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Double maternal-effect: duplicated
nucleoplasmin enes,npm2aand npm2b,

with essential but distinct functions are

shared by fish and tetrapods
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Abstract

Background: Nucleoplasmin @pm3 is an essential maternal-effect gene that mediates early embryonic events
through its function as a histone chaperone that remodels chromatin. RecentiyptaZ(npm2aand npm2§

genes have been annotated in zebrafish. Thus, we examined the evolutipmd&and npm2bin a variety of
vertebrates, their potential phylogenetic relationships, and their biological functions using knockout models fvia the
CRISPR/cas9 system.

Results:We demonstrated that the twopm2duplicates exist in a wide range of vertebrates, including sharks
ray-finned fish, amphibians, and sauropsids, wpite2awas lost in coelacanth and mammals, as well as some|
specific teleost lineages. Using phylogeny and synteny analyses, we traced their origins to the early stageq of
vertebrate evolution. Our findings suggested thm2aand npm2bresulted from an ancient local gene
duplication, and their functions diverged although key protein domains were conserved. We then investigated their
functions by examining their tissue distribution in a wide variety of species and found that they shared ovarjan-
specific expression, a key feature of maternal-effect genes. We also demonstrated thpitni2atiind npm2bare
maternally-inherited transcripts in vertebrates, and that they play essential, but distinct, roles in early embryogenesis
using zebrafish knockout models. Baffim2aand npm2bfunction early during oogenesis and may play a role in
cortical granule function that impact egg activation and fertilization, wpie2bis also involved in early
embryogenesis.

Conclusion: These novel findings will broaden our knowledge on the evolutionary history of maternal-effect genes

and underlying mechanisms that contribute to vertebrate reproductive success. In addition, our results demonstrate
the existence of a newly described maternal-effect gepm2a that contributes to egg competence, an area that
still requires further comprehension.
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Background genes and other types of genomic rearrangement may be
In animals and plants, early embryonic development reliespresent in teleost species compared with other verte-
strictly on maternal products until maternal-to-zygotic brates. Moreover, a fourth round of duplication occurred
transition (MZT) during which zygotic genome activation more recently in salmonids (salmonid-specific genome
(ZGA) occurs [I]. Maternal-effect genes are those that are duplication or SaGD) 19, 20], leading to further possible
transcribed from the maternal genome and whosedoubling of genes and other genomic rearrangements.
products, which include transcripts, proteins, and other Multiple evolutionary events (impact of TGD, local
biomolecules, are deposited into the oocytes during theirduplication, etc.) could have led to the evolution of
production in order to coordinate embryonic development npm2a/npm2b in zebrafish, which in turn may have
before ZGA P]. MZT is a key step that is needed firstly significant impact on vertebrate reproduction. Thus, we
for clearance of maternal components, and secondly to acinvestigated the evolution, phylogenetic relationship, as
tivate zygotic gene expression and to allow subsequentvell as biological functions ohpm2a and npm2b in a
embryonic development. Among the maternally-inherited wide range of vertebrate species to broaden our know-
transcripts that play important roles during early develop- ledge on the evolution of maternal-effect genes and the
ment, some were demonstrated to regulate zygoticunderlying mechanisms that contribute to reproductive

program activation such asanog pou5fl, soxbl and
microRNAs in zebrafish Danio rerig) [3, 4]. Henceforth,
all gene and protein nomenclature written in this

manuscript will be based on that of zebrafish regardless o

species for simplification purposes. Another gemajcleo-

plasmin 2 (npm2), belongs to the family of nucleoplas-
mins/nucleophosmins that was demonstrated in zebrafis
to be maternally-inherited at both protein and mRNA

levels, whereby both play important roles in early develop-

ment [5]. Historically, this protein was identified and
defined as a nuclear chaperone Xenopus[6, 7]. While

the protein has been shown to be the most abundant nu-

clear protein in theXenopusoocyte B] and to play a cru-
cial role at fertilization due to its role in sperm chromatin
decondensation 9, 10|, its maternally-inherited mRNA

has been recently demonstrated to be translated as a d
novo synthesized protein that could play a crucial role

during ZGA in zebrafish b]. Further,npm2 is one of the

first identified maternal-effect genes in mouse whereby its

success in vertebrates.

Materials and methods

Genomic databases
The following genomic data were extracted and investi-

hgated from the ENSEMBL genomic databasattp://

www.ensembl.org/index.html human, Homo sapiens
mouse, Mus musculus chicken, Gallus gallus Xenopus
Xenopus tropicalis coelacanth, Latimeria chalumnae
spotted gar,Lepisosteus oculatuzebrafish,Danio rerig,
and tetraodon, Tetraodon nigroviridis The Chinese
alligator (Alligator sinensiy genome was extracted and
investigated from the NCBI genomic databaséttp://
www.ncbi.nlm.nih.gov/genome/224)9 The Xenopus
laevisL and S genomes were analyzed from the Xenbase
database wWww.xenbase.ong Additional file 1 demon-
strates all the species that were used in each analysis.

deficiency results in developmental defects and eventualranscriptomic databases

embryonic mortality [L1].
The npm2 gene belongs to thexpm gene family that
encompasses four membersipml, npm2, npm3 and

Additional file 2 shows the databases that were used to
extract the peptide sequences of all the investigated
species. The following actinopterygian transcriptomes

npm4. The evolution of the Npm family has been shown were retrieved and investigated from the Phylofish data-

to result from the two rounds of whole genome duplica-
tion (WGD) that occurred in early vertebrates (verte-
brate genome duplication 1 and 2, or VGD1 & VGD2,
respectively) 12, 13]. Former evolutionary studies clearly
provided a phylogenic model of this family; VGD1
produced two genesnpm3/2 and npm4/1, from an an-

cestralnpm gene and the following WGD, VGD2, fur-
ther created the current foumpm types with subsequent
loss of npm4 from mammals, but retained in most fish
species [L4-17]. Recently, twonpm2 genes were auto-
matically annotated in the zebrafish genome, irppm2a

