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Shah and colleagues take advantage of the presence of maternal and somatic
ribosomes in zebrafish and confirm their differential expression during development.
The authors convincingly show that ribosomes previously found expressed during
oogenesis are also expressed in primordial germ cells and that hybrid maternal and
somatic ribosomes are formed during development. The question of ribosome
heterogeneity, the expression and function of maternal versus somatically provided
ribosomes are of broad interest and this fundamental work sets new directions for
future functional studies of this interesting phenomenon.
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Abstract

Protein synthesis during vertebrate embryogenesis is driven by ribosomes of two distinct
origins: maternal ribosomes synthesized during oogenesis and stored in the egg, and somatic
ribosomes, produced by the developing embryo after zygotic genome activation (ZGA). In
zebrafish, these two ribosome types are expressed from different genomic loci and also differ
in their ribosomal RNA (rRNA) sequence. To characterize this dual ribosome system further,
we examined the expression patterns of maternal and somatic rRNAs during embryogenesis
and in adult tissues. We found that maternal rRNAs are not only expressed during oogenesis
but are continuously produced in the zebrafish germline. Proteomic analyses of maternal and
somatic ribosomes unveiled differences in core ribosomal protein composition. Most
nucleotide differences between maternal and somatic rRNAs are located in the flexible,
structurally not resolved expansion segments. Our in vivo data demonstrated that both
maternal and somatic ribosomes can be translationally active in the embryo. Using
transgenically tagged maternal or somatic ribosome subunits, we experimentally confirm the
presence of hybrid 80S ribosomes composed of 40S and 60S subunits from both origins and
demonstrate the preferential in vivo association of maternal ribosomes with germline-
specific transcripts. Our study identifies a distinct type of ribosomes in the zebrafish germline
and thus presents a foundation for future explorations into possible regulatory mechanisms
and functional roles of heterogeneous ribosomes.
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Introduction

Ribosomes are macromolecular complexes composed of ribosomal RNAs (rRNAs) and proteins
that are responsible for protein synthesis in the cell. Ribosomes of two different origins are
present during embryogenesis. Large numbers of maternal ribosomes are synthesized during
oogenesis and stored in the egg. Upon fertilization, maternal ribosomes are solely responsible for
all translational activity during early embryogenesis (Bazzini et al. 2016     ; Hensey and Gautier
1997     ). Maternal ribosomes are progressively degraded during embryogenesis and replaced by
newly synthesized ribosomes (i.e., somatic ribosomes) that are produced after zygotic genome
activation (ZGA) in the embryo (Heyn et al. 2017     ; Schramm and Bavister 1999     ). In addition to
their roles in translation (Bazzini et al. 2016     ; Cenik et al. 2019     ; Hensey and Gautier 1997     ;
Noack Watt et al. 2016     ), maternal ribosomes have been proposed to act as a source of
pyrimidines required for the synthesis of new ribosomes (Liu et al. 2018b     ).

In the absence of transcription, the synthesis of new proteins in the early vertebrate embryo needs
to be regulated at the post-transcriptional level. Several mechanisms have been described to
regulate translation during early embryogenesis, including mRNA localization (Kloc and Etkin
2005     ; Lorenzo-Orts et al. 2024     ; Maegawa et al. 1999     ; Medioni et al. 2012     ), binding of
proteins or miRNAs to mRNAs (Giraldez et al. 2006     ), and regulation of polyA tail length
(Eichhorn et al. 2016     ; Lim et al. 2016     ; Liu et al. 2023     ; Subtelny et al. 2014     ). While much
effort has been devoted to understanding maternal mRNA regulation in the past, we have recently
discovered that maternal ribosomes associate with a specific set of factors that bind to key sites on
the ribosome and contribute to its repression and stability (Leesch and Lorenzo-Orts et al. 2023     ).
Thus, control of maternal ribosome function also plays an important role in translational
regulation during embryogenesis.

Ribosomes have traditionally been considered homogeneous macromolecular complexes with no
regulatory role in translation. However, several more recent studies proposed that ribosomes are
heterogeneous in their composition (Ferretti et al. 2017     ; Komili et al. 2007     ; Mageeney and
Ware 2019     ; O’Leary et al. 2013     ; Shi et al. 2017     ; Simsek et al. 2017     ; Xue et al. 2015     ).
Ribosome compositional heterogeneity is thought to be caused by variations in ribosome accessory
factors, ribosome proteins, and ribosomal RNA, as well as by modifications of nucleotides and
amino acids comprising the ribosome. For instance, distinct rRNAs have been reported in
Plasmodium berghei ribosomes isolated from different life cycle stages (Gunderson et al. 1987     ;
Waters et al. 1997     ), and in ribosomes from Xenopus oocytes (Peterson et al. 1980     ). Moreover,
in Drosophila, ribosomes isolated from the germline and soma showed a different protein
composition (Hopes et al. 2022     ). Although heterogeneous ribosomes exist in various
developmental and cellular contexts, the functional implications of ribosome heterogeneity
remain controversial (Barna et al. 2022     ; Ferretti and Karbstein 2019     ).

In zebrafish, maternal and somatic ribosomes differ in their composition (Locati et al. 2017a     ,
2017b     ), which allows studying these specific ribosome types in an experimentally well-
established vertebrate model organism. Maternal ribosomes differ in all four rRNA sequences
(28S, 18S, 5.8S, and 5S) and originate from a different ribosomal DNA (rDNA) locus compared to
somatic ribosomes (Locati et al. 2017a     , 2017b     ). Maternal rRNAs are transcribed during
oogenesis from a single rDNA cluster located on chromosome 4 (Locati et al. 2017b     ), which is
methylated and thus transcriptionally silenced in the soma (Ortega-Recalde et al. 2019     ).
Maternal rRNAs differ from somatic rRNAs in up to 14% of their sequence. However, the
consequences of these differences on ribosome functions are not yet known. Furthermore, it
remains unclear whether maternal and somatic ribosomes differ in protein composition and are
able to form hybrid subunits, which would suggest functional compatibility among their subunits.

https://doi.org/10.7554/eLife.104995.1
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Here we analyze the expression, protein composition, and compatibility of maternal and somatic
ribosomal subunits in zebrafish. Our results show that despite the differences in rRNA sequences,
maternal and somatic ribosomes are found in polysomes indicating their translational activity and
can form hybrid ribosomes containing subunits of both origins. Further, we identify germ cells as
a cell type that continues to express maternal-type ribosomes throughout development, suggesting
a potential functional importance in germ cell-specific translation.

Results

Expression of rRNA variants across
development and cell types in zebrafish
To investigate the expression of maternal and somatic rRNA variants during zebrafish
development, we analyzed total RNA during the first five days of embryogenesis. Consistent with
previous findings (Locati et al. 2017a     , 2017b     ), we observed that maternal rRNAs originating
from the maternal rDNA locus on chromosome 4 (GRCz11; 4: 77,564,140 – 77,555,053) were the sole
rRNA variants present in the egg and during early stages of embryogenesis before zygotic genome
activation (ZGA). Following ZGA, somatic rRNAs started to be transcribed from the somatic rDNA
locus on chromosome– 5 (GRCz11; 5: 827,807 – 819,029). The levels of somatic rRNAs increased
progressively and reached the same level as maternal rRNAs between 20 to 30 hours post-
fertilization (hpf). By 5 days post-fertilization (dpf), more than 98% of the detected rRNAs were of
somatic origin, reflecting the transition from maternal to somatic ribosomes (Fig. 1A      and 1B     ).

Although most ribosomes are of somatic origin by day 5 of development, maternal rRNA variants
may be expressed in specific cell types or tissues beyond oocytes. To investigate this, we employed
a PCR-based assay that could discriminate between maternal and somatic rRNA variants based on
the amplification of highly variable Expansion Segments (ESs) in 18S and 28S RNAs
(Supplementary Fig. S1A     ). To confirm the applicability of the PCR-based assay, we recapitulated
the transition from maternal to somatic 18S rRNA (Supplementary Fig. S1B      and S1C     ). While
in most adult tissues a single DNA band corresponding to somatic 18S and 28S rRNAs was detected,
testis samples showed evidence for the presence of both somatic and maternal rRNAs
(Supplementary Fig. S2     ). Next-generation sequencing (NGS) experiments using total RNA from
testes dissected from five different adult male zebrafish revealed variable levels of maternal and
somatic rRNAs, with maternal rRNA variants accounting for 2% to 27% of the total rRNAs (Fig.
1C     ). Together, these results suggest that both maternal and somatic ribosomes are present in the
male germline.

To gain deeper insights into the expression of maternal rRNAs in the germline, we re-analyzed
total RNA sequencing data from whole embryos and larvae, as well as published total RNA
sequencing data from FACS-sorted primordial germ cells (PGCs) during larval development up to
10 dpf (Redl et al. 2021     ). PGCs, which are the precursors of the adult germline, showed
persistently high levels of maternal rRNAs compared to somatic larval tissues throughout 10 dpf
(Fig. 1D     ). Internal transcribed spacer (ITS) sequences are removed from the nascent 47S rRNA
and act as a marker for ribosome biogenesis. Consistent with a potential role for maternal
ribosomes in the germline, expression analysis of maternal ITS1 (Fig. 1A     ), indicated active
transcription of maternal rRNAs in PGCs, but not in the soma, starting from 3 dpf (Supplementary
Fig. S3     ); long before the production of early-stage oocytes between 10-25 dpf in juveniles
(Dranow et al. 2016     ; Takahashi 1977     ).

Despite our evidence for persistent expression of the rDNA locus on chromosome 4 in the
zebrafish germline, for simplicity and consistency with previous publications, we will continue to
refer to the rRNAs, the subunits they compose, and the ribosomes generated from this locus as
“maternal” throughout this manuscript.

https://doi.org/10.7554/eLife.104995.1
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Figure 1

Expression of maternal and somatic rRNA variants in zebrafish

A) Organization of maternal (yellow) and somatic (blue) rDNA genes in the zebrafish genome. The 5S rRNA genes are
encoded separately, while 18S, 5.8S, and 28S are derived from a single 47S pre-rRNA transcript containing additional spacer
sequences (ITS1 and ITS2 (internal transcribed spacers)) that are removed in several processing steps. Expansion segments
(ES3S and ES31L) are indicated by lighter-colored boxes and PCR primer icons (see Supplementary Fig. S1A     ). B) Relative
expression levels of the four rRNAs (28S, 5.8S, 18S, and 5S), comparing maternal (yellow) and somatic (blue) variants. C)
Fraction of maternal versus somatic rRNAs, obtained by quantifying reads with variant-specific SNPs (single nucleotide
polymorphisms) during the first five days of development, in adult somatic organs, and in testes of 5 different males. D)
Expression of maternal and somatic rRNA variants in whole embryo/larva lysate and FACS-sorted PGCs. ES, expansion
segment. FACS, fluorescence activated cell sorting.
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Recent interrogation of human cancer biopsies in The Cancer Genome Atlas (TCGA) (Liu et al.
2018a     ) has similarly shown differential expression of rRNA variants (Rothschild et al. 2023     ).
To test whether zebrafish maternal-type rRNAs might also be re-expressed in immortalized cells or
during tumorigenesis, we analyzed cDNAs from several cultured zebrafish cell lines and excised
adult tumors (Berghmans et al. 2005     ; Driever and Rangini 1993     ; Heilmann et al. 2015     ;
Patton et al. 2005     ; Paw and Zon 1999     ; Perez et al. 2018     ). 18S rRNA compositional analysis in
the assayed ex vivo or neoplastic contexts showed no evidence of reactivated maternal rRNA
(Supplementary Fig. S4A      and S4B     ). Similarly testing regenerating fin blastema through 5
days post amputation indicates dedifferentiated cells losing morphology and re-entering the cell
cycle (Pfefferli and Jaźwińska, 2015     ) do not express maternal rRNA (Supplementary Fig. S4C     ).

