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Abstract:  
 
The molecular mechanisms underlying and determining egg developmental competence remain poorly 
understood in vertebrates. Nucleoplasmin (Npm2) is one of the few known maternal effect genes in 
mammals but this maternal effect has never been demonstrated in non-mammalian species. A link 
between developmental competence and the abundance of npm2 maternal mRNA in the egg was 
previously established using a teleost fish model for egg quality. The importance of maternal npm2 
mRNA for egg developmental competence remains however currently unknown in any vertebrate 
species. In the present study, we aimed at characterizing the contribution of npm2 maternal mRNA to 
early developmental success in zebrafish using a knockdown strategy. We report here the oocyte-
specific expression of npm2 and maternal inheritance of npm2 mRNA in zebrafish eggs. The 
knockdown of the protein translated from this maternal mRNA results in developmental arrest before 
the onset of epiboly and subsequent embryonic death, a phenotype also observed in embryos lacking 
zygotic transcription. Npm2 knockdown also results in impaired transcription of the first wave zygotic 
genes. Our results show that npm2 is also a maternal effect gene in a non-mammalian vertebrate 
species and that maternally inherited npm2 mRNA is crucial for egg developmental competence. We 
also show that de novo protein synthesis from npm2 maternal mRNA is critical for developmental 
success beyond blastula stage and required for zygotic genome activation. Finally, our results suggest 
that npm2 maternal mRNA is an important molecular factor of egg quality in fish, and possibly in 
vertebrates. 
 

Keywords: egg quality ; fish ; maternal effect gene ; maternal-to-zygotic transition ; nucleoplasmin ; 
oocyte developmental competence ; teleost ; zygotic genome activation 

 
 
 

http://dx.doi.org/10.1095/biolreprod.114.119925
http://archimer.ifremer.fr/
mailto:julien.bobe@rennes.inra.fr


 
INTRODUCTION 
The formation of a viable gamete is one of the limiting factors of reproductive success in wild 
and domestic animals, as well as in humans. Among the different factors that can impact 
reproductive fitness, the production of nonviable eggs is a major issue. The acquisition of egg 
developmental competence (i.e. the egg ability to support early embryo development, once 
fertilized) results from the coordinated assembly of various egg components during oogenesis [1, 
2]. Despite the known importance of several molecular egg components and key steps of egg 
formation during oogenesis, our knowledge of the molecular mechanisms involved in making a 
developmentally competent egg remains incomplete [2, 3]. Among factors known to be 
important for early embryonic success are maternally-inherited mRNAs that accumulate in the 
oocyte during oogenesis and are subsequently used by the embryo before zygotic genome 
activation (ZGA) [4]. The rainbow trout (Oncorhynchus mykiss), in which egg quality can be 
modulated by many factors [5], has been used to tentatively correlate developmental potential 
with the abundance of specific mRNAs in the unfertilized egg [6, 7]. Among the genes exhibiting 
a positive correlation between maternal mRNA abundance and developmental potential was 
npm2 [7]. 
Npm2 protein, also known as nucleoplasmin, is one of the most abundant proteins of the 
Xenopus oocyte nucleus and has received long term attention [8–10]. This acidic and highly 
phosphorylated protein forms a stable pentamer complexed with histones and participates in 
nucleosome assembly [11, 12]. The term “molecular chaperone” was coined in 1978 to describe 
the ability of nucleoplasmin to assist in the formation of nucleosomes by preventing the 
aggregation of core histones with DNA [8]. This term was subsequently extended to describe the 
function of a larger group of proteins postulated to assist both folding and assembly reactions in 
various cellular processes [13]. Npm2 is a nuclear chaperone protein, expressed in oocytes and 
eggs. In the egg, nucleoplasmin is found natively bound to histones H2A and H2B, facilitating 
the storage of these proteins [14]. Npm2 also appears to be involved in formation of nucleolus-
like bodies during oocyte growth [15] and is essential for organization of oocyte nuclear and 
nucleolar domains as well as the compaction of oocyte chromatin during the final stages of 
oocyte development [16]. At fertilization, Npm2 is involved in sperm chromatin decondensation 
and remodeling in Xenopus [17, 18]. This role of Npm2 in sperm chromatin decondensation has 
been thoroughly investigated and is documented in several vertebrate species [19–22]. In 
addition, Npm2 is one of the few known maternal effect genes in mammals [23, 24]. To our 
knowledge, this maternal effect has been demonstrated in mice [16] but not in any other animal 
species. Npm2 knockout (KO) mice (Npm2-null) are infertile or subfertile, and embryos lacking 
NPM2 exhibit reduced initial cleavage rate, impaired development to the 2-cell stage, and death 
by 50 h post-fertilization [16]. While sperm DNA decondensation occurs normally without 
NPM2, Npm2-null zygotes exhibit reduced zygotic gene transcription and translation [16]. 
Together, these observations suggest that the importance of Npm2 for reproductive success 
involves other mechanisms than sperm chromatin decondensation and remodeling, which remain 
to be elucidated.  
The positive correlation between npm2 maternal mRNA abundance in the rainbow trout egg [7] 
and developmental potential previously identified in fish, and the recent report of a lower NPM2 
mRNA expression in persistent bovine oocytes that are known to exhibit poor developmental 
competence [25] suggest that maternally inherited Npm2 mRNA could play an important role in 
early developmental success in vertebrates. To our knowledge, the role of Npm2 in egg 



developmental competence has never been demonstrated in non-mammalian species. In addition, 
the specific contribution of maternally-inherited Npm2 mRNA to egg developmental competence 
has never been characterized in any vertebrate species. The aim of our work was thus to 
characterize the contribution of npm2 maternal mRNA to egg developmental competence in the 
zebrafish (Danio rerio), and gain new insights into the mechanisms possibly involved. 
 
