (CV) values. The endog-
enous gene U6 served as an internal control, and the collected data were
analyzed using the Livak (2722 method and processed with the Sta-
tistical Package for the Social Sciences (SPSS), version 27.0. Tests of
normality and equality of variance were performed using the Shapiro-
Wilk and Levene tests, respectively. Additionally, a one-way analysis
of variance (ANOVA) was carried out. At a significance level of 0.05,
Tukey's Honestly Significant Difference (HSD) test was employed for the
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statistical evaluation of the pairwise differences. The graphs were
plotted using GraphPad Prism 7.04 (San Diego, CA, USA).

2.4. Whole-mount in situ hybridization

The miR-430 transcript fragment was cloned from the cDNA template
using PCR primers and then synthesized using T7 RNA polymerase
(Thermo Fisher Scientific, Carlsbad, CA, USA) to obtain the desired
probe. Following removal of the fertilization membrane using trypsin
(Biosharp, Hefei, China), the embryos were fixed overnight in 4 %
Paraformaldehyde Fix Solution (PFA) and transferred to 100 % meth-
anol for long term preservation. Whole-mount in situ hybridization
(WISH) was performed according to standard protocols (Thisse and
Thisse, 2008). Five embryos per experimental group were gradient
rehydrated and then hybridized with DIG-labeled probe overnight at
70 °C. Anti-digoxigenin-AP Fab fragments (Roche, Basel, Switzerland) in
1 % blocking reagent were used to incubate the embryos overnight at
4 °C. The hybridized probes were detected by incubating the embryos in
substrate solution with the NBT and BCIP stock solutions. The embryos
were transferred to glycerol and photographed under a stereoscope
(MZ16FA; Leica). Staining intensity of embryos was quantified using
ImageJ software.

2.5. Microinjection of miRNA mimics and inhibitors

miRNAs specific to miR-430 mimics, inhibitors, and a negative con-
trol (NC) were synthesized by the manufacturer (RiBoBio, Guangzhou,
China). One-cell stage embryos of the GF, s-GFRG, and d-RGGF were
injected with miRNA-overexpressing mimics [agomirNC (negative
control), agomir430] or miRNA-knockdown inhibitors [antagomirNC
(negative control), antagomir430] at 10 pM, respectively. One micro-
liter of each miRNA was injected into approximately 100 embryos.
Embryos were cultured in clean glass petri dishes containing embryo
medium (0.3x Danieau buffer: 17.4 mM NacCl, 0.2 mM KCl, 0.4 mM
MgSO4, 0.6 mM Ca(NOs)2, 10 mM HEPES, pH 7.6) supplemented with
0.01 % (w/v) penicillin-streptomycin solution (Beyotime, Shanghai,
China) to prevent bacterial contamination at room temperature. The
embryos and hatching fish were monitored for two weeks to determine
whether they survived or died.
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All embryos from each group were frozen in liquid nitrogen imme-
diately and stored at —80 °C. Total RNA was isolated using TRIzol Re-
agent (Invitrogen, Carlsbad, CA, USA) and each sample contained 20
embryos. The expression levels of dicerl, dgcr8, nanog, AGOs, tdrd7,
nanos3, piwil2, and C1g-like factor were measured by qPCR. Total RNA
was reverse transcribed to cDNA using HiScript IV All-in-One Ultra RT
SuperMix for qPCR (Vazyme, Nanjing, China). The primers are listed in
Table S2. f-actin was identified in the goldfish genome and used as the
negative control for qPCR. The qPCR procedures and data analysis were
performed as described in Section 2.3.

3. Results
3.1. Gene sequence alignment analysis

miR-430 has one exon without any introns (Fig. 1A) and is tran-
scribed to mRNA but not translated into protein. To detect genetic
variations at the base level in hybrid fish, a single miR-430 DNA
sequence (82 bp) was cloned from parental self-crossing embryos; three
types from s-GFRG (GFRG-I, GFRG-II, and GFRG-III), and two types from
d-RGGF (RGGF-I and RGGF-II).

Sequence alignment results revealed that the three types of s-GFRG
sequences inherited some maternally specific nucleotides and contained
base mutations but no paternally specific bases (Fig. 1B). The number of
mutant bases was five, eight, and three for GFRG-I, GFRG-II, and GFRG-
I1I, respectively. A total of three paternally specific bases and eight
mutant bases were present in RGGF-I, whereas no maternally specific
bases were identified. In RGGF-II, there were only four maternally
specific bases with no paternally specific or mutant bases (Table 1).