Maternal and somatic ribosomes differ in protein composition
Maternal and somatic ribosomes have so far only been shown to differ in their rRNAs. To
investigate potential differences in protein composition, we performed proteomic analyses of
ribosomes isolated at different times during embryogenesis and compared the expression of core
ribosomal proteins (RPs) (Supplementary Table S1     ). We chose time points containing either
only maternal ribosomes (egg, 1 hpf, 3 hpf and 6 hpf) (Leesch and Lorenzo-Orts et al., 2023     ) or
only somatic ribosomes (120 hpf) (Fig. 1B     ). We detected 8 RPs with more than one paralog
associated to maternal or somatic ribosomes during embryogenesis, namely Rps8 (eS8), Rps17
(eS17), Rps26 (eS26), Rps27 (eS27), Rplp2 (P2), Rpl5 (uL18), Rpl7 (uL30) and Rpl22 (eL22) (Fig.
2A     ). Moreover, alternative isoforms were evident for Rps5 (uS7), Rps18 (uS13), Rps19 (eS19) and
Rpl9 (uL6) (Fig. 2A     ).

To gain further insights into the expression patterns of these alternative RPs, we analyzed
previously published RNA-seq datasets covering different stages of oogenesis, embryogenesis, and
adult tissues (Cabrera-Quio et al. 2021     ; Noda et al. 2022     ; Pauli et al. 2014     ) (Fig. 2B     ,
Supplementary Fig. S5     ). While only one protein variant was predominantly present (more than
10-fold difference in expression level) for all RPs (Fig. 2A     ), mRNAs encoding for Rps17,
Rps27.1/Rps27.2, Rplp2/Rplp2l and Rpl5a/Rpl5b were expressed at more similar levels during
development and in adult tissues (Fig. 2B     , Supplementary Fig. S5     ). In some cases, one RP
paralog was associated with purified ribosomes at all stages while the other was ribosome-bound
only at specific times. Examples include Rpl5b and Rpl22, which were associated with ribosomes
throughout embryogenesis, whereas their paralogs Rpl5a and Rpl22l1, respectively, only showed
increased ribosome incorporation at 5 dpf, correlating with the expression of somatic rRNA
variants (Fig. 2B      and 2C     ). This proteomic analysis of maternal and somatic ribosomes during
embryogenesis provided evidence for RP composition differences in assembled ribosomes at
different times of development, but did not reveal a single RP paralog pair that mirrored the
switch between maternal and somatic rRNAs.

Nucleotide differences between maternal and somatic
rRNAs are predominantly located in structurally non-
resolved flexible areas of the ribosome
rRNAs provide the ribosome with a structural framework and form many of its core functional
sites. Since maternal and somatic ribosomes contain different rRNAs and RPs, we mapped the sites
of nucleotide differences onto the previously obtained cryo-EM structure of the maternal
ribosome at 6 hpf (Leesch and Lorenzo-Orts et al. 2023     ) (Fig. 3A     , Supplementary Fig. S6A     ).
We chose the 6 hpf time-point since it contains exclusively maternal ribosomes (and thus maternal
rRNAs) that have already lost the repressive dormancy factors that are initially bound at 1 hpf,
and embryos already contain a larger amount of polysomes than at 1 hpf (Leesch and Lorenzo-Orts
et al. 2023     ),

https://doi.org/10.7554/eLife.104995.1


Arish N Shah et al., 2025 eLife. https://doi.org/10.7554/eLife.104995.1 6 of 48Arish N Shah et al., 2025 eLife. https://doi.org/10.7554/eLife.104995.1 6 of 48

Figure 2

Expression of alternative ribosomal core proteins in zebrafish development

A) Heatmap of protein expression (normalized IBAQ values) for variant ribosomal protein pairs (paralogs, top; alternative
isoforms, bottom) associated with zebrafish ribosomes at different developmental stages. Below, relative levels of maternal
(yellow) and somatic (blue) rRNA variants at these developmental stages are indicated separately. B) Heatmap of mRNA
expression of paralogs and alternative isoforms for ribosomal protein variants during embryogenesis. See also
Supplementary Fig. S5     . The relative levels of maternal (yellow) and somatic (blue) rRNA variants at these developmental
stages are indicated in the scheme below the heat map. C) Volcano plot based on mass spectrometry data showing fold
enrichment of proteins in the ribosome fraction of 5 dpf larvae versus 6 hpf embryos (n = 3 for each time point). Pairs of
ribosomal protein variants with significantly different associations are shown in different shades. Non-significant but
detected variants are shown in green. Permutation-based false discovery rates (FDRs) are shown as dotted (FDR < 0.01) and
dashed (FDR < 0.05) lines. All significantly enriched or depleted proteins are listed in Supplementary Table S1     . TPM,
transcripts per million. iBAQ, intensity Based Absolute Quantification.

https://doi.org/10.7554/eLife.104995.1
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Figure 3

Location of sequence and structural differences in rRNA variants

A) Map of the maternal zebrafish ribosome isolated from 6 hpf embryos (PDB-7OYB; Leesch and Lorenzo-Orts et al., 2023     ).
Maternal rRNA sequences are shown in surface representation (left) and cartoon representation (right) in shades of yellow.
Locations of nucleotide differences in zebrafish somatic rRNAs are highlighted at the bottom (see legend for color code). A
cross-section through the model is shown in the right, revealing that most of the sequence differences are located on the
surface and not in the inside of the ribosome’s core. B) Sequence differences in maternal and somatic rRNA variants mapped
onto rRNA secondary structure predictions derived from R2DT (Sweeney et al., 2021     ). 18S rRNA, 5.8S and 5S: structural
predictions for Danio rerio somatic rRNAs; 28S rRNA: structural prediction for the Homo sapiens 28S rRNA, with the ES regions
adjusted based on modelling of the zebrafish sequence in the Vienna RNAfold package (Lorenz et al., 2011     ). Circles
indicate positions of nucleotide differences between the maternal and somatic rRNAs. Regions not modeled in the cryo-EM
structure obtained from 6 hpf zebrafish embryos due to poor density are shown in gray.

https://doi.org/10.7554/eLife.104995.1
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As previously suggested (Locati et al. 2017a     ) the majority of sequence differences between
maternal and somatic rRNAs are located in expansion segments (ESs), which are flexible RNA
elements on the surface of the ribosome and thus often not resolved by structural methods (Fig.
3A      and 3B     , Movies 1-3). In fact, only 27% of the nucleotides that differ between maternal and
somatic rRNAs were visible in our maternal ribosome structure. In several instances,
complementary nucleotide differences were predicted to be present in Watson-Crick base-pairs
(e.g. H17, H44, ES27; Fig. 3B     ), thus likely preserving rRNA interactions and secondary structure
(Supplementary Table S2     ).

Functionally important nucleotides tend to be conserved throughout evolution. We therefore also
analyzed whether the differences between maternal and somatic rRNAs corresponded to
evolutionarily conserved or more variable nucleotides. We found that nucleotides that differed
between zebrafish maternal and somatic rRNAs were depleted from conserved regions
(characterized by low Shannon entropies; Schmitt and Herzel 1997     ) and instead enriched in
areas with high degrees of variability at the single nucleotide level across evolution (high Shannon
entropies) (Supplementary Fig. S6B      and S6C     ). Together, our analyses reveal that the majority
of nucleotide differences between maternal and somatic ribosomes are located in evolutionary
less conserved regions outside of the structurally well-resolved areas of the ribosome.

Formation of hybrid ribosomes comprising
maternal and somatic subunits
To investigate whether maternal and somatic ribosomal subunits may interact and form 80S
“hybrid” ribosomes, we focused our structural analyses on rRNA sequence differences and
alternative ribosomal proteins in the contact regions between 40S and 60S subunits, termed
intersubunit bridges (see Table 1     ). 40S and 60S subunits interact through 17 bridges (B1a-eB14)
(Anger et al. 2013     ; Ben-Shem et al. 2011     ; Melnikov et al. 2012     ). Most of these bridges are
formed by RNA-RNA or RNA-protein contacts, with the exception of B1b/c, which is formed by the
contact of two ribosomal proteins, Rps18 (uS13) and Rpl11 (uL5). Five bridges are specific for
eukaryotic ribosomes (eB8, eB11, eB12, eB13, and eB14). On the RNA level, there are sequence
differences between maternal and somatic rRNAs in intersubunit bridges B3-B6, eB13, and in
expansion segments ES31L, ES41L, and ES6S (Fig. 3B     ), which form bridges eB8, eB11, eB12 and
eB14, respectively (Table 1     ). In addition to rRNA sequence differences, one ribosomal protein,
Rps8 (eS8), known to form an intersubunit bridge (Tamm et al. 2019     ) has a paralogous RP and
both are expressed in early zebrafish embryogenesis (Fig. 2A     ). However, in our data, Rps8a was
more abundant at the protein and mRNA level in both maternal and somatic ribosomes,
suggesting no difference in RP paralog usage at the intersubunit bridge between maternal and
somatic ribosomes (Fig. 2A      and 2B     ).

To directly investigate the possibility of hybrid ribosome formation in vivo, 24 hpf zebrafish larvae
were used since maternal and somatic rRNA variants are present at equal levels at this
developmental stage (Fig. 1B     , Supplementary Fig. S1B     ). To assess whether maternal
ribosomes can be found in polysomes at this developmental stage, we performed polysome
gradients of total lysates, which showed peaks for the 40S and 60S ribosomal subunits, a large 80S
(monosome) peak and several polysome peaks (Fig. 4A     ). Besides detecting maternal and somatic
rRNA types in the fraction corresponding to 40S, 60S and 80S subunits, we identified both rRNA
types in translationally active polysomes (Fig. 4B     ; see Supplementary Fig. S1B      for the
specificity of the primers), suggesting that both maternal and somatic ribosomes support
translation at this stage of embryogenesis.