MATERIALS AND METHODS 
Animals and sampling 
Investigations were conducted according to the guiding principles for the use and care of 
laboratory animals in compliance with French and European regulations on animal welfare. 
Protocols were approved by the Rennes ethical committee for animal research (CREEA) under 
approval # R2012-JB-01. 
Zebrafish (Danio rerio) of the AB strain were obtained from INRA LPGP fish facility (Rennes, 
France). For tissue collection, zebrafish were euthanized using 2-phenoxyethanol. Stage I-IV 
ovarian follicles [26] were dissected from ovaries collected from mature females as previously 
described [27]. For the early embryo development study, a fraction (30% or more) of the 
fertilized eggs were kept to assess developmental success and used to monitor survival at 24 hpf. 
In order to analyze the developmental sequence of embryos originating from developmentally 
competent eggs, only egg clutches exhibiting hatching rate above 80% in the control fraction 
were kept for further analysis. Remaining eggs of each developmentally competent clutch were 
serially sampled at fertilization (0.25 hpf), 1 cell (0.75 hpf), sphere stage (4 hpf), shield stage (6 
hpf), and 24 hpf, according to previously described developmental stages [28]. For in situ 
hybridization, whole mount in situ hybridization, and immunohistochemistry, ovaries or embryos 
were fixed overnight in 4% paraformaldehyde at 4°C, dehydrated in 100% methanol after three 
successive short incubation steps in methanol solutions of increasing concentrations, and 
subsequently stored at -20°C until further processing. For western blot experiments, yolk was 
manually removed from the embryo in a deyolking buffer (0.1M NaCl; 0.03M KCl; 0.02M 
MgSO4, 7H2O; 0.04M CaCl2, 2H2O; 0.1M saccharose; 0.02M Hepes; 0.02M bicine; pH 7.5; 
pOsm 315mOs), and samples stored at -80°C until protein extraction. 
 
QPCR analysis 
Samples for quantitative PCR (QPCR) analysis were prepared as previously described [27]. 
QPCR reactions were performed using 400 nM of each primer in order to obtain PCR efficiency 
between 95 and 100%. In order to avoid non-specific signal due to genomic DNA contamination, 
at least one primer of each pair was designed on exon boundaries. The relative abundance of 
target cDNA within a sample set was calculated from serially diluted cDNA pool (standard 
curve) using Applied Biosystem StepOne V.2.0 software. After amplification, a fusion curve was 
obtained to validate the amplification of a single PCR product. For oogenesis and early 
development experiments, 9 pg of exogenous luciferase mRNA (Promega) were added per 
oocyte/embryo to each sample prior to RNA extraction. Thus, data were normalized using 
exogenous luciferase transcript abundance in the samples. Primer sequences are shown in 
Supplemental Table S1 (Supplemental Data are available online at www.biolreprod.org). 
 
Anti-Npm2 antibody 
An affinity-purified polyclonal antibody raised in rabbit against a synthetic peptide 
(ASDENPPKKGKGR) of the zebrafish Npm2 protein was obtained from GenScript (Piscataway, 



NJ, USA). In order to validate the western blot specificity of the antibody, a 4 hpf embryo 
protein extract was loaded in four different wells and immunoblotted, after migration and 
transfer, under 4 different conditions: (1) anti-Npm2 primary antibody, (2) no primary antibody, 
(3) anti-Npm2 primary antibody in presence of the antigenic peptide, and (4) the pre-immune 
serum (PPI). A single band was observed at 28.1 ± 0.3 kDa (N = 7) with the anti-Npm2 antibody 
that was not detected under any other condition (Supplemental Fig. S1A). When used for 
immunohistochemistry, a strong signal was observed in the oocyte nucleus using the anti-Npm2 
antibody (Supplemental Fig. S1B), while no nuclear signal could be detected using a negative 
control primary antibody (rabbit IgG negative control primary antibody, #I-1000 AbCys, Paris; 
Supplemental Fig. S1C). 
 
In situ and whole-mount in situ hybridization 
In situ hybridization (ISH) and whole mount in situ hybridization (WISH) procedures were 
carried out as previously described [27]. Digoxigenin-labeled npm2 anti-sense RNA probes were 
produced using the Promega SP6/T7 RNA polymerase Riboprobe Combination System 
following manufacturer’s instructions. The full-length npm2 cDNA was used to generate sense 
and antisense probes. Fixed samples were paraffin-embedded and serial 5-μm cross-sections 
were treated as previously described using the In situ Pro, Intavis AG robotic station [27]. 
Digoxigenin-labeled RNA probes were diluted in hybridization buffer at a final concentration of 
8 ng/μl. The digoxigenin signal was then revealed with an anti-digoxigenin antibody conjugated 
with alkaline phosphatase (Roche Diagnostics) and a NBT/BCIP revelation system (Roche 
Diagnostics) as recommended by the manufacturer. Slides were mounted with mowiol 4–88 
(Calbiochem) before observation. 
 
Western Blotting 
Protein extracts from oocytes or embryos were prepared in protein extraction buffer (50mM Tris-
HCl, pH 7.5, 5 mM EDTA, 10 mM EGTA, 10 mM Benzamidine) supplemented with anti-
protease cocktail. Homogenates were centrifuged at 14,000g for 15 min at 4°C to pellet cell 
debris. Proteins in supernatants were resolved on denaturing 4-15% polyacrylamide gels and 
transferred to nitrocellulose membranes. Nonspecific binding was blocked by 1 h incubation in 
TBST buffer (TBS, 0.1 % Tween 20) containing 5 % of non-fat dry milk (incubation buffer). 
Membranes were then incubated overnight at 4°C with 1:1000 anti-Npm2 primary antibody 
diluted in incubation buffer. β-Actin antibody (sc-47778, Santa Cruz Biotechnology) was used as 
loading control and co-incubated at 1:5000. ERK 1 antibody (K-23, Santa Cruz Biotechnology) 
was used at 1:1000. Excess of primary antibody was washed in incubation buffer (5 X 5 min) 
and membranes were then incubated for 1 h at room temperature in incubation buffer containing 
anti-rabbit and anti-mouse horseradish peroxydase (HRP)-conjugated secondary antibodies. 
After 5 successive 5-min washes in TBST, antigen-antibody complexes were detected using 
Uptima Uptilight chemiluminescent revelation kit. Images were taken under Fusion FX7 Imager 
(Vilber Lourmat) with Fusion software (v 15.11). For rescue experiments, an anti-FLAG 
antibody (#F3165, Sigma-Aldrich) was used to specifically recognize FLAG-tagged Npm2 
protein expression from injected in-vitro transcribed mRNA. 
 