(ENSDARG00000076391) antbm2b (previously known

as npm2, ENSDARG00000053963).

base fttp://phylofish.sigenae.org/index.html  bowfin,
Amia calva; spotted garLepisosteus oculaty®lephant-
nose fish,Gnathonemus petersiarowana,Osteoglossum
bicirrhosum  butterfly  fish, Pantodon buchholzi
European eel, Anguilla anguilla; rainbow trout, Onco-
rhynchus mykissallis shad Alosa alosa zebrafish Danio
rerio; panga,Pangasius hypophthalmusnorthern pike,
Esox lucius grayling, Thymallus thymallus Atlantic cod,
Gadhus morua medaka, Oryzias latipes European
perch, Perca fluviatilis brown trout, Salmo trutta
European whitefish,Coregonus lavaretysbrook trout,
Salvelinus fontinalis Astyanax, Astyanax mexicanus

As the teleostlake whitefish, Coregonus clupeaformiseastern mud-

ancestor experienced an extra WGD event (TGD, orminnow, Umbra pygmae and sweetfish,Plecoglossus

teleost-specific genome duplication)18], doubling of

altivelis.



Cheunget al. BMC Evolutionary Biology (2018) 18:167 Page 3 of 16

Gene predictions RNA from each sample as previously describe@Z]
Predictions of npm2 genes Various tissues were harvested from wildtype (WT) zeb-
The peptidic sequences of zebrafish Npm2a and Npm2brafish (N = 3), obtained from the INRA LPGP fish facil-
were used as query in TBLASTN search to identify theity, and Xenopus(N =3), obtained from the Institut de
open reading frame (ORF) encodingpm?2 genes in the Génétique et Développement de Rennes, Université de
various investigated genomes and transcriptomes. WeRennes 1 animal facility (Rennes, France). cDNA origin-
also used sequences from humarpm2b and Xenopus ating from the tissues of the individual fish was used as

npmz2 genes to confirm the obtained sequences. individual biological replicates while that fronXenopus
was pooled and subsequently used for gPCR. Follicular
TBLASTN search oocytes at different stages of oogenesis were obtained

Genomic data were analyzed using the TBLASTN algo-from 3 to 4 different WT animals. The functional ana-
rithm (search sensitivity: near exact match short) on thelyses were performed with individual clutches containing
ENSEMBL website or the NCBI browser as indicated in50-200 embryos that were harvested and pooled from
Additional file 2. The TBLASTN algorithm on the eachnpm2a (N=4) and npm2b (N =5) mutant female.
SIGENAE platform was used on the transcriptomic data. gPCR experiments were performed on at least 3 clutches
from each individual mutant, where each clutch repre-
Phylogenetic analysis sented a biological replicate, using the Fast-SYBR
Amino acid sequences of 75 Npm2, 3 Npm3, and 3GREEN fluorophore kit (Applied Biosystems, Foster
Npml proteins were first aligned using ClustalW. The City, CA) with 200 nM of each primer in order to keep
JTT (Jones, Taylor, and Thornton) protein substitution PCR efficiency between 90 and 100%, and an Applied
matrix of the resulting alignments was determined using Biosystems StepOne Plus instrument as per the manu-
ProTest software. Phylogenetic analysis of Npm proteindacturers instructions. RT products, including control
was performed using the Maximum Likelihood method reactions, were diluted 1/25, and 4l of each sample
(MEGA 5.1 software) with 1000 bootstrap replicates. were used for each PCR. All gPCR experiments were
performed in triplicate. The relative abundance of target
Synteny analysis cDNA was calculated from a standard curve of serially
Synteny maps of the conserved genomic regions in hudiluted pooled cDNA and normalized to18S -actin,
man, mouse, chickenXenopus,coelacanth, spotted gar, 2-microglobulin and efl transcripts. The primer se-
zebrafish, and tetraodon were produced using PhyloViewquences can be found in Additional fil8.
on the Genomicus v75.01 websitdtfp://www.genomi-
cus.biologie.ens.fr/|genomicus-75.01/cgi-bin/search.pl =~ CRISPR-cas9 genetic knockout
Synteny analysis of the Chinese alligator conservedrish used in this study were reared and handled in strict
genomic regions was performed using TBLASTN accordance with French and European policies and
searches in the corresponding genomic database. Foguidelines of the INRA LPGP Institutional Animal Care
each gene, the peptidic sequences of human and chickeand Use Committee, which approved this study.
were used as query, as far as they were referenced in theRISPR/cas9 guide RNAs (JRNAs) were designed using

databases. the ZiFiT online software and were made against 3
targets within each gene to generate large genomic
RNA-seq deletions, ranging from 250 to 1600 base pairs, that re-

RNA-seq data were deposited into Sequence Readhoved several exons which rendered the Npm2 proteins
Archive (SRA) of NCBI under accession referencesnon-functional. Nucleotide sequences containing the
SRP04478484, SRP045138, SRP0456983, and dgRNA were ordered, annealed together, and cloned into
SRP045140146. The construction of sequencing the DR274 plasmid. In vitro transcription of the gRNA
libraries, data capture and processing, sequence assenfrom the T7 initiation site was performed using the
bly, mapping, and interpretation of read counts were all Maxiscript T7 kit (Applied Biosystems), and their purity
performed as previously reported2[l]. We datamined and integrity were assessed using the Agilent RNA 6000
the Phylofish online database to retrieve the tissueNano Assay kit and 2100 Bioanalyzer (Agilent Technolo-

localization data fompm2aand npm2b. gies, Santa Clara, CA). Zebrafish embryos at the one-cell
stage were micro-injected with approximately 3@0 pg
Quantitative real-time PCR (qPCR) of each CRISPR/cas9 guide along with-8 nM of