To achieve selective labeling of maternal and somatic ribosomal subunits, FLAG-tagged Rpl10a
was specifically expressed during oogenesis via the oogenesis-specific promoter sycp
(synaptonemal complex protein) (Tg(Mat-RiboFLAG), ensuring the restricted incorporation into

https://doi.org/10.7554/eLife.104995.1
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Table 1

Structural differences of intersubunit bridge regions in maternal and somatic ribosomes

Intersubunit bridges (listed in the first column) are connections between 40S SSU (composed of the 18S rRNA and 33 RPs)
and 60S LSU (composed of the 5S, 5.8S, 28S rRNAs, and 46 RPs). Bridges composed of rRNA sequences with differences
between maternal and somatic types are marked. H, helix. ES, expansion segment.

https://doi.org/10.7554/eLife.104995.1
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Figure 4

Maternal and somatic ribosomal subunits are translationally active in 24 hpf embryos

A) Representative polysome profile with continuous UV absorbance (A260) reading from sucrose density gradients containing
lysate from 24 hpf zebrafish embryos for which the relative levels of each rRNA variant is shown in the inset. Position in the
gradient and collected fractions are indicated. B) Gel electrophoretic analysis of PCR-based detection of maternal and
somatic small (18S) and large (28S) rRNA variants in the individual factions indicated in (A). See Supplementary Fig. S1B     
for the specificity of the primers and Supplementary Table S3      for lengths of PCR products from maternal and somatic
rRNAs. bp (base pair), H (helix), ES (expansion segment).

https://doi.org/10.7554/eLife.104995.1
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maternal ribosomes. In contrast, a male-contributed transgene using a ubiquitously expressed
promoter ubi (ubiquitin b) (Tg(Som-RiboFLAG)) enabled specific labeling of somatic ribosomes
(Supplementary Fig. S7     , S8      and S9     ).

To validate our experimental setup (Fig. 5A     ), we first performed FLAG-immunoprecipitation
(FLAG-IP) experiments using maternal and somatic FLAG-tagged Rpl10a embryo lysates treated
with EDTA to dissociate 80S ribosomes into individual subunits. By analyzing the relative
abundance of maternal and somatic 28S rRNA in the input and IP fractions using RT-qPCR, we
confirmed the specificity of our tagging, precipitation, and detection approaches (Fig. 5B     ).

To test whether hybrid ribosomes form in vivo, we performed a second FLAG-IP experiment in the
presence of cycloheximide (CHX), a well-established translation inhibitor known to stabilize
translating ribosomes. This allowed us to assess the presence of maternal or somatic small
subunits (SSUs) in the IP fraction of the tagged maternal or somatic LSUs (Fig. 5C     ). Intriguingly,
we observed similar levels of maternal and somatic SSUs in the IP fractions independently of
whether maternal or somatic tagged LSUs had served as baits. These findings provide direct
experimental evidence for the in vivo formation of hybrid ribosomes, supporting the compatibility
between large and small ribosomal subunits of different origins.

Co-enrichment of maternal ribosomes
with PGCs and PGC-specific mRNAs
Building on our observation that maternal rRNAs are continuously expressed in PGCs (Fig. 1D     ,
Supplementary Fig. S3B     ) and that maternal ribosomes are actively translating in 1-day-old
zebrafish embryos, we reasoned that maternal ribosomes should be present in PGCs and may be
translating PGC-specific transcripts. To test these hypotheses, we injected in vitro transcribed eGFP
mRNA fused to the nanos3-3’UTR into the 1-cell stage embryo. The nanos3-3’UTR stabilizes the
transcript only in PGCs, enabling PGC-specific eGFP translation at 1 dpf (Fig. 6A      and 6B     ).

To confirm that PGCs maintain a higher ratio of maternal versus somatic ribosomes at 1 dpf (Fig.
1D     ), we used RT-qPCR to assess the ratio of maternal and somatic rRNA variants in FACS-
isolated eGFP-positive PGCs and non-eGFP expressing somatic cells. As expected, a higher
abundance of maternal 18S and 28S rRNA variants were detected in the isolated PGCs compared to
somatic cells, confirming the persistence of maternal ribosomes at higher levels in germline cells
(Fig. 6C     ). To directly test whether maternal ribosomes associate with PGC-specific transcripts
and thus may contribute to germ cell-specific translation, we performed a RNA
immunoprecipitation (RIP) assay using biotinylated eGFP-nanos3-3’UTR mRNAs extracted from 1-
day-old cycloheximide-treated larvae. This approach allowed us to analyze the pool of ribosomes
bound to this specific PGC-localized mRNA. Notably, we observed a significant enrichment of the
maternal ribosomes compared to somatic ribosomes associated with biotin-labeled PGC-localized
mRNAs (Fig. 6D     ). However, this apparent level of enrichment was similar to the level of
maternal ribosomes in isolated PGCs (Fig. 6C     ), providing no evidence towards selectivity of
maternal ribosomes for germ cell-specific transcripts. Nevertheless, our results reveal an
association between maternal ribosomes and PGCs, and thus germline-specific transcripts.

Discussion

Previous studies have revealed that zebrafish ribosomes of maternal and somatic origin are
composed of two distinct sets of rRNAs (Locati et al. 2017a     , 2017b     ). While one set of rRNAs
was thought to be exclusively present in maternal ribosomes, our PCR-based and RNA-seq
analyses indicate that these rRNAs are not only transcribed during oogenesis, but are also present
in PGCs and the male germ line. Translation in PGCs is tightly regulated and differs from that in
the soma, as these cells are specified before the onset of zygotic genome activation (ZGA) and

https://doi.org/10.7554/eLife.104995.1
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Figure 5

In vivo evidence for hybrid ribosome formation in 1 day post-fertilization embryos

A) Scheme summarizing the generation of embryos with tagged ribosomes by crossing Tg(Mat-RiboFLAG) females to
wildtype males and Tg(Som-RiboFLAG) males to wildtype females (see Methods). B) RT-qPCR analysis of the relative amounts
of maternal and somatic 28S rRNAs detected in input or eluate (IP) fractions of a FLAG-IP experiment, which used EDTA-
treated lysates containing either tagged maternal (Tg(Mat-RiboFLAG)) or somatic (Tg(Som-RiboFLAG)) 60S subunits as input.
C) RT-qPCR analysis of the relative amounts of maternal and somatic 28S and 18S rRNAs detected in input or eluate (IP)
fractions of a FLAG-IP experiment. Cycloheximide (CHX) was added during lysis of embryos containing either tagged
maternal (Tg(Mat-RiboFLAG)) or somatic (Tg(Som-RiboFLAG)) 60S subunits. Monosome fractions from RNAse-treated lysates
were used as input. In (B) and (C), three biological replicates from independent natural crosses were used, and significance
was calculated by t-test (if not indicated, p-value > 0.05).
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Figure 6

Enrichment of PGC-localized mRNAs with maternal ribosomes at 1 day post-fertilization

A) Schematic of the experimental strategy. eGFP-nanos3’UTR containing mRNA was injected into 1-cell stage zebrafish
embryos from which two different experimental approaches were used to investigate the ratio of maternal and somatic
ribosomes in PGCs and to test which ribosomes are bound to PGC-localized mRNAs. B) Brightfield and eGFP images of 1 day
post-fertilization embryos, previously injected with only water, eGFP-nanos3’UTR mRNA, or biotinylated eGFP-nanos3-3’UTR
mRNA. Scale bars indicate 500 μm. C) Ratio of maternal (yellow) versus somatic (blue) 18S and 28S rRNA in FACS-isolated
eGFP-positive (PGCs) and eGFP-negative (somatic) cells analyzed by RT-qPCR. D) Ratio of maternal (yellow) versus somatic
(blue) 18S and 28S variants associated with biotinylated eGFP-nanos3-3’UTR mRNAs isolated by RIP (RNA
immunoprecipitation). Non-biotinylated eGFP-nanos3-3’UTR mRNA served as control. Non-specific (background)
amplification was determined using IPs from wild-type (uninjected) lysate and was set to zero. In (C) and (D), three biological
replicates from independent natural crosses were used, and significance was calculated by t-test (if not indicated, p-value >
0.05).
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contain specific maternal mRNAs (Dranow et al. 2016     ; Johnson et al. 2011     ; Yu et al. 2016     ).
Through at least 10 dpf, both inherited and zygotically generated maternal ribosomes constitute
the major ribosome type in PGCs. Therefore, maternal ribosomes may comprise a distinct set of
ribosomes that drive translation in the germline - a finding that may have broad implications for
understanding germline determination and development in zebrafish.

Heterogeneous rRNA sequences have been described in various organisms, including fungi,
invertebrates (Dimarco et al. 2012     ), Xenopus, and humans (Pasolini et al. 2006     ; Vierna et al.
2013     ). However, whether ribosome heterogeneity translates into specialized ribosomal
functions is still a matter of scientific debate. Apart from Plasmodium species (Gunderson et al.
1987     ; Li et al. 1997     ; Waters et al. 1997     ) and the 5S rRNA in Xenopus (Peterson et al. 1980     ),
zebrafish embryos are the only known system that contains two distinct ribosomes composed of
different sets of rRNAs. Differential expression of rRNA variants between tissues may indicate the
ability of rRNA variant ribosomes to have distinct functions. Therefore, zebrafish embryogenesis,
especially germline versus soma studies, provides a powerful system to study ribosome-mRNA
interactions in the context of the functional consequences of ribosome heterogeneity. However,
the cell-to-cell variability in their abundance requires future techniques to address these questions
at the single cell level.

Importantly, we observed that at 1 dpf, when maternal and somatic ribosomes are present at
similar levels, both types of ribosomes associate with polysomes and are thus likely involved in
translation. Consistent with the role of maternal ribosomes in supporting early development,
translation by maternally deposited ribosomes is essential and increases during embryogenesis
before the onset of ribosome biogenesis (Bazzini et al. 2016     ; Hensey and Gautier 1997     ; Leesch
and Lorenzo-Orts et al. 2023     ). Notably, in nematode worms lacking zygotic production of
ribosomes (Cenik et al., 2016) and in zebrafish mutants with impaired ribosome biogenesis
(Bielczyk-Maczyńska et al. 2015     ; Noack Watt et al. 2016     ), maternal ribosomes have been
shown to be sufficient to sustain embryonic development.

If both maternal and somatic ribosomes are capable of translation, an obvious question is why a
dual ribosomal system has evolved in zebrafish. One hypothesis is that maternal ribosomes may
favor the translation of certain transcripts. Fully addressing this question would require swapping
the maternal and somatic rRNA locus, a challenging experiment in zebrafish. Given that the major
sequence differences between maternal and somatic rRNAs are in expansion segments, transcript
specificity (if any) may be caused by solvent-exposed surfaces of maternal and somatic ribosomes.
Our finding that 80S “hybrid” monosomes composed of 40S and 60S subunits of different origins
are readily formed during zebrafish embryogenesis argues against maternal and somatic
ribosomes acting as distinct entities.

As previously mentioned, though many sequence differences exist between the two, compensatory
mutations of Watson-Crick base-pairs may preserve rRNA secondary structure in maternal and
somatic ribosomes. For instance, both strands of helix 12 (H12) of the 28S rRNA differ in maternal
and somatic ribosomes, with the somatic variant containing a U (U68) and the maternal sequence
containing a C (C68). In the opposite strand, the maternal variant encodes a compensatory G73,
whereas the somatic variant contains A73, thereby maintaining the Watson-Crick interaction (U-A
in the somatic rRNA, C-G in the maternal rRNA). The sarcin-rich domain (SRD, or sarcin-rich loop,
SRL) (Anger et al. 2013     ; Khatter et al. 2015     ) is a functionally important site of the ribosome,
and contains two nucleotide differences (Usom3716/Cmat3864 and Asom3738/Gmat3886) located at
the helix that forms the base of the SRL stem-loop. It is unclear if this represents a molecular
difference among either ribosomes’ capacity to anchor elongation factors during tRNA
translocation (Shi et al. 2012     ; Szewczak et al. 1993     ). Other functionally important regions like
the GTPase association center (GAC), which acts as a binding platform for elongation factors and
ribosome rescue factors (Uchiumi and Kominami 1994     ), were not resolved in our maternal
ribosome cryo-EM map in the region containing three nucleotide differences between maternal

https://doi.org/10.7554/eLife.104995.1


Arish N Shah et al., 2025 eLife. https://doi.org/10.7554/eLife.104995.1 15 of 48

and somatic 28S RNAs (Asom1558/Cmat1573, Usom1560/Cmat1575 and Usom1565/Cmat1580).
Therefore, future studies will be required to directly compare the structures of maternal and
somatic ribosomes, though our work already reveals that the vast majority of nucleotide
differences is located at the surface on the ribosome and thus unlikely to alter for example
ribosomal catalysis.