Immunohistochemistry 
Immunohistochemistry was performed on Discovery XT automated station (Roche, Illkirch, 
France). Sections were dewaxed for 8 min at 75°C using EZ Prep (Roche), epitopes were 



unmasked for 48 min at 95°C with CC1 buffer and endogenous biotins were blocked (Roche). 
Anti-Npm2 primary antibody was incubated at 1:250 for 1 h at 37°C and anti-rabbit biotinylated 
secondary antibody incubated (Vector Laboratories) at 1:700 for 32 min at the same temperature. 
Signal detection was performed using DAB/MAP system (Roche) and slides were counter-
stained using Mayer’s hematoxylin before mounting. 
 
Knockdown analysis 
To perform zebrafish Npm2 protein knockdown (KD), an antisense morpholino oligonucleotide 
(MO) directed against a region spanning the ATG site (Npm2 MO: 5’-
AGGTTTTCTCGGTTTTGCTCATTTTG-3’) was designed (Gene Tools, OR). A mismatch 
control MO displaying 5 mismatch bases was also designed against the same region (mismatch-
MO: 5’- AGcTTTgTCcGTTTTcCTgATTTTG-3’). A standard control zebrafish MO (control: 5’- 
CCTCTTACCTCAGTTACAATTTATA-3’) was used to validate the injection method. 
Dehydrated MOs were resuspended in nuclease-free water and 1-2 nl of MO solution (10-250 
μM) was injected into 1-cell zebrafish embryos. Approximately 30% of the eggs of each clutch 
were kept as uninjected controls and further incubated to assess developmental success through 
the monitoring of survival rates at 24 hpf and hatching period as well as the occurrence of 
developmental defects. Remaining eggs were injected to characterize Npm2 KD effects. 
Embryonic development was monitored at 2 hpf (64 cells), 4 hpf (sphere stage), 6 hpf (shield 
stage), 8 hpf (75% epiboly), and 24 hpf. Pictures were taken using a Nikon AZ100 multi-zoom 
microscope. Survival and embryonic malformations were checked at 24 hpf. For rescue 
experiments, the Npm2 MO was co-injected with an in-vitro transcribed mutated npm2 mRNA 
encoding a fusion FLAG-Npm2 protein. Silent mutations were incorporated in the vicinity of the 
translation initiation site in order to avoid recognition by the Npm2 MO. The in-vitro transcribed 
zebrafish npm2 mRNA exhibited a total of 10 nucleotide differences in the region targeted by the 
25-nucleotide Npm2 MO (Supplemental Fig. S2). In vitro transcribed, capped, mRNAs were 
obtained using mMessage Kit (Ambion) according to manufacturer’s instruction. Approximately 
500 pg of RNA was injected per embryo. The rescue procedure was performed using zebrafish 
npm2 cDNA (GenBankAcc #EU543215.2) and repeated using the Xenopus laevis npm2 cDNA 
(GenBankAcc #NM_001087558.1), both subcloned into pCS2 expression plasmid. 
 
Effect of Npm2 knock down on zygotic genome activation 
In order to evaluate the impact of Npm2 KD on zygotic genome activation, the most 
discriminating genes (dusp1, her5, and dact1) of the first wave of zebrafish zygotic transcription 
[29] were monitored in control and Npm2 KD embryos at 3 hpf (i.e. after the onset of zygotic 
genome and before the time of developmental arrest at the sphere stage). A gene, mt-atp6, 
reported in the same study as strictly maternal was used as a negative control [29]. QPCR was 
performed as described above with the primers and normalizing gene (ef1a) used in the original 
study [29]. Primers were designed to amplify pre-mRNAs across exon-intron boundaries in order 
to monitor only early zygotic transcription [29]. The analysis was conducted using 5 different 
egg clutches originating from different individual females. Each egg clutch was used to monitor 
expression in both control (uninjected) and Npm2 KD embryos. Before analysis, the levels of 
ef1a were monitored in control and Npm2 KD groups and normalized using beta-actin signal in 
order to verify that ef1a levels were not affected by Npm2 KD. 
 
Statistical analysis 



Differences in developmental progression after Npm2 MO and mismatch MO injection were 
analyzed using a Wilcoxon rank sum test. Differences between morpholino-injected embryos and 
control embryos were analyzed using Chi2-Test proportions comparison with two-sided 
alternative hypothesis (a Bonferroni correction for pairwise test was used). QPCR and western 
blot data were analyzed using a Wilcoxon rank sum test for paired samples. All statistical 
analyses were performed using R (v 2.15.3) software. 
 
RESULTS 
npm2 mRNA tissue distribution and cellular expression 
The QPCR analysis carried out in a variety of zebrafish tissues and organs showed that npm2 
mRNA was predominantly expressed in the ovary (Figure 1A) while only a faint signal could be 
detected in other tissues and organs. Within the ovarian follicles, npm2 mRNA was exclusively 
localized in the oocyte cytoplasm, while no signal was detected in follicular layers or in extra-
follicular tissue (Figure 1B, D-F). No signal was detected using the sense probe (Figure 1C). The 
npm2 mRNA signal was very strong in stage I oocytes (Figure 1D), while a weak signal could be 
detected in stage II oocytes (Figure 1E). A weaker, but specific, signal was also observed in stage 
III oocytes (Figure 1F).  
 
npm2 mRNA profiling during oogenesis  
Quantitative PCR for npm2 transcripts in the ovarian follicle throughout oogenesis revealed 
significant expression at all stages of ovarian development (Figure 1G). In stage I oocytes, npm2 
mRNA expression was the highest and exhibited a progressive decrease during intra follicular 
oocyte development and growth. Despite this decrease during oogenesis, npm2 abundance in 
stage V oocytes (i.e. unfertilized eggs) remained significant. 
 