For each sample, total RNA was extracted usingpurified cas9 protein (a generous gift from Dr. Anne de
Tri-Reagent (Molecular Research Center, Cincinnati,Cian from the National Museum of Natural History in

OH) according to the manufacturés instructions. Paris, France). The embryos were allowed to grow to
Reverse transcription (RT) was performed using § of adulthood, and genotyped using fin clip and PCR that
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detected the deleted regions. The PCR products of theelated tonpm2 genes. We used sequences from evolu-
mutants were then sent for sequencing to verify the de-tionarily diverse species such as zebrafish aXdnopus
letion. Once confirmed, the mutant females were matednpm?2 genes as well as humanpm2b to ascertain that
with WT males to produce F1 embryos, whose pheno-all paralogs from more distantly related species were
types were subsequently recorded. Images were capturedbtained. All retrieved sequences are compiled in
with a Nikon AZ100 microscope and DS-Ril camera Additional file 2.
(Tokyo, Japan).

Phylogenetic analysis
Genotyping by PCR In order to verify that the retrieved protein sequences
Fin clips were harvested from animals under anesthesigAdditional file 2) are homologous to zebrafish Npm2a
(0.1% phenoxyethanol) and lysed with 5% chelexand Npm2b, a phylogenetic analysis on Npm2 was per-
containing 100 g of proteinase K at 55 °C for 2 h and formed. Based on the alignment of 77 vertebrate
then 99 °C for 10 min. The extracted DNA was sub- Npm2-related sequences, and using vertebrate Npml
jected to PCR using Advantage? system (Clontechand Npm3 amino acid sequences as out-groups, a
Mountain View, CA) for npm2b and Jumpstart Taq phylogenetic tree was generated (Fi). We found that
polymerase (Sigma-Aldrich, St. Louis, MO) faipm2a  species from various vertebrate groups, including

The primers are listed in Additional file3. chondrichthyans (such as dogfish), ray-finned fish,
lobe-finned fish, amphibians, as well as sauropsids con-
Histological analysis tained both Npm2a and Npm2b sequences. However, no

Ovaries from age-matched WTN =3), andnpm2a (N  Npm2a sequence was identified in mammals, including
=3) and npm2b-mutant (N = 3) females were harvested, human, pig, cow, panda, guinea pig, mouse, rat, and opos-
fixed in 4% paraformaldehyde, and embedded in paraffinsum although they all harbor Npm2b. These results dem-
Then, at least 5 sections were cut at 7m thickness onstrated, for the first time, that proteins previously
from 5 different areas of the ovary from each animal,reported as Npm2 Xenopus cattle, mouse, human,
and the slides were stained with Regasichematoxylin. zebrafish) are orthologous to Npm2b in all investigated
Images were captured using a Nikon Eclipse microscopevertebrate species, and should therefore now be referred
and camera set. The number and size of the CGs as welb as Npm2b. Further, neither Npm2a nor Npm2b
as total area of all the stage Il follicles (according tosequences were found in neoteleosteans including
Kimmel et al. R3] and Selman et al.Z4]) in all the slides medaka, European perch, Atlantic cod, and tetraodon as
were quantitated using ImageJ software (National Insti-well as in lampreys. In contrast, our analysis demonstrated

tute of Health). the existence of two paralogous Npm2b proteins (i.e.
Npm2bl and Npm2b2) in all of the investigated salmonid
Statistical analysis species (rainbow trout, brown trout, and brook trout).

Comparison of two groups was performed using the The existence of the two Npm2 clades indicated that
GraphPad Prism statistical software (La Jolla, CA), andNpm2a and Npm2b are likely paralogous to each other.
either the Student t-test or Mann-Whitney U-test was In addition, comparison of Npm2a and Npm2b amino
conducted depending on the normality of the groups acid sequences in the species that harbor both revealed

based on the Anderson-Darling test. that they share between 30.2% and 46.4% homology,
depending on the species (Additional fil4). The low se-

Results and discussion guence identity is consistent with an ancient duplication

Evolution of npm2aand npm2b in vertebrates event that gave rise tonpm2a and npm2b genes.

As previously shown,npml, npm2, npm3 and npm4 However, neither the topology of the Npm2 phylogenetic
genes are thought to have originated from the first two tree nor the comparison between Npm2a and Npm2b
rounds of whole genome duplication (WGD) in the an- could indicate the kind of duplication event that had
cestral vertebrate (VGD1 and VGD2), which occurred occurred. In contrast, the high sequence identity shared
early on in vertebrate evolution14-17]. However, two by Npm2b1l and Npm2b2 in salmonids (between 75.1%
npm2 genes have been automatically annotated in theand 86%) suggested a more recent duplication event.
zebrafish genome, i.eapm2a and npm2bWe set out to This observation in all of the investigated salmonid
investigate the evolutionary history and function of the species is consistent with the hypothesis thapm2bl
newly annotatednpm2a gene and compare it with its and npm2b2genes likely resulted from the SaGD.
homolog, npm2h In order to verify if these twonpm2

genes are paralogous to each other and to determineSynteny analysis

their origin, we used a Blast search approach in varioudn order to further understand the origin of thenpm2a
public databases to retrieve 91 sequences that could band npm2bgenes in vertebrates, we performed a synteny
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Fig. 1 Consensus phylogenetic tree of nucleoplasmin 2 (Npm2) proteins. This phylogenetic tree was constructed based on the amino acid
sequences of Npm2 proteins (for the referes of each sequence see Additional #leusing the Maximum Likelihood method with
1000 bootstrap replicates. The number shown at each branch ndésaies the bootstrap value (%). The tree was rooted using Npm3
and Npm1l sequences. The Npm2a sequences are in blue, the Npm2b sequences are in red, the salmonid Npm2b1l sequences|are in
purple, and the salmonid Npm2b2 sequences are in pink