An alternative and non-exclusive hypothesis is that the maternal rDNA locus may be involved in
PGC fate and sex determination in zebrafish. Laboratory strains of zebrafish lack sex
chromosomes and, unlike mammals, rely on the transfer of specific maternal factors for germ cell
development. Several reports suggest a role for the maternal rDNA locus in sex determination,
with specific changes (such as demethylation and amplification on extrachromosomal circles)
occurring during oocyte expansion and being associated with feminization (Breit et al. 2020     ;
Dranow et al. 2013     ; Ortega-Recalde et al. 2019     ; Tao et al. 2020     ).

Another possibility is that the distinct set of rRNAs affects ribosome stability, as it has been
suggested that maternal ribosomes are degraded more rapidly than their somatic counterparts
(Locati et al. 2017b     ). A recent study proposed that ribosome ubiquitination plays a role in
targeting and degrading maternal ribosomes during zebrafish embryogenesis (Ugajin et al.,
2023     ). Additionally, one of the expansion segments, ES4L, is located on the ribosome surface and
is formed by the 3’ end of the 5.8S rRNA and the 5’ end of the 28S rRNA. This 3’ half of the 5.8S
rRNA has previously been suggested to play a role in ribosome degradation (Locati et al., 2018),
and therefore this region could potentially serve as a target for degradation of maternal
ribosomes.

Taken together, our study describes a distinct set of ribosomes present in the zebrafish germline.
The presence of two distinct ribosomes during zebrafish embryogenesis provides an
experimentally accessible system for future studies of ribosome specialization and defines a
potentially novel mechanism of translational regulation in the zebrafish germline.

Materials and Methods

Zebrafish lines and husbandry
Zebrafish (D. rerio) experiments in the Pauli lab were conducted according to Austrian and
European guidelines for animal research and approved by local Austrian authorities (animal
protocols for work with zebrafish: GZ 342445/2016/12 and MA 58-221180-2021-16), and zebrafish
lines in the Calo lab were housed in AAALAC-approved facilities and maintained according to
protocols approved by the Massachusetts Institute of Technology Committee on Animal Care (CAC).
Zebrafish transgenic lines containing maternally or somatically tagged ribosomes were generated
as part of this study and are described below. In vivo samples were allocated randomly to the
experiment and treated equally.

TLAB fish, generated by crossing zebrafish AB with the natural variant TL (Tupfel Longfin), served
as wild-type zebrafish for experiments in the Pauli lab (Figures 1B     , 2     , 3     , and
Supplementary Figures S2     , S5      and S6     ). All experiments in the Calo Lab were performed
in the AB/Tübingen (TAB5/14) zebrafish genetic background (Figures 4     , 5     , 6     , and
Supplementary Figures S1B     , S4     , S7     , S8      and S9     ). Fish were raised according to
standard protocols (28 °C; 14:10 h light:dark cycle).

Zebrafish embryo and tissue collection
Zebrafish embryos were collected at the indicated times post-fertilization, and staged according to
(Kimmel et al. 1995     ).
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Zebrafish AB9 fibroblasts, originally derived from an adult caudal fin (ATCC CRL-2298), were
cultured on cell culture-treated 10 cm plates (Genesee Scientific, 25-500), collected using trypsin
(Gibco, 25200072) and standard cell culture procedures. AB9 cells were grown at 28 °C with 5%
CO2 in Dulbecco’s Modified Eagle Medium (DMEM, Genesee Scientific, 25–500) supplemented with
10% fetal bovine serum (FBS, Gemini Bio-products) and 1% Penicillin/Streptomycin (Gibco, 10378–
016).

Zebrafish ZMEL melanoma cells, originally derived from Tp53M214K/M214K tumors expressing
human oncogenic BRAFV600E were cultured and collected using the same protocols as AB9 cells.
ZMEL cells were a kind gift from the laboratory of Dr. Leonard Zon (Boston Children’s Hospital).

Zebrafish ZF4 fibroblasts, originally derived from a 1 dpf embryo (ATCC CRL-2050), were cultured
on cell culture-treated 10 cm plates (Genesee Scientific, 25-400), collected using trypsin (Gibco,
25200072) and standard cell culture procedures. ZF4 cells were grown at 28 °C with 5% CO2 in a
1:1 mixture of Dulbecco’s Modified Eagle Medium and Ham’s F-12 media (DMEM/F12, Genesee
Scientific, 25-503) supplemented with 10% fetal bovine serum (FBS, Gemini Bio-products) and 1%
Penicillin/Streptomycin (Gibco, 10378–016).

For all cell lines, cells from a 50-75% confluent 10 cm plate were collected and either flash frozen
or directly lysed in TRIzol.

Zebrafish tumors used in this study were derived from the genotypes Tg(mitfa: GNAQQ209L);
Tp53M214K/M214K (referred to as GNAQ melanoma), Tg(BRAFV600E); Tp53M214K/M214K (referred to
as BRAF melanoma), and Tp53M214K/M214K (referred to as MPNST, malignant peripheral nerve
sheath tumor) and excised using standard protocols approved by the Committee on Animal Care at
MIT.

Adult zebrafish were monitored and euthanized before tumors (3-4 mm in diameter) were excised
with a sterile scalpel and placed into a 35 mm dish. Tumors were incubated with 2 mL of
Dissection Media [Dulbecco’s Modified Eagle Medium (DMEM, Genesee Scientific, 25–500), 1%
Penicillin/Streptomycin (Gibco, 10378–016), and 75 μg/mL of Liberase (Roche, 5401020001)],
manually disaggregated with a sterile razor blade, and let sit at room temperature until a cellular
slurry formed. Tumors were further broken down by trituration with an additional 5 mL of Wash
Solution [1x PBS (Genesee Scientific, 25– 508), 1% Penicillin/Streptomycin (Gibco, 10378–016), and
10% fetal bovine serum (FBS, Gemini Bio-products)]. Cells were passed through a 40 μm strainer
(Falcon, 352340), pelleted for 2 min at 500 xg, washed twice with 1x PBS, pelleted, and lysed in
TRIzol.

Generation of transgenic fish lines
Plasmid construction was based on the Tol2/Gateway zebrafish kit (Kwan et al. 2007     ). The p5e-
ubi entry clone was a generous gift from the laboratory of Dr. Leonard Zon (Boston Children’s
Hospital). The p5e-sycp plasmid was cloned by amplifying the sycp promoter from genomic DNA
before using Gateway BP Clonase II to insert the gel-selected product into pDONRP4-P1R (#219)
using previously described primers (Gautier et al. 2013     ). The pMe-3xFLAG-eGFP-Rpl10a plasmid
was cloned by stitching together PCR products containing 3xFLAG, eGFP, and Rpl10a coding
sequence (amplified from 1 dpf cDNA) via Gibson Assembly (Gibson et al. 2009     ), then amplified
using gateway primers before using Gateway BP Clonase II (ThermoFisher Scientific, 11789020) to
clone the insert product. The pMe-3xFLAG-eGFP-Rpl10a-430-3’UTR plasmid was similarly cloned.
The p3e-polyA entry clone (#302) and pDestTol2 (#393) were used from the Tol2Kit in conjunction
with the above plasmids and LR Clonase II (ThermoFisher Scientific, 11791020) to generate
ubi:eGFP-3xFLAG-Rpl10a:polyA and sycp:eGFP-3xFLAG-Rpl10a-430-3’UTR:polyA and are referred
to as Tg(Som-RiboFLAG) and Tg(Mat-RiboFLAG) respectively.
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To generate mosaic transgenic fish lines, a 1 nL mixture of plasmid DNA (40 ng/μL) and capped-
mRNA encoding Tol2 Transposase (20 ng/μL) was loaded into needles pulled from glass capillary
tubing (Warner, 64–0766) and injected into one-cell-stage embryos using a pico-liter injector
(Warner Instruments, PLI90A). Mosaic founders were crossed with wild-type animals to generate a
stable line.

F3 and F4 embryos were used for imaging and experiments. Brightfield images and eGFP images
were acquired on a Leica M205 FCA fluorescence stereo microscope. Images were taken with the
same settings for all embryos.

FACS isolation of primordial germ cells (PGCs)
One-cell-stage zebrafish embryos were injected with 1-2 nL of capped eGFP-nanos3’UTR mRNA
using a pico-liter injector (Warner Instruments, PLI90A) and needles pulled from glass capillary
tubing (Warner, 64–0766). At 24 hpf, embryos were sorted for eGFP expression, dechorionated
using 1 mg/mL pronase (Pronase from Streptomyces griseus, Cat# 000000010165921001, Sigma-
Aldrich), and washed with 1x PBS (Genesee Scientific, 25–508).

80 eGFP-positive embryos were incubated in a 5 mL solution of TrypLE Express (ThermoFisher
Scientific, 12605036) and 0.003% Tricaine (ethyl-3-aminobenzoate-methanesulfonate) for 60 min at
31 °C in a Thermomixer (Eppendorf, Thermomixer R) set to 100 rpm, followed by trituration using
a glass Pasteur pipette until tissues were digested into single cells. Cells were passed through a 40
μm strainer (Falcon, 352340), pelleted for 5 min at 500 xg at room temperature, and washed with
1x PBS. Cell pellets were resuspended in 1x PBS supplemented with 5% fetal bovine serum (FBS,
Gemini Bio-products). Using a BD FACSAria cell sorter, approximately 1,200 eGFP-expressing cells
(primordial germ cells) and 1,200 non-eGFP-expressing cells (somatic cells) were sorted directly
into TRIzol.

Additions to polysome gradient protocols
To obtain a better resolution of the low molecular weight fractions, 24 hour post-fertilization
embryos were batch deyolked according to the previously published protocol (Link et al. 2006     ).
While 200 to 250 embryos were used per sample for non-deyolked samples, 500 embryos were
used per gradient for deyolked embryos. The deyolking buffer was supplemented with 1x protease
inhibitors (EDTA-free, Roche) and 0.1 μg/mL cycloheximide. To avoid DNA contamination in the
higher molecular weight factions, obtained larval lysates were treated with 1:125 Turbo DNase
(QIAGEN, 79254) according to the manufactures protocol and incubated for 10 min at 28 °C.

To isolate RNA after fractionation, 400 μL from each collected fraction were transferred into a
Safe-lock Eppendorf tube, 1000 μL TRIzol (ThermoFisher Scientific, 15596-018) reagent were added
and samples were vortexed for 10 s immediately. The following steps were performed according to
the standard TRIzol based RNA isolation protocol.