GF and RG sequences of miR-430 showed high similarity (95.12 %).
s-GFRG exhibited high sequence similarity to GF (GFRG-I: 93.90 %;
GFRG-IIL: 90.24 %; GFRG-III: 96.34 %) but low similarity to RG (GFRG-I:
90.24 %; GFRG-IL: 86.59 %; GFRG-III: 92.68 %). A comparison of the
results obtained revealed a 90.24 % similarity of RGGF-I with GF,
whereas the maternal parent demonstrated a similarity of 86.59 %. The
miR-430 sequence in RGGF-II was identical to that in RG (Table 2).
Multiple sequence alignment analysis of miR-430 indicated that all types
of s-GFRG showed a tendency toward GF. In contrast, two types of d-
RGGF exhibited high similarity to GF and RG.

5’ UTR Exon 3’ UTR
amplified fragment A
10 20 30 40 50 60 70 80
SR RO (R R [ DTN ([, OVPONY [ (S [ DY [ N e (RPN |
GF GTCACTATCG GTACCCTCAC AAAGGCACTG ACTTGTCTGT TGTAGTAGGT AAGTGCTATT TGTTGGGCGA GTTTCAAGTG 80
G aewss s aEee 95 JEEEEEE EESPEase s 5% 6Cne i Tiss & o3 LeThs © WEeesaness BEEEeSana ¢ SauEnEes 80
GFRG=L  wnivsisavws osssseemnlll woflls e suss o olloscofle & voofillss & aesses e ew ome e S ey eR a7 5, 80
efRG-I .......... .........} . }----.. ..0... B ... RH .. ............ .- B ......... B s0
GFRG-II .......... coveeeneee ceeneneen. ... 0 ... RH.. ..... BB - o i 80
JTee) o A BB R gE.--H -........ B so0
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RG .. 82
GFRG-1 82
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reeF-1 [ 82
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Fig. 1. Genomic structure and sequence alignment of miR-430.

A: Genomic structure of miR-430. The red box indicates amplified fragment. B: Comparison of miR-430 DNA sequences. Yellow, gray, and blue rectangles indicate the
GF-specific, RG-specific, and mutant bases, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Table 1
Base changes of miR-430 DNA fragments in hybrid progeny.
DNA Sequence Total number Number of Number of Number
length of differential ~ maternal paternal of mutant
bases specific specific bases
bases bases
FRG-
G IRG 82 bp 8 3 0 5
Gli?c' 82 bp 11 3 0 8
GFRG-
o 82 bp 6 3 0 3
F-
R?G 82 bp 11 0 3 8
RGGE- gy bp 4 4 0 0

I

GFRG = goldfish (@) x rare gudgeon (3); RGGF = rare gudgeon (9) x goldfish
(.

Table 2
Sequence similarity of miR-430 DNA fragments.

miR-430 GenBank Sequence similarity Sequence similarity
DNA accession No. with GF with RG

GF PQ195648 - 95.12 %

RG PQ195649 95.12 % -

GFRG-I PQ164981 93.90 % 90.24 %

GFRG-1I PQ195650 90.24 % 86.59 %

GFRG-III PQ195651 96.34 % 92.68 %

RGGF-I PQ195652 90.24 % 86.59 %

RGGF-II PQ195653 95.12 % 100 %

GF = goldfish; RG = rare gudgeon.
3.2. Expression patterns of miR-430

To identify the dynamic expression patterns of miR-430 at different
developmental stages in the parental and hybrid offspring, qPCR was
conducted. The gene stability analysis conducted with BestKeeper
revealed that for the gene U6, the SD of the Ct values was 0.82 and the
CV was 4.69 in the embryos at different developmental stages of GF
(Table S3).

As shown in Fig. 2A, the expression of miR-430 was activated at the
early blastula stage and continued to increase until the late blastula
stage in GF embryos. Subsequently, during the early gastrula, late gas-
trula, and segmentation stages, miR-430 expression exhibited a dynamic
pattern characterized by an initial decline, followed by a peak (the
highest expression level), and then a subsequent decrease. miR-430
expression was initiated at the morula stage in RG embryos; however,
the mRNA level of miR-430 was notably increased until it reached the
highest point in the early blastocyst stage and then gradually decreased.
The expression was almost undetectable during the early gastrula stage
(Fig. 2B).