analysis of their neighboring genes in representativenpm2b genes are located in genomic regions containing
vertebrate genomes. We focused our study on twocommon loci, including dok2, xpo7, fgfi7, dmtn, Igi3,
mammals (human and mouse), two sauropsids (Chineséompl, sorbs3, pdlim2, gprl24, prihr, gotlll, adrkzd
alligator and chicken), two amphibiansXgnopus tropi- nkx6-3. Together with the phylogenetic analysis, this in-
calis and laevis L), one basal sarcopterygian (coela-dicated thatnpm2b genes investigated here are ortholo-
canth), one basal actinopterygian (spotted gar), and twagyous. Synteny analysis confirmed the absence of the
teleosts (zebrafish and tetraodon) (Fig). Analysis was npm2bgene in tetraodon although the above-mentioned
also performed on theXenopus laevisS subgenome, neighboring genes are present in its genome (R2gand
but since the results were very similar to that of Additional file 5).
Xenopus laevisL subgenome, we only showed the The Chinese alligator, chickenXenopus tropicalisand
latter's data p5]. laevis spotted gar, and zebrafismpm2a genes are
The human, mouse, Chinese alligatoxenopus tropi- located in genomic regions containing the same loci as
calis and laevis coelacanth, spotted gar, and zebrafishnpm2b conserved regions (Fig2). Indeed, Chinese
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Fig. 2 Conserved genomic synteny mficleoplasmin,Apm2 genes. Genomic synteny maps comparing the orthologgwf2a, npm2band
their neighboring genesipm2genes are named agpm2aand npm2b(formerly known aspm32. The other genes were named after their
human orthologs according to the Human Genome Naming Consortium (HGNC). Orthologs of each gene are shown in the same color.
direction of arrows indicates the gene orientation, with the ID of the genomic segment indicated above and the position of the gene
(in 10 ® base pairs) indicated below. The full gene names and detailed genomic locations are given in Additonal file

J

The

alligator and spotted gampm?2a and npm2b genes are npm2b genes could have resulted from a unique local
located in the vicinity of each other on scaffold 98.1 andduplication of an ancestrahpm2 gene.
the linkage group LG1, respectively. The presence of
npm2aand npm2b genes in the same genomic region in Evolutionary history of npm2 genes in vertebrates

representative species of sarcopterygians (Chinese alligdhe presence/absence ofpm2a and npm2b in the

tor and Xenopus tropicalisand laevi§ and actinoptery-

current vertebrate phyla and species is summarized in

gians (spotted gar) strongly suggested thapm2a and Fig. 3, and we also propose an evolutionary scenario for
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Fig. 3 Current status and proposed evolutionary histonguafieoplasmin @pm2 genes among gnathostomes. The names of the current
representative species of each phylum are given at the end of the final branches, together with a red and/or blue X to depoi2dbees
they possessipm2a=red,npm2b= blue). The black X upon aipm2gene symbol indicates a gene loss. LGD: local gene duplication;
TGD: teleost-specific whole genome duplication; SaGD: salmonid-specific whole genome duplication

the diversification of thenpm2 genes across vertebrate The teleost ancestor experienced an extra WGD event
evolution. (TGD) [18], but in all investigated teleosts, we observed
In this study, we demonstrated thatpm2aandnpm2b a maximum of one npm2a ortholog and one npm2b
may be paralogous genes present in the different verteortholog (except in salmonids) (Figl). In addition,
brate groups, chondrichthyans (Fidl), sarcopterygians, npm2aand npm2b are located on two TGD ohnologous
and actinopterygians (Figd and 2), which strongly sug- regions on chromosomes 8 and 10, respectively (FAg.
gested that thenpm?2 genes originated from a duplica- in zebrafish, which is consistent with the loss of one of
tion event prior to the divergence of chondrichthyans the npm2a duplicates from one region and the loss of
and osteichthyans. Since the fourpm family members one npm2b duplicate from the corresponding ohnolo-
(npm1, npm2, npm3, and npm4) are thought to be pro- gous region. Thusnpmz2 evolution is most likely due to
duced from the first two rounds of WGD (VGD1 & the early loss of one of the twapm2a and npm2bTGD
VGD?2) that occurred early on in vertebrate evolution, ohnologs. This observation in zebrafish strengthened the
we can thus hypothesize that the duplication event thathypothesis that TGD did not impact thenpm2a and
generatednpm?2a and npm2b took place after VGD2, npm2b evolution in teleosts. In addition, the lack of
but before emergence of chondrichthyans and osteichth-npm2a and npm2bin neoteleostei species, such as tetra-
yans, between 450 and 500 million years ago (My2][ odon, suggested that additional gene losses occurred
The findings from our synteny analysis demonstratedearly in the evolutionary history of this group (Fi@).
that in representative species of actinopterygians In salmonids, we identified twonpm2b paralogs, i.e.
(spotted gar) and sarcopterygiansXénopus tropicalis npm2bland npm2b2 in all investigated salmonid spe-
and laevis and Chinese alligator)npm2a and npm2b cies (Fig.1). Considering the high amino acid sequence
genes are at two distinct loci located on the sameidentity shared by Npm2bl and Npm2b2 (between
chromosomic region (Fig.2). These results strongly 75.1% and 86%), it is strongly hypothesized that these
suggested thahpm2a and npm2b genes arose from local duplicates originated from SaGD. In contrast, we identi-
gene duplication rather than a whole genome (orfied only onenpm2a gene in all investigated salmonids
chromosome) duplication event (Fig). suggesting that SaGD did not impact the current
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salmonid npm2a evolution most likely due to early loss binding by increasing the recognition and affinity for
of the SaGD ohnolog of this gene (Fig). different histones 7, 38]. Acidic tract A1 was demon-