Western blotting of polysome fractions
400 μL of each fraction was first mixed with 700 μL water to dilute sucrose. Sodium deoxycholate
and TCA were added to a final concentration of 0.08% and 20% respectively. Samples were
vortexed and incubated overnight at −20 °C and centrifuged at 20,000 xg at 4 °C for 30 min. Protein
pellets were washed twice with 2 volumes of cold (−20 °C) 100% acetone, then pelleted again. After
acetone was removed, protein pellets were air dried, resuspended in 100 μL Laemmli buffer,
sonicated for 5 min (30 s on, 30s off), and boiled for 5 min, before running a portion on a 4-20%
Tris-glycine polyacrylamide gel (Invitrogen, XV04205). Transfer to a PVDF membrane previously
activated with methanol, was run in cold Tris-glycine transfer buffer (1x Tris-glycine, 20%
methanol) at 80 V for 80 min. After transfer, membranes were blocked in 5% milk in PBST (1x PBS
with 0.1% Tween-20) for 1 h and blotted with primary antibodies (1: 2000 anti-FLAG, Millipore
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Sigma, F3165, and 1:500 anti-Rpl7, ThermoFisher Scientific, A300-741A) overnight at 4 °C.
Membranes were washed with PBST and blotted with secondary antibodies (1:10,000 anti-mouse,
Invitrogen, 32230, or 1:10,000 anti-rabbit, Invitrogen, 32260) for 1 h at room temperature. All blots
were sequentially probed SuperSignal West Femto (ThermoFisher Scientific, 34096) was used to
develop the blot and a Bioanalytical Imaging System model c500 (Azure Biosciences) was used for
imaging.

Isolation of zebrafish embryos for total RNA time course
Embryos were snap-frozen in liquid nitrogen and stored at −80 °C. To maintain a uniform genetic
background, all embryos for the time course experiment were collected from the same fish stock.

Mapping of somatic rRNA differences
onto the maternal rRNA structure
Nucleotide sequence alignments between maternal and somatic zebrafish rRNAs were generated
in Clustal Omega (https://www.ebi.ac.uk/jdispatcher/msa/clustalo     ) (Sievers et al. 2011     ) for each
of the rRNA classes (28S, 18S, 5.8S and 5S), and pairwise nucleotide sequence differences were
identified. Nucleotide positions that differed in the somatic compared to the maternal version of
the rRNA (see Supplementary Table S2     ) were highlighted via ChimeraX-1.6.1 (Goddard et al.
2018     ; Pettersen et al. 2021     ; Meng et al. 2023     ) on the rRNA structural model of the maternal
6 hpf ribosome (PDB: 7OYB, Leesch and Lorenzo-Orts et al., 2023     ). Moreover, 2D rRNA maps
were downloaded from R2DT (Sweeney et al., 2021     ; https://rnacentral.org/r2dt     ) (somatic 18S,
5.8S, 5S rRNA 2D model: Danio rerio; 28S rRNA 2D model: Homo sapiens, with expansion segments
that differed most in zebrafish modeled via the Vienna RNAfold package (Lorenz et al., 2011     )),
and used as basis for mapping and classifying maternal vs somatic nucleotide differences. Human
rRNA 2D maps highlighting nucleotide position-specific Shannon Entropy values based on the
Eukarya phylogeny were downloaded from Ribovision2 (https://ribovision2.chemistry.gatech.edu/     ;
Bernier et al., 2014     ), and adapted by highlighting the positions of maternal-vs-somatic
nucleotide differences in zebrafish (Supplementary Fig S6B      and S6C     ).

RNA extraction from TRIzol
Homogenized lysate was mixed with 0.2 mL chloroform per mL of TRIzol, vortexed, and
centrifuged for 15 minutes at 16,000 xg at 4 °C. The upper aqueous phase containing RNA was
mixed with an equal volume of 100% ethanol, vortexed, processed with a Zymo column (RNA
Clean and Concentrator, Zymo, R1014) including on-column DNase treatment, and eluted in 13 μL
RNAse-free water.

cDNA synthesis
cDNA was synthesized using SuperScript IV VILO Master Mix (ThermoFisher Scientific, 11766050).
For each sample, an 8 μL reaction composed of 6.4 μL RNA, 0.8 μL 10x ezDNase Buffer, and 0.8 μL
ezDNAse enzyme was incubated at 37 °C for 5 min before centrifuging and placing on ice. Then, 3
μL of SuperScript IV VILO Master Mix or No RT Control and 4 μL of RNase-free water was added to
each reaction, followed by incubation at 25 °C for 10 min, 60 °C for 10 min, and 85 °C for 5 min.

Detection of maternal and somatic rRNA variants by PCR
Primer sequences and annealing temperatures are listed in Supplementary Table S3     . For
certain PCRs, due to the high G/C content of rRNAs and therefore of the corresponding cDNA,
standard PCR conditions were adapted to these more complex templates. RNA and cDNA were
isolated as described above. The PCR reaction differed from the manufacturer’s protocol in the
addition of 1.3x Q5® Hot Start High-Fidelity (from a 2x MasterMix, New England Biolabs M0494)
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and additionally 1 M betaine (Sigma-Aldrich, B0300). The PCR conditions were modified according
to the standard protocol by extending of the elongation time up to 90s in each PCR cycle and a final
elongation step of 15 min.

Detection of maternal and somatic rRNA variants by RT-qPCR
The synthesized cDNA was diluted 5-1000 fold with RNase-free water, depending on the input
material, and used in a 10 μL RT-qPCR reaction composed of 5 μL 2x KAPA SYBR FAST qPCR Master
Mix (Roche, KK4600), 2.5 μL cDNA, and 0.25 μM of each primer. Reactions were arrayed into a 384-
well reaction plate or a 96-well reaction and measured with a Light Cycler 480 II Real-time PCR
Machine: 95 °C for 30 s, 35 cycles of 95 °C for 5 s, 60 °C for 15 s and 68 °C for 15 s. Three biological
replicates, each from independent natural crosses, were measured in triplicate. No reverse-
transcriptase samples were included as negative controls. Background amplification was
determined using IPs from wild-type (uninjected) lysate. qPCR results with cycle numbers higher
than the ‘background control’ were determined as ‘non-specific amplification’ and thus set to zero.
Relative fold differences of specific targets were calculated using the 2ΔCt method. Statistical
analyses were performed using Student’s unpaired t-test where p < 0.05 was considered
significant.

In vitro transcription of mRNA and biotin labeling
To generate the RNA for microinjections, 2 μg of a construct encoding eGFP-nanos3’UTR was
digested using NotI-HF (New England BioLabs, R3189S) for 1 h. The linearized product was
purified according to manufacturer specifications via gel selection using NucleoSpin (Macherey-
Nagel, 740588.50). 500 ng of DNA was used in an overnight IVT reaction using mMESSAGE
mMACHINE T7 ULTRA Transcription Kit (Invitrogen, AM1345). The product was treated with
TURBO DNase for 30 min. RNA was poly-A-tailed using the provided tailing reaction and samples
were run on agarose gels to confirm sizes. RNA was purified using Zymo RNA Clean and
Concentrator columns (Zymo Research, R1016) and concentration was measured using a
Nanodrop ND-1000 Spectrophotometer (ThermoFisher Scientific).

End labeling of RNA was achieved using previously described methods (Wang et al. 2007     ).
Briefly, 20 pmol of in vitro transcribed mRNA (approximately 10 ug) was subjected to labeling with
1 nmol of pCp-Biotin (Jena Bioscience, NU-1706-BIO) in a 20 μL reaction comprising 5 μL DMSO, 2
μL 10 mM ATP, 1 μL T4 RNA Ligase 1 (NEB, M0437M), 1 μL SuperAseIn (Invitrogen AM2694), and 2
μL T4 RNA Ligase Buffer at 25 °C for 2 h. A no-labeling reaction was similarly incubated with the
reaction components lacking pCp-Biotin. All mRNAs were purified using Zymo RNA columns and
adjusted to 200 ng/μL.

Isolation of zebrafish ribosome subunits by immunoprecipitation
Embryos were washed twice with 500 μL of ice-cold Subunit Buffer (20 mM Tris-HCl pH 7.5, 150
mM NaCl, 1 mM EDTA, and 1 mM DTT. As much buffer as possible was removed before samples
were either immediately processed or flash frozen and stored at −80 °C.

400 μL of ice-cold Subunit Lysis Buffer (Subunit Buffer with 1% Triton X-100, 1x cOmplete-EDTA-
free protease inhibitor (Sigma, 11873580001), and 20 mM EDTA) was added to either fresh or
frozen tissue. Keeping tubes on ice, a pre-cooled 1 mL syringe attached to a 26-gauge needle was
used to shear samples by slowly triturating material for 20-30 strokes until no visible tissue
remained. Lysates were incubated on ice for 5 min, then cleared by centrifugation at 10,000 xg for
10 min at 4 °C.

Cleared S10 fractions were adjusted to 500 μL with Subunit Lysis Buffer and overlaid onto 2 mL of
a 1 M sucrose cushion prepared in Subunit Buffer in a 15×51 mm 3 mL thickwall polycarbonate
ultracentrifuge tube (Beckman Coulter, 349622) on ice. Ribosomal subunits were pelleted using a
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TLA100.3 rotor (Beckman Coulter, 349490) at ∼300,000 xg at 4 °C for 2 h. Supernatants were
carefully poured off and pellets were resuspended by horizontal rotation on ice for at least 30 min
in 235 μL of Subunit Buffer. Resuspended subunits were incubated with 2 μL of anti-FLAG
antibody (Millipore Sigma, F3165-.2MG) for 1 h at 4 °C. Then, 14 μL of equilibrated Dynabeads
Protein G (ThermoFisher Scientific, 10003D) were added and incubated at 4 °C for at least 4 h.
Beads were subsequently collected using a magnetic rack, washed with Subunit Buffer three times,
and resuspended in TRIzol-LS reagent (Invitrogen, 10296028).

Isolation of zebrafish monosomes by immunoprecipitation
Embryos were washed twice with 500 μL of ice-cold Ribosome Buffer [20 mM Tris-HCl pH 7.5, 150
mM NaCl, 5 mM MgCl2, 1 mM DTT]. As much buffer as possible was removed before samples were
either immediately processed or flash frozen and stored at −80 °C.

200 μL of ice-cold Ribosome Lysis Buffer [Ribosome Buffer containing 1% Triton X-100, 1x
cOmplete-EDTA-free protease inhibitor (Sigma, 11873580001), and 100 μg/mL cycloheximide] was
added to either fresh or frozen tissue. Keeping tubes on ice, a pre-cooled 1 mL syringe attached to
a 26-gauge needle was used to shear samples by slowly triturating material for 20-30 strokes until
no visible tissue remained. Lysates were incubated on ice for 5 min, cleared by centrifugation at
10,000 xg for 10 min at 4 °C, then treated with 1 unit per embryo of RNAse T1 (ThermoFisher,
EN0541). After 90 min of rotating at room temperature, 2 units per embryo of SuperAseIn
(Invitrogen, AM2694) were added to stop the reaction.

Cleared and digested S10 fractions were adjusted to 250 μL with Ribosome Lysis Buffer and
overlaid onto a continuous 10-50% (w/v) sucrose gradient prepared in Ribosome Buffer containing
100 μg/mL cycloheximide. Gradients were generated using a BioComp Gradient Master device and
14×89 mm ultracentrifuge tubes (Seton Scientific, 7030). Gradients were centrifuged in a SW41 Ti
rotor (Beckman Coulter, 331362) at 35,000 rpm (rmax of 210,000 xg) for 150 min at 4 °C followed by
analysis and fractionation using a BioComp Gradient Station coupled to a Model Triax™ Flow Cell
detector (FC-2). Approximately 1500 μL from the monosome fraction were manually collected.