Npm2 protein cellular expression and profiling during oogenesis 
The Western blot analysis revealed a single band corresponding to zebrafish Npm2 with a 
molecular weight of 28 kDa (Supplemental Fig. S1A). A strong signal was observed at all stages 
(I-V) without any noticeable change in expression level (Figure 2A). The immunohistochemistry 
analysis showed a strong signal corresponding to Npm2 in the nucleus of the oocyte at all studied 
stages (Figures 2B-E). A weaker signal was also observed in the oocyte cytoplasm, especially at 
stages II and III, but not in somatic cells of the ovarian follicle or extra-follicular tissue. 
 
mRNA and protein expression during early development 
In fertilized eggs, a significant amount of npm2 mRNA could be detected by QPCR (Figure 3A). 
Expression levels were similar in fertilized and unfertilized eggs (i.e. stage V oocytes) and 
remained stable until 4 hpf. A decrease in npm2 abundance was subsequently observed between 
4 and 6 hpf (Figure 3A) reaching very low levels at 24 hpf. A similar profile was observed using 
whole mount in situ hybridization (Figure 3B). Using Western blot analysis, we were able to 
detect a single Npm2 protein in the embryo throughout early development (Figure 3C). Very 
strong expression was observed at 1-cell stage and 4-6 hpf, while a much lower expression was 
observed at 24 hpf. Immunohistochemistry analysis revealed a strong Npm2 expression at 2-cell 
stage and 4 hpf with a predominant signal in the nucleus (Figure 3D-F). No signal was observed 
using a negative control primary antibody (Figure 3G). 
 
Npm2 protein knockdown using morpholino-oligonucleotide microinjection 



Microinjections of the Npm2 MO into zebrafish 1-cell embryos resulted in a complete 
developmental arrest before gastrulation (Figure 4A). Npm2 MO embryos did not progress 
beyond the sphere stage and subsequently died after a few hours (Figure 4E). At 24 hpf, no 
embryonic survival could be observed in embryos injected with the Npm2 MO (Figures 4B and 
4E). In contrast, uninjected control embryos and embryos injected with the mismatch control 
MO or with water developed normally (Figure 4A). Western Blot analysis showed that Npm2 
protein levels were significantly lower in Npm2 MO embryos than in control embryos at 4 hpf 
(p=0.023, N = 7 egg clutches) (Figure 4C). Using a range of Npm2 MO concentrations (10-250 
µM), a dose-response effect was observed (Figure 4D). Npm2 MO concentrations of 25 and 50 
µM resulted in 46.41% and 22.77% of embryos reaching somitogenesis, respectively (Figure 
4D). At a concentration of 75 µM, a complete developmental arrest before gastrulation was 
observed with no embryonic survival at 24 hpf (Figure 4D-E). The mismatch control MO, at a 
concentration ranging from 100 to 250 µM, resulted in progression beyond the sphere stage that 
was not significantly different from uninjected controls, with 96.79% of embryos reaching 
somitogenesis (Figure 4D). The minimal concentration of Npm2 MO (i.e. 75 µM) leading to a 
complete developmental arrest was subsequently used for phenotypic rescue experiments.  
 
Phenotypic rescue by co-injection of a mutated npm2 RNA 
Co-injection of mutated, MO-insensitive, zebrafish npm2 in-vitro transcribed mRNA with the 
Npm2 MO resulted in a significant rescue of the phenotype, with a progression beyond sphere 
stage (Figure 5A) and 40.65% of injected embryos reaching somitogenesis (Figure 5B). A partial 
rescue was also observed when co-injecting the Npm2 MO with the mutated MO-insensitive 
Xenopus npm2 mRNA (Figure 5A-B). The injection of the in-vitro transcribed mRNAs resulted 
in both cases in a significant expression of the fusion protein at 4 hpf that could be detected using 
the anti-FLAG antibody (Figure 5C). 
 
Effect of Npm2 KD on the first wave of zygotic transcription 
At 3 hpf, the QPCR analysis revealed a marked and significant difference in expression levels of 
all analyzed first wave zygotic pre-mRNAs, with a much lower expression in the Npm2 MO 
embryos in comparison to control embryos (Figure 6). In contrast, no significant difference was 
observed in the levels of the maternally-provided gene mt-atp6 used as a negative control (Figure 
6). 
 
DISCUSSION 
npm2 is an oocyte-specific gene expressed throughout oogenesis 
To date, Npm2 has been mostly studied in amphibians and mammals while it has received little 
attention in teleost fish. Data on mRNA and protein expression are scarce in fish, and only the 
detection of npm2 mRNA in the rainbow trout unfertilized egg was previously reported [7]. In 
the present work, we report a predominant expression of npm2 in the zebrafish ovary with no or 
little signal in other investigated tissues and organs. This ovarian-predominant pattern is 
consistent with previous observations made in mouse [16] and cow [25]. Npm2 mRNA is 
expressed in murine oocytes exclusively from primary through antral follicles [16] and could be 
detected by northern blot analysis in stage I-VI oocytes as well as in vitro matured oocytes in 
Xenopus laevis [30]. A similar feature is observed here in zebrafish, in which npm2 transcript and 
protein are detected in the oocyte throughout oogenesis, suggesting a role for this protein during 
oocyte growth and/or meiotic and developmental competence acquisition. Several decades ago, 



Xenopus laevis Npm2 was identified as an oocyte nuclear protein [8] and is also believed to be 
one of the most abundant nuclear proteins in the egg [10, 31]. The nuclear expression of NPM2 
in the oocyte was subsequently confirmed in mammals [16] and is also reported here in zebrafish 
for the first time in any teleost species. Together, these data suggest that the ‘oocyte-specific’ 
expression pattern of Npm2 gene and the nuclear localization of the protein in the oocyte are 
conserved features shared by evolutionary distant vertebrate species, including teleost fish and 
mammals. 
 