The expression trends of miR-430 in the two groups of hybrid
offspring were similar; miR-430 expression was first detected in the early
blastula stage and subsequently increased in the late blastula stage. The
highest relative expression levels of s-GFRG and d-RGGF were observed
in the early gastrula stage, whereas their expression levels were low in
the late gastrula stage. Transcription was not detected during the seg-
mentation stage or in fry for both s-GFRG and d-RGGF (Fig. 2C and D).

Notably, miR-430 exhibited stage-specific differential expression
across GF, s-GFRG, and d-RGGF embryos. s-GFRG embryos had signifi-
cantly higher miR-430 levels than parental GF at early and late blastula
stages, while GF exhibited higher expression than hybrids at the late
gastrula stage. In contrast, d-RGGF embryos displayed consistently
lower miR-430 expression than both GF and s-GFRG embryos during the
morula, early blastula, late blastula, and late gastrula stages (Fig. 3A-C
and E). While the expression of miR-430 in GF embryos was lower than
that in hybrid embryos at the early gastrula stage, s-GFRG embryos
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maintained significantly higher levels than d-RGGF (Fig. 3D).
3.3. Visualization of the miR-430 transcript

To further investigate the spatial and temporal expression of miR-
430, WISH was conducted. The intensity of embryo staining reflects the
relative abundance of transcripts that hybridize with the probe (Fig. S1).
Prior to the morula stage, no difference in the GF embryos was observed
between the experimental and control groups. All blastomeres appeared
purple at the morula stage and darkened progressively until the late
blastula stage. Embryo staining decreased at the onset of the early gas-
trula stage; however, it rose in the subsequent stage. At the segmentation
and fry stages, the embryos remained almost unstained (Fig. 4A and B).

In the RG, from 64 cells to the morula stage, the blastomere exhibited
a uniform lilac pigmentation. The cells displayed a dark purple
appearance from the early blastula to early gastrula stage. miR-430
transcripts were almost undetectable during embryonic development
after the early gastrula stage (Fig. 4C and D).

In s-GFRG embryos, miR-430 expression was not detectable until the
embryos reached the early blastula stage. The entire blastomere
exhibited a purple hue from the early blastula stage until the early
gastrula stage. This observation is in stark contrast to that of the control
group, which displayed a distinct absence of purple pigmentation
throughout the corresponding stage. A decrease in the degree of embryo
staining was noted during the late gastrula and segmentation stages.
Furthermore, a lilac color was detected in the head cells of the fry,
indicating that miR-430 was expressed in the brain (Fig. 5A and B).

Consistent with the qPCR results, miR-430 expression was not pre-
sent until the early blastula stage in d-RGGF embryos. From the late
blastula stage to early gastrula stage, all blastoderm cells were stained
purple. The level of embryo staining was extremely low at the late
gastrula stage. Embryos at the segmentation and fry stages were almost
unstained (Fig. 5C and D).

3.4. Defective forms of miR-430

To investigate how miR-430 affects embryonic development, the
consequences of miR-430 knock down and overexpression were exam-
ined. Three different concentrations of agomir430 and antagomir430
were injected into single-cell stage embryos of the parental goldfish
(Fig. 6A). No morphological abnormalities or changes in mortality were
observed in the 2 pM and 5 pM treatment groups. Similar to d-RGGF,
embryos treated with 10 pM antagomir430 showed morphological ab-
normalities (spinal curvature and enlarged pericardial cavity) and
higher mortality compared to that of the other treatment groups (Fig. 6B
and C).

Changes in target gene expression after miR-430 knockdown and
overexpression were measured using qPCR. The experimental results of
the stability analysis performed by Bestkeeper indicated that for f-actin,
the SD of the Ct values was 0.79 and the CV was 3.42 across different
treatment groups of GF (Table S1). All maternally provided transcripts
and primordial specific genes affected by miR-430 were negatively
correlated with miR-430 expression levels. Notably, insignificant
changes were observed following 2 pM injection treatment. The
expression levels of dicerl, agol, ago4, tdrd7, nanos3, and piwil2 were
increased but not significantly under 5 pM miR-430-inhibition treatment
(Fig. 6D, G, and I-L). When the concentrations were increased to 10 pM,
compared to the control group, all the miR-430 target genes showed
significant changes in their expression levels. Based on these results, 10
uM agomir430, antagomir430, and their relevant negative controls were
injected into single-cell stage embryos of s-GFRG and d-RGGF,
respectively.