The resulting monosomes were incubated with 2 μL of anti-FLAG antibody (Millipore Sigma,
F3165-.2MG) for 1 h at 4 °C. Then, 14 μL of equilibrated Dynabeads Protein G (ThermoFisher
Scientific, 10003D) were added and incubated at 4 °C for at least 4 h. Beads were subsequently
collected using a magnetic rack, washed three times with Ribosome Buffer containing 100 μg/mL
cycloheximide, and resuspended in TRIzol-LS reagent (Invitrogen, 10296028).

RIP of biotinylated mRNAs
One-cell-stage zebrafish embryos were injected with 1-2 nL of either biotinylated or non-
biotinylated eGFP-nanos3’UTR mRNA. At 24 hpf, embryos were dechorionated using pronase
(Pronase from Streptomyces griseus, Cat# 10165921001, Sigma-Aldrich) and checked for eGFP
expression.

Approximately 400 eGFP-positive embryos were washed twice with 500 μL of ice-cold Ribosome
Buffer [20 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT]. As much buffer as possible
was removed before samples were immediately processed.

400 μL of ice-cold Ribosome Lysis Buffer [Ribosome Buffer containing 1% Triton X-100, 1x
cOmplete-EDTA-free protease inhibitor (Sigma, 11873580001), and 100 μg/mL cycloheximide] was
added to fresh tissue. Keeping tubes on ice, a pre-cooled 1 mL syringe attached to a 26-gauge
needle was used to shear samples by slowly triturating material for 20-30 strokes until no visible
tissue remained. Lysates were incubated on ice for 5 min, then cleared by centrifugation at 10,000
xg for 10 min at 4 °C.

https://doi.org/10.7554/eLife.104995.1
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Cleared S10 fractions were adjusted to 500 μL with Ribosome Lysis Buffer and overlaid onto 2 mL
of a 1 M sucrose cushion prepared in Ribosome Buffer containing 100 μg/mL cycloheximide in a
15×51 mm 3 mL thickwall polycarbonate ultracentrifuge tube (Beckman Coulter, 349622) on ice.
Ribosomes were pelleted using a TLA100.3 rotor (Beckman Coulter, 349490) at 80,000 rpm (rmax of
346,000 xg) for 2 h at 4 °C. Supernatants were carefully poured off and pellets were resuspended
by horizontal rotation on ice for at least 30 min in 235 μL of Ribosome Buffer with 100 μg/mL
cycloheximide and 5 μL SuperAseIn (Invitrogen AM2694).

Streptavidin magnetic beads (Invitrogen, 65001) were washed twice with Ribosome Buffer, then
added to resuspended ribosomes, and incubated with rotation overnight at 4 °C. Beads were
magnetically collected, washed three times with Ribosome Buffer containing 100 μg/mL
cycloheximide and resuspended in TRIzol LS reagent (Invitrogen, 10296028).

Data availability
Mass spectrometry proteomics data of isolated zebrafish ribosomes from 0, 1, 3 and 6 hpf has been
published previously (Leesch and Lorenzo-Orts et al. 2023     ) and is accessible via the PRIDE
partner repository with the dataset identifier PXD026866. Mass spectrometry proteomics data of
isolated zebrafish ribosomes from 120 hpf (5 dpf) has been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository and will be made accessible upon publication. RNA-
Seq data of total RNA (not ribosomal RNA depleted) was deposited to GEO and will be made
accessible upon publication.

Supplementary Figures
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Supplementary Figure S1

Detection of maternal and somatic rRNAs in embryonic development

A) Schematic representation of the rRNA expansion segments (ES) depicted in Fig. 1A      which are targeted for a PCR-based
fragment length polymorphism (FLP) assay. Either ES3S (helical regions H9a and H9b) in the 18S rRNA or ES31L (helical
regions H79a and H79b) in the 28S rRNA are PCR amplified using a single primer pair (indicated by primer icons) detecting
both maternal and somatic rRNA variants in the same reaction. Resulting PCR products differ in size due to the different
lengths of ES regions in each rRNA. Supplementary Table S3      contains the relevant PCR conditions and primer sequences.
B) Gel electrophoretic analysis of PCR-based detection of maternal and somatic rRNA variants at the indicated developmental
times. For each developmental time assayed, three individual embryos, each from an independent natural cross comprising
one wildtype female and one wildtype male, were used for RNA extraction and cDNA synthesis. C) Averaged (n=3) line profiles
of densitometry scans (ImageJ) from each lane of the gel shown in (B). The regions representing signal from maternal and
somatic 18S rRNA PCR FLP are indicated and used for relative quantification in Fig. 1B     . bp, base pair. NRT, no RT control.
NTC, no template control. M, 100 bp marker.

Supplementary Figure S2

Analysis of rRNA variant expression in different tissues

Gel electrophoretic analysis of PCR-based detection of maternal and somatic A) 18S rRNA and B) 28S rRNA variants in
different adult zebrafish tissues (n=3, each). Positive control reactions using 2 dpf and egg cDNAs are included for reference.
See Supplementary Fig. S1      and Supplementary Table S3      for indicated lengths of PCR products from maternal and
somatic rRNAs. H, helix. bp, base pair. M, 100 bp marker.

https://doi.org/10.7554/eLife.104995.1
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Supplementary Figure S3

Transcription of rRNA variants in zebrafish and primordial
germ cells (PGCs) from 1 through 10 days post fertilization

Expression of maternal (yellow) and somatic (blue) ITS1 sequences, indicative of de novo rRNA transcription, in A) whole
embryos/larvae and in B) FACS-sorted PGCs. Public dataset PRJNA597223 (Redl et al. 2021     ) was obtained from the
Sequence Read Archive at NCBI for analysis.

Supplementary Figure S4

Detecting rRNA variants in cell lines, tumors, and regenerating fins

A) Gel electrophoretic analysis of PCR-based fragment length polymorphism (FLP) 18S rRNA variant detection from the
indicated cell lines. Diagnostic PCR lengths for maternal and somatic 18S rRNAs are indicated. Positive control reactions using
3 hpf, 24 hpf, and adult fin clip cDNAs are included to compare maternal-only, maternal and somatic, or somatic-only band
patterns, respectively. B) Gel electrophoretic analysis of 18S rRNA variant detection from the indicated excised tumors. See
Materials and Methods for a complete description of each cell line and tumor. C) Gel electrophoretic analysis of the 18S rRNA
FLP assay using cDNA made from regenerating fin blastema excised at the indicated times post initial amputation. NTC, no
template control. AB9 (fibroblast cells), ZMEL (melanoma cells), ZF4 (fibroblast cells), BRAF (melanoma tumor), GNAQ
(melanoma tumor), MPNST (malignant peripheral nerve sheath tumor).
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Supplementary Figure S5

Expression of alternative ribosomal core protein mRNAs in zebrafish oogenesis and adult tissues

Heatmap of mRNA expression of paralogs and alternative isoforms encoding ribosomal protein variants assayed A) over
progressive stages of oogenesis and B) across adult tissues and organs. The relative levels of maternal (yellow) or somatic
(blue) rRNA variants at these developmental stages is indicated in the scheme below each heat map.
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Supplementary Figure S6

Sites that differ between maternal and somatic rRNAs in
zebrafish are enriched in evolutionarily less conserved regions

A) Map of the maternal zebrafish ribosome isolated from 6 hpf embryos (PDB: 7OYB; Leesch and Lorenzo-Orts et al., 2023).
Maternal rRNA sequences are shown in surface representation in shades of yellow; ribosomal proteins are shown in cartoon
representation in various colors. B) Positions of sequence differences in zebrafish maternal and somatic rRNA variants
mapped onto rRNA secondary structure predictions of human 28S, 18S, 5.8S and 5S rRNAs, color-coded for site-specific
Shannon Entropy values, which were downloaded from Ribovision2 (https://ribovision2.chemistry.gatech.edu/     ; Bernier et al.,
2014     ). A higher magnification view of the 5.8S rRNA is shown in C), highlighting the co-occurrence of evolutionarily variable
nucleotides (high Shannon Entropy values) with sites that differ between zebrafish maternal and somatic rRNAs.

https://doi.org/10.7554/eLife.104995.1
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Supplementary Figure S7

Generation of Tg(Mat-RiboFLAG) and Tg(Som-RiboFLAG) lines

A) Cartoon depicting the generation of two transgenic lines containing either FLAG-tagged maternal or FLAG-tagged somatic
ribosomes (see Materials and Methods for details). Mosaic F0 were raised to adulthood and transmission of either transgene
via the germline was screened for in B) 48 hpf embryos using a green heart marker (cmlc2 promoter driving eGFP) also
encoded on the plasmid (Kwan et al. 2007     ) as indicated by the white arrow. As expected, only half of the progeny derived
from a Tg(Som-RiboFLAG) male and a wildtype female express the transgene. Scale bars indicate 500 μm. eGFP, enhanced
green fluorescent protein. Tg, transgene.
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Supplementary Figure S8

Transgenic expression 3xFLAG-eGFP-Rpl10a

Scheme summarizing the generation of embryos with FLAG-tagged ribosomes. Brightfield and fluorescent images of
developing zebrafish embryos from either A) maternally-provided Tg(Mat-RiboFLAG), B) paternally-provided Tg(Som-
RiboFLAG), or C) paternally-provided Tg(Mat-RiboFLAG) parents at the indicated hours post-fertilization. Embryos depicted in
(A) contain maternally deposited 3xFLAG-eGFP-Rpl10a at 0 hpf while embryos depicted in (B) begin expression of 3xFLAG-
eGFP-Rpl10a after 6 hpf. See Supplementary Fig. S9      for expression at 48 hpf. As expected, progeny derived from
paternally-provided Tg(Mat-RiboFLAG) show no transgene expression. Scale bars indicate 500 μm.
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Supplementary Figure S9

Incorporation of Tg(3xFLAG-Rpl10a) into translating ribosomes

A) Representative polysome profiles with continuous A260 reading from 24 hpf embryos. Position in the gradient and
collected fractions are indicated. B) Western blots of polysome gradient fractions containing lysate from 24 hpf embryos with
either maternally-provided Tg(Mat-RiboFLAG) or paternally-inherited Tg(Som-RiboFLAG) detecting the expression of
transgenic FLAG-Rpl10a, and a negative control Western blot of polysome gradient fractions containing lysate from 24 hpf
embryos with paternally-provided Tg(Mat-RiboFLAG) lacking the expression of transgenic FLAG-Rpl10a. kDa, kilodalton.
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Supplementary Table S1

Proteins differentially associated with maternal and somatic zebrafish ribosomes.