In addition to the early gene losses after WGD, variousstrated to be absent from most of the Npm2b investi-
other independent and phylum-specific gene losses maygated so far, exceptXenopus tropicalisNpm2b, and
have contributed to shape the currenhpm2a and acidic tract A2 was predicted to be in all investigated
npm2b genes in vertebrates. In fact, although both Npm2b apart from guinea pig Npm2b and American
npm2a and npm2b have been globally conserved in whitefish Npm2bl (Additional file 6). This strongly
sarcopterygians and actinopterygians, some phyla irsuggested that the histone and basic protein binding
each group lack at least one of the genes. In sarcopteryactivity of Npm2b is mediated predominantly by
gians, npm2a is conserved in amphibians such asacidic tract A2. On the other hand, in all investigated
Xenopus tropicalisand laevis and in sauropsids such as Npm2a proteins, we predicted an acidic tract Al
Chinese alligator and chicken (Fig4, 2, 3). In contrast, except in that of dogfish, zebrafish, and allis shad
we did not find any npm2a genes in the Coelacanth (Additional file 6). In contrast, only half of the inves-
genome (Figsl, 2, 3), which could be due to the lower tigated Npm2a proteins harbored an acidic tract A2,
assembly quality of the concerned genomic region (seavhich is additionally shorter than the one present in
Additional file 5), and in the mammalian genomes in- Npm2b proteins (Additional file 6). Our results
cluding human and mouse (Fig4, 2, 3), whose absence demonstrated that most investigated Npm2a proteins
may have been due to the loss of this gene in thepossess acidic tracts that could potentially mediate
common ancestor of mammals. Further, neither genehistone and basic protein interactions, and that are
was found in lampreys which suggests early loss of thelifferent than those found in Npm2b which suggest
ancestral gene in this group. Thus, our data suggest thathat these two proteins may have diverse functions.
nmp2a was retained in vertebrates with late (i.e. As previously demonstratednpm?2b functions as a
mid-blastula) ZGA such as fish and amphibians, while it histone chaperone to decondense sperm DNA as well as
was lost in mammals that have early (i.e-3 embryonic  reorganize chromatin, thus, it has also been suggested to
divisions) ZGA R7]. Considering the essentialness of the contribute to ZGA as well. 5, 11, 34, 39] Npm2b is
npm2 gene in embryonic development, its lack in somethought to be activated by various post-translational
neoteleostean species, such as Atlantic cod and medakaodifications and homo-pentamerisationdD], and sub-
raises the question on how evolution can cope with itssequently interacts with chromatin by exchanging
loss. Further analyses of data from the Phylofish datasperm-specific basic proteins with histones via its core do-
base R1] (data not shown) showed thahpm3 had the main and acidic tracts Al, A2 and A33R, 36, 38, 41-44].
strongest homology tonpm2 and was predominantly We found that most of the investigated Npm2a proteins
expressed in the ovaries in medaka and cod whichpossess acidic tract A1 while some have a shortened A2,
suggest that it could potentially compensate faypm2  in contrast to Npm2b proteins which have a long A2 and
deficiency. In contrast, npm3 does not show an mostly lack Al. Thus, Npm2a is likely capable of mediat-
ovarian-predominant expression in spotted gar and zeb-ing histone and basic protein interactions like the other
rafish, thus suggesting that its strong ovarian expressiomucleoplasmins, although its function may be different
could be restricted to neoteleostei. than that of Npm2b.

Peptidic domains of npm2 paralogs Expression profiles ofnpm2a and npm2b

To gain insight into the functional role of Npm2a, we In order to investigate further the potential functions of
examined its protein domains in comparison with Npm2a and Npm2b, we explored the tissue distributions
Npm2b since to date, only the role of Npm2b has beenof both transcripts using two different approaches, gPCR
investigated, such as irXenopus tropicalis[9, 28, 29, and RNA-seq, the latter of which was obtained from the
mouse L1, 30], humans B1-33], cattle [34], and zebra- Phylofish online database?]]. In zebrafish andXenopus
fish [5]. However, no data is available on the structure tropicalis, we observed by gPCR thappm2a and npm2b
and function of Npm2a. The nucleoplasmin family is de- were both predominantly expressed in the ovary, and to
fined by the presence of an Npm core domain, whicha lesser extent, the muscle, as well as in the zebrafish
enables oligomerization of Npm proteins, in all of its gills (Fig.4aand b). We also demonstrated via the Phy-
members B5, 36]. We were able to predict the presence lofish database thabhpm2a and npm2b were predomin-

of this domain in all investigated Npm2a and Npm2b antly expressed in the ovary of bowfin, elephantnose
sequences (Additional file6), suggesting that Npm2a fish, panga, European eel, sweetfish, and northern pike
proteins could also form homo- or hetero-polymers. (Fig. 4c to h). In the investigated salmonid species,
Acidic tract domains are also features of nucleoplasminbrook trout and brown trout, npm2a npm2bl, and
proteins and were demonstrated to facilitate histone npm2b2 were also predominantly expressed in the ovary