A comparison of the negative control treatment with the blank
control group revealed that the former did not significantly affect the
embryonic morphology or mortality. We analyzed the effects of miR-430
deletion on phenotype. All resultant embryos developed normally
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Fig. 2. Expression patterns of miR-430 in embryos.

A: Histograms of miR-430 expression in GF embryos; B: Histograms of miR-430 expression in RG embryos; C: Histograms of miR-430 expression in s-GFRG embryos; D:
Histograms of miR-430 expression in d-RGGF embryos. Relative expression levels are presented as the mean + standard deviation of three replicates. Different letters

on the graph indicate significant differences(P < 0.05).

during the cleavage and blastula stages. However, many malformations
and high mortality rates were observed in miR-430-silenced s-GFRG and
d-RGGF embryos during segmentation. In miR-430-silenced embryos,
the anterior-posterior body axis exhibited a reduction in extension,
while the spine demonstrated a substantial degree of curvature (Fig. 7A-
D). Moreover, miR-430 downregulation in embryos disrupted brain
regionalization and enlarged the pericardial cavity at 48 h post-
fertilization (hpf). Compared to the high survival rate in the control
group, most miR-430-silenced s-GFRG embryos died within 8 d. Few
deformed fry hatched, and all died within 3 d of hatching in the d-RGGF
control group (Fig. 7G). Notably, the exogenous re-expression of miR-
430 effectively reduced the malformation rate and prolonged the life-
span of fry up to 12 d after hatching (Fig. 7E and F).

miR-430 knockdown and overexpression were also confirmed using
gPCR. In embryos from different treatment groups of GFRG and RGGF at
the early gastrula stage, the SD of the Ct values of f-actin was 0.93 and
the CV was 4.36. Moreover, in embryos from different treatment groups
of GFRG and RGGF at the late gastrula stage, the SD of the Ct values of
p-actin was 0.47 and the CV was 2.5(Table S1). The significant differ-
ential expression of miR-430 was confirmed in the s-GFRG and d-RGGF
control groups (Fig. 7H). Additionally, at the early gastrula stage, there
was no significant difference in the expression levels of dicer1, ago1, and
ago4 between the four groups, whereas impaired clearance of dgcr8,

nanog, and ago2 was found in d-RGGF compared to s-GFRG (Fig. 8A-F).
As shown in Fig. 8G-J, no significant variations were detected in the
expression levels of tdrd7, nanos3, and piwil2 among the four groups,
whereas the level of Clg-like factor was higher in s-GFRG than in d-
RGGF at the early gastrula stage. The effects of miR-430 expression were
observed at the late gastrula stage in s-GFRG and d-RGGF. miR-430
overexpression in d-RGGF cells significantly reduced the dicer1, dgcr8,
nanog, ago2 and ago4 transcript levels. The clearance of maternal ago2
and ago4 in s-GFRG was significantly higher than that in d-RGGF.
Furthermore, mRNA expression levels of dicer1, dgcr8, nanog, agol, and
ago2 were upregulated following miR-430 silencing, indicating that the
embryos had lost the inhibitory effect of miR-430. Upregulation of miR-
430 reduced the expression levels of dicer1, dgcr8, nanog, ago1, ago2, and
ago4, with remarkable differences between nanog, ago2, and ago4
(Fig. 8K-P). The transcriptional levels of tdrd7, nanos3, piwil2, and C1q-
like factor were substantially increased in response to the knockdown of
miR-430 in s-GFRG embryos. Consistent with this, the overexpression of
miR-430 significantly decreased the expression of zygotically expressed
transcripts (Fig. 8Q-T).
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4. Discussion
4.1. Types of miR-430

Despite the relatively simple structure and short length of miR-430,
different base sites were revealed and these may be associated with
species specificity. In d-RGGF, the two miR-430 genotypes resembled the
maternal and paternal genotypes. The three miR-430 genotypes in s-
GFRG were similar to those in GF, and several mutation sites were
identified.