Proteins significantly enriched or depleted in ribosomes isolated from 6 hpf embryos versus 5 dpf larvae (permutation-based
FDR <0.05).
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Supplementary Table S1  (continued)

Supplementary Table S3

Primer sequences and PCR conditions used to detect maternal and somatic
rRNA variants by PCR-based fragment length polymorphism (FLP) and RT-qPCR.
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Additional files

Movie 1. Map of the zebrafish maternal ribosome isolated from 6 hpf embryos (PDB: 7OYB; Leesch and
Lorenzo-Orts et al., 2023). Maternal rRNA sequences are shown in cartoon representation in shades of
yellow (see Fig. 3A for the color code); locations of nucleotide differences in zebrafish somatic rRNAs are
highlighted in blue (predominantly substitutions), red (predominantly deletions in somatic rRNAs) and
purple (substitutions and deletions in somatic rRNAs).     

Movie 2. Same as Movie 1, but rRNA sequences are shown in surface representation.     

Movie 3. Same as Movie 2, but cross-section through the ribosome.     

Supplementary Table 2. Structural comparison of sequence differences between maternal and somatic
rRNA variants in zebrafish. rRNA sequence differences between zebrafish maternal and somatic 28S, 18S,
5.8S and 5S rRNAs. Listed are maternal and corresponding somatic rRNA nucleotide positions that differ
between the maternal and somatic variants. The table also includes comments based on the analysis of
the location and base-pairing status of the specific nucleotides in the 6 hpf zebrafish ribosome structure
containing maternal rRNAs.     

https://doi.org/10.7554/eLife.104995.1
https://prod--epp.elifesciences.org/api/files/104995/v1/content/supplements/610041_file02.mp4
https://prod--epp.elifesciences.org/api/files/104995/v1/content/supplements/610041_file03.mp4
https://prod--epp.elifesciences.org/api/files/104995/v1/content/supplements/610041_file04.mp4
https://prod--epp.elifesciences.org/api/files/104995/v1/content/supplements/610041_file05.xlsx


Arish N Shah et al., 2025 eLife. https://doi.org/10.7554/eLife.104995.1 37 of 48

References

Anger AM, Armache J-P, Berninghausen O, Habeck M, Subklewe M, Wilson DN, Beckmann R
2013) Structures of the human and Drosophila 80S ribosome Nature 497:80–85

Barna M, Karbstein K, Tollervey D, Ruggero D, Brar G, Greer EL, Dinman JD 2022) The promises
and pitfalls of specialized ribosomes Mol Cell 82:2179–2184

Bazzini AA, Del Viso F, Moreno-Mateos MA, Johnstone TG, Vejnar CE, Qin Y, Yao J, Khokha MK,
Giraldez AJ 2016) Codon identity regulates mRNA stability and translation efficiency
during the maternal-to-zygotic transition EMBO J 35:2087–2103

Ben-Shem A, Garreau de Loubresse N, Melnikov S, Jenner L, Yusupova G, Yusupov M 2011) The
structure of the eukaryotic ribosome at 3.0 Å resolution Science 334:1524–1529

Berghmans S, Murphey RD, Wienholds E, Neuberg D, Kutok JL, Fletcher CDM, Morris JP, Liu TX,
Schulte-Merker S, Kanki JP, et al. 2005) tp53 mutant zebrafish develop malignant peripheral
nerve sheath tumors Proc Natl Acad Sci U S A 102:407–412

Bernier CR, Petrov AS, Waterbury CC, Jett J, Li F, Freil LE, Xiong X, Wang L, Migliozzi BLR,
Hershkovits E, et al. 2014) RiboVision suite for visualization and analysis of ribosomes
Faraday Discuss 169:195–207

Bielczyk-Maczyńska E, Lam Hung L, Ferreira L, Fleischmann T, Weis F, Fernández-Pevida A,
Harvey SA, Wali N, Warren AJ, Barroso I, et al. 2015) The Ribosome Biogenesis Protein Nol9 Is
Essential for Definitive Hematopoiesis and Pancreas Morphogenesis in Zebrafish PLoS
Genet 11:e1005677

Breit TM, Rauwerda H, Pagano JFB, Ensink WA, Nehrdich U, Spaink HP, Dekker RJ 2020)
Immunoglobulin switch-like recombination regions implicated in the formation of
extrachromosomal circular 45S rDNA involved in the maternal-specific translation
system of zebrafish Developmental Biology http://biorxiv.org/lookup/doi/10.1101/2020.01
.31.928739

Cabrera-Quio LE, Schleiffer A, Mechtler K, Pauli A 2021) Zebrafish Ski7 tunes RNA levels
during the oocyte-to-embryo transition PLoS Genet 17:e1009390

Cenik ES, Meng X, Tang NH, Hall RN, Arribere JA, Cenik C, Jin Y, Fire A 2019) Maternal
Ribosomes Are Sufficient for Tissue Diversification during Embryonic Development in C.
elegans Dev Cell 48:811–826

Dimarco E, Cascone E, Bellavia D, Caradonna F 2012) Functional variants of 5S rRNA in the
ribosomes of common sea urchin Paracentrotus lividus Gene 508:21–25

Dranow DB, Hu K, Bird AM, Lawry ST, Adams MT, Sanchez A, Amatruda JF, Draper BW 2016)
Bmp15 Is an Oocyte-Produced Signal Required for Maintenance of the Adult Female
Sexual Phenotype in Zebrafish PLOS Genet 12:e1006323

Dranow DB, Tucker RP, Draper BW 2013) Germ cells are required to maintain a stable sexual
phenotype in adult zebrafish Dev Biol 376:43–50

https://doi.org/10.7554/eLife.104995.1
http://biorxiv.org/lookup/doi/10.1101/2020.01.31.928739
http://biorxiv.org/lookup/doi/10.1101/2020.01.31.928739


Arish N Shah et al., 2025 eLife. https://doi.org/10.7554/eLife.104995.1 38 of 48

Driever W, Rangini Z 1993) Characterization of a cell line derived from zebrafish
(Brachydanio rerio) embryos Vitro Cell Dev Biol Anim 29A:749–754

Eichhorn SW, Subtelny AO, Kronja I, Kwasnieski JC, Orr-Weaver TL, Bartel DP 2016) mRNA
poly(A)-tail changes specified by deadenylation broadly reshape translation in
Drosophila oocytes and early embryos eLife 5:e16955

Ferretti MB, Ghalei H, Ward EA, Potts EL, Karbstein K 2017) Rps26 directs mRNA-specific
translation by recognition of Kozak sequence elements Nat Struct Mol Biol 24:700–707

Ferretti MB, Karbstein K 2019) Does functional specialization of ribosomes really exist? RNA
N Y N 25:521–538

Gautier A, Goupil A-S, Le Gac F, Lareyre J-J 2013) A Promoter Fragment of the sycp1 Gene Is
Sufficient to Drive Transgene Expression in Male and Female Meiotic Germ Cells in
Zebrafish1 Biol Reprod 89:89

Gibson DG, Young L, Chuang R-Y, Venter JC, Hutchison CA, Smith HO 2009) Enzymatic
assembly of DNA molecules up to several hundred kilobases Nat Methods 6:343–345

Giraldez AJ, Mishima Y, Rihel J, Grocock RJ, Van Dongen S, Inoue K, Enright AJ, Schier AF 2006)
Zebrafish MiR-430 promotes deadenylation and clearance of maternal mRNAs Science
312:75–79

Goddard TD, Huang CC, Meng EC, Pettersen EF, Couch GS, Morris JH, Ferrin TE 2018) UCSF
ChimeraX: Meeting modern challenges in visualization and analysis Protein Sci Publ Protein
Soc 27:14–25

Gunderson JH, Sogin ML, Wollett G, Hollingdale M, de la Cruz VF, Waters AP, McCutchan TF
1987) Structurally distinct, stage-specific ribosomes occur in Plasmodium Science 238:933–
937

Heilmann S, Ratnakumar K, Langdon E, Kansler E, Kim I, Campbell NR, Perry E, McMahon A,
Kaufman C, van Rooijen E, et al. 2015) A quantitative system for studying metastasis using
transparent zebrafish Cancer Res 75:4272–4282

Hensey C, Gautier J 1997) A developmental timer that regulates apoptosis at the onset of
gastrulation Mech Dev 69:183–195

Heyn P, Salmonowicz H, Rodenfels J, Neugebauer KM 2017) Activation of transcription
enforces the formation of distinct nuclear bodies in zebrafish embryos RNA Biol 14:752–760

Hopes T, Norris K, Agapiou M, McCarthy CGP, Lewis PA, O’Connell MJ, Fontana J, Aspden JL
2022) Ribosome heterogeneity in Drosophila melanogaster gonads through paralog-
switching Nucleic Acids Res 50:2240–2257

Johnson AD, Richardson E, Bachvarova RF, Crother BI 2011) Evolution of the germ line-soma
relationship in vertebrate embryos Reprod Camb Engl 141:291–300

Khatter H, Myasnikov AG, Mastio L, Billas IML, Birck C, Stella S, Klaholz BP 2014) Purification,
characterization and crystallization of the human 80S ribosome Nucleic Acids Res 42:e49

Khatter H, Myasnikov AG, Natchiar SK, Klaholz BP 2015) Structure of the human 80S ribosome
Nature 520:640–645

https://doi.org/10.7554/eLife.104995.1


Arish N Shah et al., 2025 eLife. https://doi.org/10.7554/eLife.104995.1 39 of 48

Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF 1995) Stages of embryonic
development of the zebrafish Dev Dyn Off Publ Am Assoc Anat 203:253–310

Kloc M, Etkin LD 2005) RNA localization mechanisms in oocytes J Cell Sci 118:269–282

Komili S, Farny NG, Roth FP, Silver PA 2007) Functional specificity among ribosomal proteins
regulates gene expression Cell 131:557–571

Kwan KM, Fujimoto E, Grabher C, Mangum BD, Hardy ME, Campbell DS, Parant JM, Yost HJ,
Kanki JP, Chien C-B 2007) The Tol2kit: a multisite gateway-based construction kit for Tol2
transposon transgenesis constructs Dev Dyn Off Publ Am Assoc Anat 236:3088–3099

Leesch F, Lorenzo-Orts L, Pribitzer C, Grishkovskaya I, Roehsner J, Chugunova A, Matzinger M,
Roitinger E, Belačić K, Kandolf S, et al. 2023) A molecular network of conserved factors keeps
ribosomes dormant in the egg Nature 613:712–720

Li J, Gutell RR, Damberger SH, Wirtz RA, Kissinger JC, Rogers MJ, Sattabongkot J, McCutchan TF
1997) Regulation and trafficking of three distinct 18 S ribosomal RNAs during
development of the malaria parasite J Mol Biol 269:203–213

Lim J, Lee M, Son A, Chang H, Kim VN 2016) mTAIL-seq reveals dynamic poly(A) tail
regulation in oocyte-to-embryo development Genes Dev 30:1671–1682

Link V, Shevchenko A, Heisenberg C-P 2006) Proteomics of early zebrafish embryos BMC Dev
Biol 6:1

Liu J, Lichtenberg T, Hoadley KA, Poisson LM, Lazar AJ, Cherniack AD, Kovatich AJ, Benz CC,
Levine DA, Lee AV, et al. 2018a) An Integrated TCGA Pan-Cancer Clinical Data Resource to
Drive High-Quality Survival Outcome Analytics Cell 173:400–416

Liu Y, Zhao H, Shao F, Zhang Y, Nie H, Zhang J, Li C, Hou Z, Chen Z-J, Wang J, et al. 2023)
Remodeling of maternal mRNA through poly(A) tail orchestrates human oocyte-to-
embryo transition Nat Struct Mol Biol 30:200–215