Zebrafish nucleoplasmin is maternally-inherited at both protein and mRNA levels 
In the present work, we were able to detect significant levels of Npm2 protein in zebrafish 
unfertilized eggs (i.e. metaphase-II oocytes) indicating that Npm2 protein is maternally inherited 
in zebrafish eggs. This observation is in full agreement with previous observations made in other 
vertebrates. In Xenopus laevis, Npm2 protein is highly abundant in metaphase II oocytes [10, 31] 
and northern blot analyses revealed a predominant expression in the eggs of Rana catesbeiana 
and Bufo marinus [32]. In mammals, NPM2 protein is detected in metaphase II oocytes [25, 33] 
and in the 1-cell zygote [16]. During early embryo development, maternally inherited NPM2 
protein is known to play a role in sperm chromatin decondensation (SCD) after fertilization as 
shown in Xenopus laevis [34] and mice [19]. The strong Npm2 signal observed here in zebrafish 
unfertilized eggs together with the nuclear localization of the protein in the oocyte suggest that 
maternally-inherited Npm2 protein could also play a role in SCD after fertilization in teleosts, 
even though this was not investigated in the present study. 
Interestingly, npm2 mRNA is also maternally-inherited in zebrafish as shown by QPCR and in 
situ hybridization. These results demonstrating the presence of npm2 maternal mRNA in 
zebrafish unfertilized eggs (i.e. stage V oocytes) are fully consistent with previous observations 
made in rainbow trout [7] and Xenopus laevis unfertilized eggs [30] as well as murine and bovine 
metaphase-II oocytes [25, 33]. Together, the evolutionary conserved presence of both protein and 
mRNA in the female gamete of mammals, amphibians, and teleost fish strongly suggest a role 
for maternally inherited Npm2 mRNA, despite the high abundance of protein from maternal 
origin in the egg. While the role of maternal NPM2 protein in sperm chromatin decondensation 
(SCD) has been established in amphibians and mammals [19, 34], the role of Npm2 maternal 
mRNA has in contrast received far less attention. In zebrafish, we observed a progressive 
decrease in npm2 mRNA levels during early development and more specifically around the time 
of maternal-to-zygotic transition (MZT) (i.e. a period during which developmental control is 
handed from maternally provided gene products to those synthesized from the zygotic genome 
[4]). This typical maternal profile [35] is in full agreement with the npm2 
(ENSDARG00000053963) profile that we extracted from recently released RNA-seq data [36]. 
In another very recent genome-wide analysis of zebrafish MZT, embryonic transcripts were 
categorized based on their maternal, maternal and zygotic, or zygotic expression [29]. In 
supplemental data from this study, we were able to find npm2 among the genes considered as 
strictly maternal without any zygotic expression. In mice and cow, a progressive decrease in 
Npm2 mRNA levels was also observed around MZT during early development [25, 33]. In 
Xenopus laevis, a northern blot analysis showed that npm2 mRNA could be detected in the egg 
but not at the blastula stage (i.e. around the time of zygotic transcription activation) or during 
further development [30]. Together, these results indicate that despite differences in the timing of 
MZT amongst vertebrate species [4] and differences in the sensitivity of the detection method 
used, Npm2 mRNA levels in the embryo rapidly decrease during MZT to reach low or 



undetectable levels after zygotic genome activation. 
 
Maternally-inherited npm2 mRNA plays a crucial role in early developmental 
success 
Using a KD strategy based on antisense morpholino-oligonucleotide (Npm2 MO) injection in 1-
cell embryos, we were able to demonstrate that de novo Npm2 protein synthesis is required for 
successful embryonic development beyond sphere stage (4 hpf). The developmental arrest at the 
onset of epiboly observed following Npm2 KD was associated with a significant decrease in 
Npm2 protein and could be observed in a dose-dependent manner using Npm2 MO 
concentrations as low as 25 μM. In addition, progression beyond the sphere stage could be 
restored by co-injecting a MO-insensitive exogenous zebrafish npm2 mRNA. A partial, yet 
significant, rescue could also be obtained when co-injecting a MO-insensitive heterologous 
transcript encoding the full-length Xenopus laevis Npm2 protein. In addition, no arrest in 
development at or around the sphere stage was observed when using the mismatch control MO 
exhibiting only a 5-nucleotide difference with the Npm2 MO. Mismatch-MO embryos showed 
no difference with uninjected embryos in terms of developmental rate. Together, these results 
demonstrate the specificity and validity of the KD and the crucial role of de novo Npm2 protein 
synthesis for early developmental success beyond the sphere stage. Given the strict maternal 
profile of npm2 mRNA in zebrafish, our results indicate that this de novo synthesis of the Npm2 
protein occurs from translation of maternally-inherited npm2 mRNA. They also indicate that 
npm2 maternal mRNA plays an important role in egg developmental competence (i.e. the egg 
ability to support embryonic development, once fertilized). This strong maternal effect is 
consistent with previous observations made in mice, in which the Npm2 knockout resulted in 
reduced embryonic cleavage, impaired development to the 2-cell stage (i.e. around MZT that 
occurs during the first embryonic division [4]) and subsequent death of the embryos [16]. The 
developmental arrest around MZT reported here in zebrafish is therefore consistent with an 
embryonic developmental failure occurring around MZT previously reported in mice.  
In murine 2-cell embryos lacking NPM2, a reduced zygotic transcription was observed [16] and 
it was hypothesized that NPM2 could function in the translational activation of specific maternal 
RNAs in early embryos. In Xenopus laevis, it was proposed that Npm2 could play a role in 
facilitating the removal of arginine-rich Y-box protein from maternal mRNAs, thereby 
potentiating their translation [37]. The role of Nanog, Pou5f1, and SoxB1 in maternal-to-zygotic 
transition was recently demonstrated in zebrafish and it was concluded that these maternal 
factors were required to initiate the zygotic developmental program [29]. Interestingly, the 
combined loss of these factors resulted in a phenotype (i.e. >95% of the embryos failing to 
initiate epiboly) highly similar to the phenotype reported here following Npm2 KD. A similar 
phenotype was also observed in α-amanitin-injected zebrafish embryos in which zygotic 
transcription is blocked [29, 38]. In the same study, it was shown that several hundred genes 
were directly activated by maternal factors, constituting the first wave of zygotic transcription. A 
subset of those genes were subsequently validated by QPCR in α-amanitin-treated and wild-type 
embryos using primers designed to amplify pre-mRNA across exon-inton boundaries and 
demonstrated to be a reliable indication of zygotic transcription [29]. This analysis revealed 
higher pre-mRNA levels for all studied zygotic genes in wild-type embryos in comparison to α-
amanitin embryos. In the present work, we used the most discriminating first wave genes and the 
same primers to characterize the impact of Npm2 KD on zygotic transcription. Our results show 
that the transcription of selected first wave zygotic genes is greatly reduced following Npm2 KD, 