Two divergent genomes that evolve independently in parents are
reunited into a common nucleus at the time of hybrid offspring forma-
tion, resulting in hybrid incompatibilities that diminish hybrid viability
or fertility (Moran et al., 2021). Nevertheless, heterologous recombi-
nation and base mutations have been commonly observed in hybrid fish,
which are considered important genetic traits that decrease genome
incompatibility between different species (Wang et al., 2015). Previous
studies in our laboratory indicated that s-GFRG is allotriploid whereas d-
RGGF is diploid. An increased genome size can produce a higher prob-
ability of heterologous recombination, which can also be accompanied
by better viability and adaptability (Comai, 2005). In contrast, simple
genome fusion between the parents of two different species causes in-
compatibility of the genetic material in d-RGGF. It is evident that
extensive recombinations and mutations have the capacity to reduce
genome incompatibility, thus resulting in a complete alteration of the
developmental fates of s-GFRG and d-RGGF (Wang et al., 2025).

4.2. Expression of miR-430

The expression stability of the reference genes utilized in this
investigation was meticulously appraised using the BestKeeper software.
Genes exhibiting a SD of Ct values below 1, coupled with a minimal CV,
were deemed to demonstrate consistent expression across diverse
experimental samples (Lai et al., 2024). Consequently, the reference
genes adopted in this study were validated as suitable for use.

Our findings showed that the transcription of miR-430 began in the
early blastula stage in GF compared to the earlier morula stage in RG.
This coincides with the MZT stage, which occurs according to species-
specific timing. Moreover, the presence of miR-430 transcripts was

detected in all blastoderm cells from the morula through to the early
gastrula stage of development, suggesting ubiquitous expression in the
early embryo. miR-430 expression is robust during axis formation, but it
exhibits a decline in the somite form. The temporal expression of miR-
430 is broadly consistent with that reported in zebrafish and medaka
(Oryzias latipes) (Giraldez et al., 2006; Tani et al., 2010), suggesting
evolutionary conservation of its regulatory and functional roles. This
consistency reflects the miRNA's involvement in fundamental biological
processes essential for teleost survival, thereby minimizing evolutionary
divergence in its expression dynamics and molecular functions.

Compared to the parents, the emergence of the MZT was delayed in
the hybrid progeny, indicating potential disruptions in early embryonic
development programs. No discrepancies were detected in the temporal
and spatial expression patterns of miR-430 between s-GFRG and d-RGGF
embryos; however, a substantial discrepancy was observed in the
expression levels. Specifically, miR-430 expression levels in GF and s-
GFRG embryos were significantly higher than those in d-RGGF embryos,
which likely results from genomic instability associated with
hybridization.

As previously reported, disparities in chromosome number between
parental entities result in alterations in the chromosome number of
distant hybrids (Liu, 2010). This genomic instability, arising from the
combination of heterologous genomes directly results in changes in
hybrid progeny gene transcription, such as gene silencing, upregulation
or downregulation of expression, non-functionalization, sub-function-
alization, and neofunctionalization (Adams and Wendel, 2005; Song
et al.,, 2012). These transcriptional disruptions commonly disrupt
normal embryonic development, ultimately culminating in embryotox-
icity or lethality (Chen et al., 2018; Zhang et al., 2014),which aligns with
the widely accepted hypothesis that gene expression variation plays
important roles in speciation and adaptive evolution (Romero et al.,
2012).

The elevated ploidy in s-GFRG likely activated a dosage compensa-
tion mechanism, as evidenced by the significantly higher miR-430
expression compared to d-RGGF. In lower vertebrates, dosage compen-
sation is essential for maintaining genomic stability and ensuring the
evolutionary success of polyploid lineages (Pala et al., 2008). Further-
more, the upregulation of growth-related genes in triploids results in an
accelerated growth rate compared with that of diploids (Ren et al.,
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Fig. 6. Molecular and phenotypic consequences of miR-430 deletion in GF embryos.

A: qPCR results of miR-430 in GF embryos after injection of agomir430 and antagomir430; B: GF embryos as a control; C: Morphogenesis of GF embryos injected with
10 pM antagomir430; D-I: Relative expression of dicer1, dgcr8, nanog, and AGOs in GF embryos; J-M: Relative expression of tdrd7, nanos3, piwil2, and C1g-like factor in
GF embryos. Embryos were collected during the late blastula stage. WT = wild type. Relative expression levels are presented as the mean =+ standard deviation of
three replicates. Different letters on the graph indicate significant differences(P < 0.05). Scale bar = 0.5 mm.