Cheunget al. BMC Evolutionary Biology (2018) 18:167 Page 9 of 1

6

R of
r the

idney; Ov,

P
A Zebrafish B Xenopus
_ 120% % 120%
g >
2 100% 1 < 100%
& 2
Q: g 80% § 80%
Qf & eow T 2 60
q|d o
S| 2 a0% % 40%
E 20% E 20%
0%+ == = 0%+
Br Gi Mu Li Eye In Ov Te Br Lu He Mu Li Eye In Ov Te
C Bowfin D Elephantnose fish
100% 100%
§ 80% E 80%
5 5
§ 60% @ 60%
¢ &
; 40% ::, 40%
§ 20%+ i 20%
0% T T T T T T T T T 1 0% T T T T T T T T T 1
Br Gi He Mu Li Ki Bo In Ov Te Br Gi He Mu Li Ki Bo In Ov Te
E Panga F European Eel
100% 100%
3 go% 2 80%-
5 s
§ cond % eoud
g &
S 40% ' 40%-
5"3 20% E 20%
ey %+ %+ —+—1
Q Br Gi He Mu L Ki Bo In Ov Te Br Gi He Mu Li Ki Bo In Ov Te
¢
I : .
QZ: G Sweetfish H Northern Pike
100% 100%
3 8% 3 80%
5 5
2 60% 2 60%
¢ ¢
S 40% v 40%
§ 20% § 20%
0%+ T T T T T T T T T 1 0%+ T T T T T T T T T 1
Br Gi He Mu Li Ki Bo In Ov Te Br Gi He Mu Li Ki Bo In Ov Te
I Brook Trout J Brown Trout
100% 100%
;); 80% g 80%
5 5
@ 60% g 60%
¢ &
9 s0% v 40%
§ 20% § 20%
0%+ T T T T T T T T T 1 0%+ T T T T T T T T T 1
Br Gi He Mu Li Ki Bo In Ov Te Br Gi He Mu Li Ki Bo In Ov Te
npm2a npm2b npm2b1 npm2b2
Fig. 4 Tissue distribution afucleoplasmitnpm) 2a and npm2bin different species. Tissue expression analysis by quantitative real-time PQ
npm2aand npm2bmRNAs ing) zebrafish ando) XenopusExpression level is expressed as a percentage of the expression in the ovary fa
most expressed gene. Data were normalized us8fexpressiorN= 3 individual animalsc{) Tissue expression level by RNA-Sempoi2a
and npm2bmRNAs in different fish species. mRNA levels are expressed in read per kilobase per million reads (RPKM). ilarsd|maméds (
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(Fig. 4i and j). In addition, npm2 transcripts were teleosts,npm2a mRNA levels globally tended to be

expressed at a very low level in the testis of European eelpwer than npm2b (or npm2bl and npm2b2 for
northern pike, and salmonid species (Fif, h, i, andj). In  salmonids) (Fig4a and d-j).
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In order to delve deeper into their functions in One-cell staged embryos were injected with the
reproduction and embryogenesis, we investigatgegm2a CRISPR/cas9 guides that targeted eitheppm?2a or
and npm2b mRNA expression during oogenesis and npm2band allowed to grow to adulthood. Since the mu-
early development in zebrafish. During zebrafish oogen-tagenesis efficiency of the CRISPR/cas9 system was very
esis, bothnpm2a and npm2b transcripts were found at high, as previously describedt§, 47], the npm2 genes
high levels in oocytes (Fig5a), and despite gradual were sufficiently knocked-out even in the mutant mosaic
decreases in the levels of botmpm?2 during oogenesis, FO females. This was evidenced by the substantially
they still can be detected at reasonable amounts in thdower transcript levels ofnpm2a and npm2b in the F1
unfertilized egg (i.e. metaphase 2 oocyte) (Figb). embryos as compared to those from control WT pair-
Thereafter,npm2a and npm2b transcript levels progres- ings (Fig.6a). Thus, the phenotypes ofipm2a (n=4)
sively decreased during embryonic development afteand npm2b (n=5) mutants could be observed even in
fertilization with a substantial reduction after MBT the FO generation. Since none of the mutated genes were
(around 4 hpf) before reaching very low levels at 24 htransmissible to future generations neither through the
post-fertilization (hpf) (Fig.5h). male nor the female (ie. all the surviving embryos were

Our findings demonstrated clear ovarian-specific WT), therefore, all of our observations were obtained
expression profiles ohpm2a and npm2btranscripts that from the FO generation.
were conserved in all investigated species, from teleosts We observed that most of the embryos from both
to tetrapods, which suggested that they both have rolempm2a and npm2b mutant females had a very low
in female reproduction and/or embryonic development. developmental success even at a very early stage of
This is consistent with the npm2b mRNA profiles growth (1 hpf) (17.6+5.1% and 36.4 + 10.2%, respect-
reported in the literature for mouse 11], cattle [34], ively, vs. 85.1+4.9% in controls) (Figp) as defined by a
Xenopus tropicalis[39], and zebrafish §]. Further, we complete lack of cell division (non-cellularized). Tabte
found that the npm2 transcripts were highly abundant demonstrates the penetrance of thepm2a and npm2b
from early oogenesis through to early embryogenesismutant phenotypes in single spawns from individual
finally being degraded at around MBT, which suggestedmutants. Relative to the controls (Fig.ad), the npm2a
that both mRNAs are strictly maternal (i.e. not mutant females produced non-developing eggs with two
re-expressed by the zygote), consistent with previouphenotypes; those with normal morphology (Fige-h),
studies on zebrafismpm2aand npm2btranscripts b, 45]. and a large population with an abnormal morphology
Their expression profiles are typical features of (Fig. 7i-I), which included smaller egg, enlarged yolk,
maternally-inherited mRNAs, which highly suggested thatand not fully expanded chorion membrane (36.4 + 6.9%
the newly describechpm?2ais also a maternal-effect gene vs. 0% in controls). The diameter of the egg is demon-

as well. strated by the red dotted lines, which reveal the extremely
reduced size of some of thepm2aembryos (Fig7b, c, j, k).
Functional analysis of npm2a and npm2b in zebrafish The eggs derived froormpm2a mutant females that did not