indicating impaired zygotic genome activation. It should be stressed that these differences in 
gene expression are observed at 3 hpf, a stage at which no difference can be observed in 
developmental rate between Npm2 MO and control embryos. Indeed the arrest in development 
following Npm2 MO is not observed until 4 hpf, a time when zygotic transcription has already 
started [36, 39]. Together, these data indicate that Npm2 translated from maternally-inherited 
npm2 mRNA is critical for early developmental success and is required for zygotic genome 
activation. 
It should also be noted that blocking de novo Npm2 protein expression in the newly fertilized 
egg is enough to cause developmental arrest, even though the already expressed protein is 
abundant in the newly fertilized egg. This suggests different roles for maternally inherited Npm2 
protein and protein de novo translated from maternal npm2 mRNA. While the role of de novo 
translated Npm2 protein would be to participate in zygotic genome activation as discussed 
above, maternally-inherited Npm2 protein already present in the egg at the time of fertilization 
would be involved in chromatin sperm decondensation, which is consistent with its role during 
fertilization in other vertebrate species [16–21].  
Finally, a molecular analysis of egg quality in rainbow trout (Oncorhynchus mykiss) has revealed 
a positive correlation between egg developmental competence and the abundance of maternal 
npm2 mRNA in unfertilized eggs [7]. A similar correlation was also recently reported in the 
bovine oocyte [25]. Consistent with these previous observations, we here demonstrate that 
maternal npm2 mRNA is required to ensure full egg developmental competence in zebrafish. 
Together these results strongly suggest that maternal npm2 mRNA is an important molecular 
factor of egg quality in fish. The common features shared by evolutionary distant species 
including maternal inheritance, degradation during zygotic genome activation, and suspected role 
in MZT suggest that maternal Npm2 mRNA could also be an important factor of egg quality in 
other vertebrates. 
In summary, we have demonstrated that npm2 is a maternal effect gene for the first time in any 
non-mammalian vertebrate species and that maternally-inherited npm2 mRNA is crucial for egg 
developmental competence. Our data also show that de novo protein synthesis from this maternal 
gene transcript is required for developmental success beyond the blastula stage and zygotic 
genome activation. 
 
ACKNOWLEDGEMENT 
The authors thank Amélie Patinote and colleagues for zebrafish husbandry and H2P2 facility 
staff for their help in the immunohistochemistry study. 
 
REFERENCES 
1. Brooks S, Tyler CR, Sumpter JP: Egg quality in fish: what makes a good egg? Rev Fish Biol 
Fish 1997:387–416. 
2. Zuccotti M, Merico V, Cecconi S, Redi CA, Garagna S: What does it take to make a 
developmentally competent mammalian egg? Hum Reprod Update 2011, 17:525–40. 
3. Bobe J, Labbé C: Egg and sperm quality in fish. Gen Comp Endocrinol 2010, 165:535–548. 
4. Tadros W, Lipshitz HD: The maternal-to-zygotic transition: a play in two acts. Development 
2009, 136:3033–42. 
5. Bonnet E, Fostier A, Bobe J: Characterization of rainbow trout egg quality: a case study using 
four different breeding protocols, with emphasis on the incidence of embryonic malformations. 
Theriogenology 2007, 67:786–794. 



6. Bonnet E, Fostier A, Bobe J: Microarray-based analysis of fish egg quality after natural or 
controlled ovulation. BMC Genomics 2007, 8:55. 
7. Aegerter S, Jalabert B, Bobe J: Large scale real-time PCR analysis of mRNA abundance in 
rainbow trout eggs in relationship with egg quality and post-ovulatory ageing. Mol Reprod Dev 
2005, 72:377–385. 
8. Laskey RA, Honda BM, Mills AD, Finch JT: Nucleosomes are assembled by an acidic protein 
which binds histones and transfers them to DNA. Nature 1978, 275:416–20. 
9. Mills AD, Laskey RA, Black P, De Robertis EM: An acidic protein which assembles 
nucleosomes in vitro is the most abundant protein in Xenopus oocyte nuclei. J Mol Biol 1980, 
139:561–568. 
10. Krohne G, Franke WW: Immunological identification and localization of the predominant 
nuclear protein of the amphibian oocyte nucleus. Proc Natl Acad Sci U S A 1980, 77:1034–8. 
11. Earnshaw WC, Honda BM, Laskey RA, Thomas JO: Assembly of nucleosomes: the reaction 
involving X. laevis nucleoplasmin. Cell 1980, 21:373–383. 
12. Dilworth SM, Black SJ, Laskey RA: Two complexes that contain histones are required for 
nucleosome assembly in vitro: Role of nucleoplasmin and N1 in Xenopus egg extracts. Cell 
1987, 51:1009–1018. 
13. Ellis RJ: Molecular chaperones: assisting assembly in addition to folding. Trends Biochem 
Sci 2006, 31:395–401. 
14. Philpott A, Krude T, Laskey RA: Nuclear chaperones. Semin Cell Dev Biol 2000, 11:7–14. 
15. Inoue A, Aoki F: Role of the nucleoplasmin 2 C-terminal domain in the formation of 
nucleolus-like bodies in mouse oocytes. FASEB J 2010, 24:485–94. 
16. Burns KH, Viveiros MM, Ren Y, Wang P, DeMayo FJ, Frail DE, Eppig JJ, Matzuk MM: 
Roles of NPM2 in chromatin and nucleolar organization in oocytes and embryos. Science (80- ) 
2002:633–636. 
17. Philpott A, Leno GH: Nucleoplasmin remodels sperm chromatin in Xenopus egg extracts. 
Cell 1992, 69:759–767. 
18. Philpott A, Leno GH, Laskey RA: Sperm decondensation in Xenopus egg cytoplasm is 
mediated by nucleoplasmin. Cell 1991, 65:569–578. 
19. Inoue A, Ogushi S, Saitou M, Suzuki MG, Aoki F: Involvement of mouse nucleoplasmin 2 in 
the decondensation of sperm chromatin after fertilization. Biol Reprod 2011, 85:70–7. 
20. Leno GH, Mills AD, Philpott A, Laskey RA: Hyperphosphorylation of nucleoplasmin 
facilitates Xenopus sperm decondensation at fertilization. J Biol Chem 1996, 271:7253–6. 
21. Itoh T, Ohsumi K, Katagiri C: Remodeling of Human Sperm Chromatin Mediated by 
Nucleoplasmin from Amphibian Eggs. Dev Growth Differ 1993, 35:59–66. 
22. Okuwaki M, Sumi A, Hisaoka M, Saotome-Nakamura A, Akashi S, Nishimura Y, Nagata K: 
Function of homo- and hetero-oligomers of human nucleoplasmin/nucleophosmin family 
proteins NPM1, NPM2 and NPM3 during sperm chromatin remodeling. Nucleic Acids Res 2012, 
40:4861–78. 
23. Dean J: Oocyte-specific genes regulate follicle formation, fertility and early mouse 
development. J Reprod Immunol 2002:171–180. 
24. Zheng P, Dean J: Oocyte-specific genes affect folliculogenesis, fertilization, and early 
development. SeminReprodMed 2007:243–251. 
25. Lingenfelter BM, Tripurani SK, Tejomurtula J, Smith GW, Yao J: Molecular cloning and 
expression of bovine nucleoplasmin 2 (NPM2): a maternal effect gene regulated by miR-181a. 
Reprod Biol Endocrinol 2011, 9:40. 