2017). In contrast, genomic instability resulting from distant hybridi-
zation led to reduced miR-430 levels in d-RGGF embryos. Subsequently,
these transcriptional regulatory disruptions likely perturbed the miR-
430-governed regulatory networks, resulting in abnormal gene func-
tionality. Ultimately, such molecular dysregulation may represent a key
contributing factor to the observed embryonic developmental abnor-
malities and lethality in d-RGGF.

4.3. Function of miR-430

Different phenotypes can be attributed to the dysregulation of spe-
cific genes and target mRNAs. Knockdown of miR-430 led to severe axial
defects in s-GFRG, with most embryos showing short and curved body
axes and an enlarged pericardial cavity. These defects are consistent
with those observed in wild-type d-RGGF embryos. In contrast,

overexpression of miR-430 in d-RGGF embryos rescued abnormal em-
bryo phenotypes and prolonged fry survival.

miR-430 is widely expressed and functional in all cells. The knock-
down of miR-430 restricted to the organizer and Kupffer's vesicle pro-
genitor cells recapitulates looping defects observed in whole-embryo
knockdown, suggesting that miR-430 is a key regulatory factor influ-
encing the development of the left/right asymmetry in gut and heart
(Brown et al., 2022). Dicer is essential for miRNA biogenesis, and rein-
troduction of miR-430 can rescue morphogenetic defects during
gastrulation and brain ventricle development in dicer-deficient zebrafish
embryos (Giraldez et al., 2005). It has been proposed that miR-430 co-
ordinates the cell divisions that induce neural tube morphogenesis
(Takacs and Giraldez, 2016). Phenotypically, the signal of the miR-430
probe appears in the brain ventricular system of s-GFRG fry, suggesting
that miR-430 may be involved in brain ventricle formation and
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subsequent morphogenesis.

Clearance of maternal mRNAs is required for MZT and promotes the
establishment of global heterochromatin (Laue et al., 2019). The
biogenesis and function of miR-430 depends on maternally provided
transcripts, which in turn facilitate the degradation of these maternally
provided transcripts (Lee et al., 2013; Liu et al., 2020b). Inhibition of
miR-430 translation occurred at 4 hpf, while significant mRNA decay
was detected only at 6 hpf (Bazzini et al., 2012). The functional rele-
vance of maternal transcript clearance by miR-430 was confirmed by
showing that decreased miR-430 levels were correlated with the accu-
mulation of nanog, dicer1, dgcr8, and AGOs (Fischer et al., 2019). Failure
in nanog degradation due to miR-430 deficiency may lead to abnormal

organization of yolk microtubules required for ectoderm development
and incorrect formation of actin structures in the yolk syncytial layer
(YSL), ultimately resulting in severe disruptions to the ectodermal axis
and massive cell death at the terminal stage of embryonic development
(Veil et al., 2018). These results suggest that miR-430 facilitates the
transition from a maternal to zygotic state (Liu et al., 2020b). The pro-
longed presence of maternally supplied transcripts may be a barrier to
full ZGA.

In this study, gPCR confirmed that the deletion of miR-430 causes an
increase in tdrd7, nanos3, piwil2, and C1g-like factor expression in s-
GFRG embryos, consistent with the established ability of agomir430 to
reduce the expression levels of primordial-specific genes. These data
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suggest that miR-430 plays an essential role in controlling the survival,
proliferation, and migration of fish PGCs during development (Tani
et al., 2010). Further research is now needed to clarify whether the
redundancy of primordial-specific genes leads to changes in the somatic
differentiation and divergent fate of the embryonic germline and later
development in hybrid fish.

5. Conclusion

In summary, our study reveals that genetic material coordination
between the two distantly related parental genomes in s-GFRG embryos
is higher than in d-RGGF embryos, likely due to genetic recombination
and mutational events. MiR-430 functions in maternal transcript
degradation and PGCs development, and its expression levels are
significantly higher in s-GFRG than in d-RGGF embryos. Disturbed
expression of miR-430 in d-RGGF causes the accumulation of maternal
transcripts, and the zygotic genome is not fully activated. As a result, the
d-RGGF embryos develop abnormally and eventually die. Therefore, a
normal MZT is an important factor for the survival of distant hybrid
offspring. By comparing miR-430 genetic variations, spatiotemporal
expression patterns, and functional roles during embryonic develop-
ment between parental and distant hybrid offspring, this study in-
vestigates the impact of zygotic gene activation and function on fish
hybrid embryo development. These findings provide new insights into
hybrid lethality and may also benefit fish crossbreeding.
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