To understand the roles of these twampm?2 proteins undergo any cell division at tpf continued to display a
during oogenesis and early embryogenesis, we percomplete lack of development up to 8 hpf. By 24 hpf, the
formed functional analysis of these two Npm2 proteins non-developing eggs of both phenotypes frompm2a
by genetic knockout using the CRISPR/cas9 systemmutant females that failed to divide were all dead while the
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(control) female and WT male, respectivblyDevelopmental success as measured by the proportion of fertilized eggs that underwent normal
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J

remaining embryos that showed normal developmentdevelopmental competence of zebrafish eggs, and is
and cell division continued to progress normally. The therefore a crucial maternal-effect gene.

observed phenotype of the non-cellularizespm2a In addition to the eggs that never developed past the
embryos was very similar to previously describedone-cell stage, a significant number of thepm2b-der-
unfertilized eggs 48]. These novel findings showed for ived eggs (29.2 +7.3% vs. 0% in controls) showed abnor-
the first time that npm2a is essential for the mal cell division that culminated in developmental arrest

Table 1 Defects in F1 embryos derived from crossing wild type males to FO females that had been injectgun®abr npm2b
CRISPR mRNA as embryos

Penetrance ofipm2aand npm2bmutant phenotypes

Total number Embryos with defects

of embryos Non-cellularized Partially cellularizéd Normal embryos % Abnormal embryos
npm2a-1 741 366 0 375 49%
npmz2a-2 252 237 0 15 94%
npm2a-3 107 82 0 25 7%
npm2a-4 150 147 0 3 98%
npm2b-1 105 47 42 16 85%
npm2b-2 66 60 6 0 100%
npm2b-3 263 129 134 0 100%
npm2b-4 525 347 173 5 99%
npm2b-5 376 100 92 184 51%

npm2anucleoplasmin 2anpm2bnucleoplasmin 2b
This table demonstrates representative data from a single clutch from each mutant fem&mbryos did not develop at all (please refer to Fige-l). ‘Embryos
had a partially cellularized blastodisc that was sitting atop an enlarged yolk syncytial layer (please refer to arrows i7frand o)
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Fig. 7 Effect ofnucleoplasmifnpm) 2a and npm2bdeficiencies on zebrafish embryogenesis. Representative images demonstrating develgpment
of fertilized eggs from crosses between contial),npm2a(e-l), ornpm2b(m-p) females and wildtype (WT) males from 2 to 24 h post-fertilization
(hpf). In the control eggs, the embryos were at 64-@globlong ), germ ringg), and 24-somitelf stages according to Kimmel et 23[ Eggs
from npm2amutant females were non-developing with a normal morpholagfy)(or with an abnormal morphologyj. Eggs fronmpm2bmutant
females had a normal morphology albeit were developing abnornedifly. @, e,i, m) =images taken at 2 hph,(, j, n) = images taken at 4 hpf;
(c, 9, k,0) =images taken at 6 hpfi,(, |, p) =images taken at 24 hpf. Scale bars denote #00Red dotted lines define the diameter of the embryo.
Arrows demonstrate a partially cellularized blastodisc that was sitting atop an enlarged yolk syncytial layer

at around 4 hpf or the MBT following which the cells beyond the one-cell stage, but a proportion of these
stopped dividing and appeared to regress (Fign-p). eggs were able to overcome this deficiency possibly
These eggs had a partially cellularized blastodisc thatlue to residual expression ofipm2b or compensation
was sitting atop an enlarged yolk syncytial layer that be-by other molecules, and these eggs were fertilized and
came larger with time (arrows in Fig7n and o). By 24 underwent several cell divisions before arresting and
hpf, these embryos were all dead while the remainingeventually dying. This latter phenotype corroborated
embryos that showed normal development and cellwith that described in a previous study which demon-
division continued to progress normally (7.2+3.9% vs.strated that fertilized eggs injected with morpholinos
85.1 + 4.9% in controls). against npm2b were arrested at around MBT and
Our findings demonstrated thanpm2a deficiency leads eventually died $]. Our novel results therefore sug-
to a phenotype of decreased egg competence at thgested that npm2a functions predominantly during
earliest stage whereby most of the spawned eggs failed tearly oogenesis; its deficiency is completely incompat-
undergo cell division and subsequently died. Eggs thaible with development and cannot be compensated by
were deficient innpm2balso showed lack of development other molecules. On the other handnpm2b plays a
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nonessential role duringearly oogenesis and early from wildtype controls 0.0073+0.0006 m; p-value<
development, and its primary function is likely during 0.0001,npm2a and npm2l) to npm2b mutant follicles
MBT as previously described. (0.0037 £ 0.0002 m; p-value<0.0001npm23) to npm2a