26. Selman K, Wallace RA, Sarka A, Qi X: Stages of oocyte development in the 
zebrafish,Brachydanio rerio. J Morphol 1993, 218:203–224. 
27. Desvignes T, Fauvel C, Bobe J: The NME gene family in zebrafish oogenesis and early 
development. Naunyn Schmiedebergs Arch Pharmacol 2011, 384:439–49. 
28. Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF: Stages of embryonic 
development of the zebrafish. Dev Dyn 1995:253–310. 
29. Lee MT, Bonneau AR, Takacs CM, Bazzini AA, DiVito KR, Fleming ES, Giraldez AJ: 
Nanog, Pou5f1 and SoxB1 activate zygotic gene expression during the maternal-to-zygotic 
transition. Nature 2013, 503:360–4. 
30. Bürglin TR, Mattaj IW, Newmeyer DD, Zeller R, De Robertis EM: Cloning of 
nucleoplasmin from Xenopus laevis oocytes and analysis of its developmental expression. Genes 
Dev 1987, 1:97–107. 
31. Mills AD, Laskey RA, Black P, De Robertis EM: An acidic protein which assembles 
nucleosomes in vitro is the most abundant protein in Xenopus oocyte nuclei. J Mol Biol 1980, 
139:561–8. 
32. Frehlick LJ, Eirín-López JM, Jeffery ED, Hunt DF, Ausió J: The characterization of 
amphibian nucleoplasmins yields new insight into their role in sperm chromatin remodeling. 
BMC Genomics 2006, 7:99. 
33. Vitale AM, Calvert MEK, Mallavarapu M, Yurttas P, Perlin J, Herr J, Coonrod S: Proteomic 
profiling of murine oocyte maturation. Mol Reprod Dev 2007, 74:608–16. 
34. Philpott A, Leno GH, Laskey RA: Sperm decondensation in Xenopus egg cytoplasm is 
mediated by nucleoplasmin. Cell 1991, 65:569–78. 
35. Mathavan S, Lee SG, Mak A, Miller LD, Murthy KR, Govindarajan KR, Tong Y, Wu YL, 
Lam SH, Yang H, Ruan Y, Korzh V, Gong Z, Liu ET, Lufkin T: Transcriptome analysis of 
zebrafish embryogenesis using microarrays. PLoSGenet 2005:260–276. 
36. Harvey SA, Sealy I, Kettleborough R, Fenyes F, White R, Stemple D, Smith JC: 
Identification of the zebrafish maternal and paternal transcriptomes. Development 2013, 
140:2703–10. 
37. Meric F, Matsumoto K, Wolffe AP: Regulated unmasking of in vivo synthesized maternal 
mRNA at oocyte maturation. A role for the chaperone nucleoplasmin. J Biol Chem 1997, 
272:12840–6. 
38. Kane DA, Maischein HM, Brand M, van Eeden FJ, Furutani-Seiki M, Granato M, Haffter P, 
Hammerschmidt M, Heisenberg CP, Jiang YJ, Kelsh RN, Mullins MC, Odenthal J, Warga RM, 
Nüsslein-Volhard C: The zebrafish early arrest mutants. Development 1996, 123:57–66. 
39. Kane DA, Kimmel CB: The zebrafish midblastula transition. Development 1993:447–456.  
 
FIGURE LEGENDS 
 
Figure 1. npm2 mRNA expression. A) QPCR analysis of zebrafish npm2 tissue distribution. 
Mean and SEM are shown (n = 3) Expression level is expressed as a percentage of the 
expression in the ovary. Br, brain; Ey, eye; Gi, gill; In, Intestine; Li, liver; Mu, muscle; Ov, 
ovary; Te, Testis. Data were normalized using 18S expression. In situ hybridization (ISH) of 
sexually mature zebrafish ovarian section using npm2 antisense (B) and sense probes (C) Bar = 
100 µm. ISH picture magnification corresponding to stages I (D), II (E), and III (F) oocytes (bar 
= 25µm). G) QPCR analysis of npm2 during oogenesis. Mean and SEM are shown (n = 4). npm2 
gene expression level was normalized using luciferase as an exogenous calibrator and expressed 



as a percentage of stage I. Different letters indicate significant differences (p < 0.05). Oocyte 
developmental stages according to Selman et al. [26]. 
 
Figure 2. Npm2 protein expression during oogenesis. A) Western blot analysis of Npm2 protein 
in stage I-IV ovarian follicles and stage V oocytes (i.e. unfertilized eggs). ERK 1 signal was used 
as a loading control. B-E) Immunodetection of Npm2 protein in zebrafish ovarian tissue. 
Magnified view of oocytes stage I (B), II (C), and III (D). Oocyte developmental stages 
according to Selman et al. [26]. Bars = 25µm (B-D) and 100 µm (E). 
 
Figure 3. Zebrafish Npm2 mRNA and protein expression during embryonic development. A) 
QPCR analysis of npm2 mRNA expression during zebrafish early embryonic development. Mean 
and SEM are shown (n = 4). Expression level is expressed as a percentage of the expression in 
fertilized eggs before the formation of the first cell (F!). 1c, 1-cell, 4 hpf, 6 hpf, and 24 hpf. B) 
Whole mount in situ hybridization in 1-cell, 4 hpf, 6 hpf and 24 hpf embryos. Original 
magnification x20. C) Western blot analysis of Npm2 and β-actin proteins during embryonic 
development at 1-cell, 4 hpf, 6 hpf and 24 hpf. D-F) Immunohistochemistry analysis in 2-cell 
and 4 hpf embryos (Npm2 primary antibody). G) 4 hpf negative control experiment (rabbit IgG 
negative control primary antibody, #I-1000 AbCys, Paris). The nucleus (nu) is shown. Bar = 200 
µm. Embryonic developmental stages according to Kimmel et al. [28]. 
 
Figure 4. Zebrafish Npm2 protein knock down. A) Developmental stage reached by embryos 
from 0 to 24 hpf following Npm2 MO injection (100-250 µM), mismatch MO injection (100-250 
µM), or water (H2O) injection, as well as uninjected control embryos. The number of embryos 
(n) and egg clutches (N) are indicated for each treatment. Statistically significant differences (p < 
0.05) between Npm2 MO and mismatch MO treatments are indicated by *. B) Global phenotype 
of control and Npm2 MO embryos at 24 hpf. Original magnification x12. C) Relative Npm2 
protein level normalized to β-Actin in uninjected control (CTL) and Npm2 MO-injected embryos 
(MO). Pixel intensity quantification was performed using ImageJ software v1.47a. Whiskers 
represent 1.5 interquartile ranges. Small circles represent outlier data. (N=7 egg clutches 
originating from different females). D) Embryos reaching somitogenesis after Npm2 MO and 
mismatch MO injection expressed as a percentage of the control. Different letters indicate 
significant differences (p < 0.05). Error bars represent 95% CI. The number of injected embryos 
(n) and corresponding egg clutches (N) are indicated for each treatment. E) Phenotypes of 
control and MO Npm2-injected (200 µM) embryos at 4 hpf, 6 hpf, 8 hpf, and 24 hpf. Original 
magnification x30. 
 
Figure 5. Rescue experiment. A) Embryonic phenotypes observed at 4 hpf and 8 hpf after co-
injection of Npm2 MO (75µM) and mutated, MO insentitive, Zebrafish (Dr-rescue) or Xenopus 
(Xl-rescue) npm2 in-vitro transcribed RNAs. Original magnification x35. B) Percentage of 
Npm2 MO (75µM), and rescued embryos reaching somitogenesis (***p<0.001). Error bars 
represent 95% CI. The number of embryos (n) and corresponding egg clutches (N) are indicated 
for each treatment. C) Western blot analysis of the expression of the fusion FLAG-Npm2 protein 
in control and rescued embryos. An anti-FLAG antibody was used in both rescue experiments. β-
actin was used for signal normalization. 
 
Figure 6. Impact of Npm2 knock down on zygotic genome activation. QPCR monitoring of the 



first wave zygotic genes dusp1, her5, and dact1 [29] expression in control (uninjected) and 
Npm2 MO injected embryos at 3 hpf. The mRNA levels of the maternal transcript mt-atp6 were 
also monitored in the same sample set. Data (mRNA abundance) are expressed as a percentage of 
expression in control embryos of the same egg clutch. 
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SUPPLEMENTAL DATA LEGENDS 
 
Supplemental Figure S1. Npm2 antibody validation. A) Western blot analysis of Anti-Npm2 
antibody specificity. A 4 hpf zebrafish embryo protein extract was used in each lane: anti-Npm2 
primary antibody (Ab), no primary antibody (No Ab), anti-Npm2 primary antibody and synthetic 
antigen peptide (Ab+Pept), and pre-immune serum (PPI). Immunodetection of Npm2 zebrafish 
in ovarian sections by immunohistochemistry using the anti-Npm2 antibody (B) and 
corresponding negative control primary antibody (rabbit IgG negative control primary antibody, 
#I-1000 AbCys, Paris) (C). 
 
Supplemental Figure S2. Morpholino oligonucleotides and in-vitro transcribed mRNA 
sequences. Alignment of mismatch MO, Npm2 MO, npm2 mRNA and in-vitro transcribed 
zebrafish (Dr-rescue) and Xenopus laevis (Xl-rescue) mRNA sequences. Nucleotides highlighted 
in blue indicate mismatches. All the mutations of the rescue are silent mutations that do not 
modify amino acid sequence of the Npm2 protein. Corresponding amino acids translated in 
frame with both ATG are represented under RNA sequences. 
 
Supplemental Table S1. Primers sequences. Oligonucleotide sequences used in QPCR analysis 
to monitor npm2, 18S, luciferase, and β-actin gene expression. 
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Gene
Primers

Forward Reverse

npm2

18S

luciferase

5'-TCGCTAGTTGGCATCGTTTAT-3'5'-CGGAGGTTCGAAGACGATCA-3'

5'-CCGCCAAAGATGAGTTCAAT-3' 5'-TTAACCGTTGGCATGGATTT-3'

5'-CATTCTTCGCCAAAAGCACTCTG-3' 5'-AGCCCATATCCTTGTCGTATCCC-3' 

Supplemental table 1

β-actin 5'-CCGTGACATCAAGGAGAAGCT-3' 5'-TCGTGGATACCGCAAGATTCC-3'
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Dr-Rescue

zebrafish npm2 mRNA T G T T T C A A A A T G A G C A A A A C C G A G A A A C C T T T A T C C A C T

- T C G A a t t c A T G A G t A A g A C t G A a A A g C C g T T A T C C A C T

M S K T E K P L S T

Npm2 MO T T T T A C T C G T T T T G G C T C T T T G G AG
III I I I II I I I I I I I I I II I I I I II

Mismatch MO T T T T A g T C c T T T T G c C T g T T T c G AG

Xl -Rescue G T G A G C A A c A c c A G C A A A c t t G A G A A A C C T G T G T C C C T T

T S K L E K P V S L
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