In order to further characterize the phenotypes of mutant follicles (0.0025 + 0.0002m). Only stage Il folli-
these mutants, histological analyses of their ovaries wereles were quantitated, and the total areas of the follicles
performed. We found that there were distinct differences were comparable and not significantly different between
in the appearance of stage Il follicles (14840 m in all three groups (WT=28,534+ 2223 m? npm2a=
diameter) P3, 24]. In particular, there was a drastic 25,968+ 1795 m? npm2b= 25,605 + 2643 m?) (Fig.80).
increase in number and reduction in size of the cortical Thus, our findings suggest that botmpm2a and npm2b
alveoli or granules (CGs) in the stage Il follicles of both have roles in cortical granule function which may impact
npm2 mutants compared with those in the wildtype egg activation and fertilization.
controls (Fig.88). There was a substantial progressive The histological analyses of the ovaries of the mutant
increase in number of CGs from wildtype controls females demonstrated that there were significant struc-
(0.0026 + 0.0002 CGsm?% p-value<0.0001, npm2a tural perturbations in the npm2a and npm2b-deficient
and npm2b) to npm2b mutant follicles (0.0065 + 0.0002 follicles during early oogenesis that may negatively
CGs/ m?% p-value =0.0002,npm2d) to npm2a mutant impact egg competence. Our analyses showed that there
follicles (0.0079 + 0.0003 CGsh?) after adjusting to the was a dramatic decrease in size and increase in number
total area of the follicle that was investigated (Figb). in CGs in stage Il follicles of thenpm2a mutants while
There was also a progressive decrease in the size of CGRkere was a similar although not as striking difference in
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Fig. 8 Histological analyses of the ovaries frmmleoplasmifnpm) 2aand npm2bmutant animalsa Ovary sections from age-matchegm2a
npm2h and wildtype (WT) control females stained with Regenematoxylin. Top panels, 20X magnification; bars denots9Bottom panels
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and size (m) of the cortical granules after adjusting to the total area of stage Il follicles from ovaries from age-n@t@gdpm2h and
control females. The N number denotes the total number of follicles counted for each gitetpl area of the stage Il follicles from ovaries
from age-matchechpm2a npm2h and control females\=3 for all samples. N.S. =not significantp £8.001, **< 0.0001 by
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the npm2b mutants. Along with the results in Fig that many maternal factors and regulatory mechanisms that
showed very high levels afpm2aand npm2bexpression contribute to the quality or developmental competence
from the earliest stage of oogenesis (stage I), our dataf the egg remain to be discovered. Our report describes
suggest that these two genes may have important funcelearly and in detail the evolutionary history, tissue
tions in the production and/or growth of CGs during early distribution, as well as expression profile of the two
folliculogenesis. A previous study showed that teeufflé npm2 genes, and provides new findings that demon-
spastizingene regulates secretory vesicle maturation suclstrate their in vivo functions that clearly indicate that
that a mutation in this gene resulted in accumulation of npm2ais a newly described maternal-effect gene. These
immature CGs and a defect in egg activatiodd. In  results will help us gain further insight into the evolu-
addition, a mutation in the aura gene resulted in a tion of maternal-effect genes especially in a diverse
decrease in CG exocytosis through its function in therange of vertebrates (chondrichthyes, sarcopterygians,
reorganization of the cytoskeleton at fertilization5Q]. and actinopterygians). The evolutionary history of the
Further, mutations in thebrom bonegnrnpl gene also led npm2 genes indicated quite complex gene duplications
to loss of the Ca2+ signal induced by fertilization, subse-and losses; an ancient gene duplication with subsequent
quently, CG exocytosis was also decreastd].[In these loss of npm2a in mammals, and despite other WGD
mutants, deficiency in CG maturity and exocytosis led to events, only onenpm2a gene is retained in fish while
defects in egg activation, which was characterized by a deapm2b was further duplicated during SaGD. It remains
crease in cytoplasmic segregation and chorion membranedo be investigated whether the other copy apm2bgene
expansion, as well as in cell division, which exhibited asn salmonid is a pseudogene or not and if any other gene
embryos with a cell mass atop an enlarged yolk syncytiatan functionally replacexpm2ain mammals. Finally, our
region at the 1000-cell stage. Interestingly, we also obstudy will help us understand the underlying mecha-
served dysfunctions in egg activation as the chorion mem-nisms that contribute to reproductive success, especially
brane was not expanded fully in some of the eggs derivedn terms of egg quality, in vertebrates.
from npm2amutant females (Fig7i, j, 1), and the embryos
from the npm2b females did demonstrate the same Additional files
phenotype as theaura and brom bonefnrnpl mutants
corresponding to a defect in cell division (Fign and o). Additional file 1: Al the species used in each analysis. (XLSX 12 ki
Thus, it seemed that the deformations in CGs in the| Additional file 2: List of Npm2 protein sequences used in the phylogenetic
npm2astage Il follicles led to a decrease in egg activation, analysis. (XLSX 21 kb)
and the npm2b mutants did not have a defect in eqg Additional file 3: qPCR and PCR primers. (XLSX 9 kb)
activation, but in cell division. Additional file 4: Npm2a and Npm2b protein sequence comparisons.

Here, we demonstrated that whilepm2a and npm2b (XL?( 9 kb_) ) o

. . A . Additional file 5: List of the genes from the conserved syntenic regign
shar(.a. S|m|I§1r tissue Q|str|but|on, as both are found. of npm2genes. (XLSX 16 kb)
specmcally in the ovaries and early stage embryos, theIrAdditional file 6: Npm2a and Npm2b protein domain conservation.
roles are distinct and essential, and one could not| Presence of the Npm core (red color bar), acidic tract A1 (green cold
compensate for the other. Notably, our data suggest tha bar), and acidic tract A2 (blue color bar) domainspim2aand npm2b
. . . types in various vertebrate species. (EPS 77 kb)

npm2a may play a large role in CG function, which
regulates egg activation. In contrashpm2b appears to

. . . : Abbreviations
play a minor role in CG function and to function at a CDSCoding sequences; CGs: Cortical alveoli or granules; dN: Non-synonymous

later stage (ie. MBT) since thapm2b-deficient embryos  sypstitution rates; dS : Synonymous substitution rates; gRNA: Guide RNA;

are capable of dividing until around 4 hpf, which corre- Mya: Million years ago; MZT: Maternal-to-zygotic transition; Npm2: Nucleoplasmin
: ; 2; ORF: Open reading frame; gPCR: Quantitative real-time PCR; RT: Reverse

SpOI’ldS MEBT as .preV|ou.sI_y.reportec5[ ]fl]' ,and mal,nly, transcription; SaGD: Salmonid-specific genome duplication; SRA: Sequence Read

showed defects in cell division. These findings are in lin€archive; TGD: Teleost-specific duplication; VGD: Vertebrate genome duplication;

with those demonstrated for other maternal-effect genesWGD: Whole genome duplication; WT: Wild-type; ZGA: Zygotic genome

in mammals, such asnater, floped filia, tle6 [52], and ~ actvation

bcas2[53] as well as in ze_braflsh, |_nclud|ngje [48] and Acknowledgements
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