Liu Y, Zou W, Yang P, Wang L, Ma Y, Zhang H, Wang X 2018b) Autophagy-dependent
ribosomal RNA degradation is essential for maintaining nucleotide homeostasis during
C. elegans development eLife 7:e36588

Locati MD, Pagano JFB, Ensink WA, van Olst M, van Leeuwen S, Nehrdich U, Zhu K, Spaink HP,
Girard G, Rauwerda H, et al. 2017a) Linking maternal and somatic 5S rRNA types with
different sequence-specific non-LTR retrotransposons RNA N Y N 23:446–456

Locati MD, Pagano JFB, Girard G, Ensink WA, van Olst M, van Leeuwen S, Nehrdich U, Spaink HP,
Rauwerda H, Jonker MJ, et al. 2017b) Expression of distinct maternal and somatic 5.8S, 18S,
and 28S rRNA types during zebrafish development RNA N Y N 23:1188–1199

Lorenz R, Bernhart SH, Höner zu Siederdissen C, Tafer H, Flamm C, Stadler PF, Hofacker IL 2011)
ViennaRNA Package 2.0 Algorithms Mol Biol 6:26

Lorenzo-Orts L, Strobl M, Steinmetz B, Leesch F, Pribitzer C, Roehsner J, Schutzbier M,
Dürnberger G, Pauli A 2024) eIF4E1b is a non-canonical eIF4E protecting maternal dormant
mRNAs EMBO Rep 25:404–427

https://doi.org/10.7554/eLife.104995.1


Arish N Shah et al., 2025 eLife. https://doi.org/10.7554/eLife.104995.1 40 of 48

Maegawa S, Yasuda K, Inoue K 1999) Maternal mRNA localization of zebrafish DAZ-like gene
Mech Dev 81:223–226

Mageeney CM, Ware VC 2019) Specialized eRpL22 paralogue-specific ribosomes regulate
specific mRNA translation in spermatogenesis in Drosophila melanogaster Mol Biol Cell
30:2240–2253

Medioni C, Mowry K, Besse F 2012) Principles and roles of mRNA localization in animal
development Dev Camb Engl 139:3263–3276

Melnikov S, Ben-Shem A, Garreau de Loubresse N, Jenner L, Yusupova G, Yusupov M 2012) One
core, two shells: bacterial and eukaryotic ribosomes Nat Struct Mol Biol 19:560–567

Meng EC, Goddard TD, Pettersen EF, Couch GS, Pearson ZJ, Morris JH, Ferrin TE 2023) UCSF
ChimeraX: Tools for structure building and analysis Protein Sci 32:e4792

Noack Watt KE, Achilleos A, Neben CL, Merrill AE, Trainor PA 2016) The Roles of RNA
Polymerase I and III Subunits Polr1c and Polr1d in Craniofacial Development and in
Zebrafish Models of Treacher Collins Syndrome PLoS Genet 12:e1006187

Noda T, Blaha A, Fujihara Y, Gert KR, Emori C, Deneke VE, Oura S, Panser K, Lu Y, Berent S, et al.
2022) Sperm membrane proteins DCST1 and DCST2 are required for sperm-egg interaction
in mice and fish Commun Biol 5:332

O’Leary MN, Schreiber KH, Zhang Y, Duc A-CE, Rao S, Hale JS, Academia EC, Shah SR, Morton JF,
Holstein CA, et al. 2013) The ribosomal protein Rpl22 controls ribosome composition by
directly repressing expression of its own paralog, Rpl22l1 PLoS Genet 9:e1003708

Ortega-Recalde O, Day RC, Gemmell NJ, Hore TA 2019) Zebrafish preserve global germline
DNA methylation while sex-linked rDNA is amplified and demethylated during
feminisation Nat Commun 10:3053

Pasolini P, Costagliola D, Rocco L, Tinti F 2006) Molecular organization of 5S rDNAs in Rajidae
(Chondrichthyes): Structural features and evolution of piscine 5S rRNA genes and
nontranscribed intergenic spacers J Mol Evol 62:564–574

Patton EE, Widlund HR, Kutok JL, Kopani KR, Amatruda JF, Murphey RD, Berghmans S, Mayhall
EA, Traver D, Fletcher CDM, et al. 2005) BRAF mutations are sufficient to promote nevi
formation and cooperate with p53 in the genesis of melanoma Curr Biol CB 15:249–254

Pauli A, Norris ML, Valen E, Chew G-L, Gagnon JA, Zimmerman S, Mitchell A, Ma J, Dubrulle J,
Reyon D, et al. 2014) Toddler: an embryonic signal that promotes cell movement via Apelin
receptors Science 343:1248636

Paw BH, Zon LI 1999) Primary fibroblast cell culture Methods Cell Biol 59:39–43

Perez DE, Henle AM, Amsterdam A, Hagen HR, Lees JA 2018) Uveal melanoma driver
mutations in GNAQ/11 yield numerous changes in melanocyte biology Pigment Cell
Melanoma Res 31:604–613

Peterson RC, Doering JL, Brown DD 1980) Characterization of two xenopus somatic 5S DNAs
and one minor oocyte-specific 5S DNA Cell 20:131–141

https://doi.org/10.7554/eLife.104995.1


Arish N Shah et al., 2025 eLife. https://doi.org/10.7554/eLife.104995.1 41 of 48

Pettersen EF, Goddard TD, Huang CC, Meng EC, Couch GS, Croll TI, Morris JH, Ferrin TE 2021)
UCSF ChimeraX: Structure visualization for researchers, educators, and developers Protein
Sci Publ Protein Soc 30:70–82

Pfefferli C, Jaźwińska A 2015) The art of fin regeneration in zebrafish Regeneration (Oxf) 2:72–
83

Redl S, de Jesus Domingues AM, Caspani E, Möckel S, Salvenmoser W, Mendez-Lago M, Ketting
RF 2021) Extensive nuclear gyration and pervasive non-genic transcription during
primordial germ cell development in zebrafish Dev Camb Engl 148:dev193060

Rothschild D, Susanto TT, Spence JP, Genuth NR, Sinnott-Armstrong N, Pritchard JK, Barna M
2023) A comprehensive rRNA variation atlas in health and disease
:2023.01.30.526360 https://www.biorxiv.org/content/10.1101/2023.01.30.526360v1

Schmitt AO, Herzel H 1997) Estimating the entropy of DNA sequences J Theor Biol 188:369–
377

Schramm RD, Bavister BD 1999) Onset of nucleolar and extranucleolar transcription and
expression of fibrillarin in macaque embryos developing in vitro Biol Reprod 60:721–728

Shi X, Khade PK, Sanbonmatsu KY, Joseph S 2012) Functional role of the sarcin-ricin loop of
the 23S rRNA in the elongation cycle of protein synthesis J Mol Biol 419:125–138

Shi Z, Fujii K, Kovary KM, Genuth NR, Röst HL, Teruel MN, Barna M 2017) Heterogeneous
Ribosomes Preferentially Translate Distinct Subpools of mRNAs Genome-wide Mol Cell
67:71–83

Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez R, McWilliam H, Remmert M,
Söding J, et al. 2011) Fast, scalable generation of high-quality protein multiple sequence
alignments using Clustal Omega Mol Syst Biol 7:539

Simsek D, Tiu GC, Flynn RA, Byeon GW, Leppek K, Xu AF, Chang HY, Barna M 2017) The
Mammalian Ribo-interactome Reveals Ribosome Functional Diversity and Heterogeneity
Cell 169:1051–1065

Subtelny AO, Eichhorn SW, Chen GR, Sive H, Bartel DP 2014) Poly(A)-tail profiling reveals an
embryonic switch in translational control Nature 508:66–71

Sweeney BA, Hoksza D, Nawrocki EP, Ribas CE, Madeira F, Cannone JJ, Gutell R, Maddala A,
Meade CD, Williams LD, et al. 2021) R2DT is a framework for predicting and visualising RNA
secondary structure using templates Nat Commun 12:3494

Szewczak AA, Moore PB, Chang YL, Wool IG 1993) The conformation of the sarcin/ricin loop
from 28S ribosomal RNA Proc Natl Acad Sci U S A 90:9581–9585

Takahashi H 1977) Juvenile Hermaphroditism in the Zebrafish, Brachydanio rerio 北海道大
學水産學部研究彙報 28:57–65

Tamm T, Kisly I, Remme J 2019) Functional Interactions of Ribosomal Intersubunit Bridges
in Saccharomyces cerevisiae Genetics 213:1329–1339

Tao B, Lo LJ, Peng J, He J 2020) rDNA subtypes and their transcriptional expression in
zebrafish at different developmental stages Biochem Biophys Res Commun 529:819–825

https://doi.org/10.7554/eLife.104995.1
https://www.biorxiv.org/content/10.1101/2023.01.30.526360v1
https://www.biorxiv.org/content/10.1101/2023.01.30.526360v1


Arish N Shah et al., 2025 eLife. https://doi.org/10.7554/eLife.104995.1 42 of 48

Trinh LA, Chong-Morrison V, Gavriouchkina D, Hochgreb-Hägele T, Senanayake U, Fraser SE,
Sauka-Spengler T 2017) Biotagging of Specific Cell Populations in Zebrafish Reveals Gene
Regulatory Logic Encoded in the Nuclear Transcriptome Cell Rep 19:425–440

Uchiumi T, Kominami R 1994) A functional site of the GTPase-associated center within 28S
ribosomal RNA probed with an anti-RNA autoantibody EMBO J 13:3389–3394

Ugajin N, Imami K, Takada H, Ishihama Y, Chiba S, Mishima Y 2023) Znf598-mediated
Rps10/eS10 ubiquitination contributes to the ribosome ubiquitination dynamics during
zebrafish development RNA 29:1910–1927

Varshney GK, Pei W, LaFave MC, Idol J, Xu L, Gallardo V, Carrington B, Bishop K, Jones M, Li M, et
al. 2015) High-throughput gene targeting and phenotyping in zebrafish using
CRISPR/Cas9 Genome Res 25:1030–1042

Vierna J, Wehner S, Höner zu Siederdissen C, Martínez-Lage A, Marz M 2013) Systematic
analysis and evolution of 5S ribosomal DNA in metazoans Heredity 111:410–421

Wang H, Ach RA, Curry B 2007) Direct and sensitive miRNA profiling from low-input total
RNA RNA 13:151–159

Waters AP, van Spaendonk RM, Ramesar J, Vervenne RA, Dirks RW, Thompson J, Janse CJ 1997)
Species-specific regulation and switching of transcription between stage-specific
ribosomal RNA genes in Plasmodium berghei J Biol Chem 272:3583–3589

Xue S, Tian S, Fujii K, Kladwang W, Das R, Barna M 2015) RNA regulons in Hox 5’ UTRs confer
ribosome specificity to gene regulation Nature 517:33–38

Yu J, Lan X, Chen X, Yu C, Xu Y, Liu Y, Xu L, Fan H-Y, Tong C 2016) Protein synthesis and
degradation are essential to regulate germline stem cell homeostasis in Drosophila
testes Dev Camb Engl 143:2930–2945

Author information

Arish N Shah#

Department of Biology, Massachusetts Institute of Technology, Cambridge, United States
ORCID iD: 0000-0002-4036-9772

#These authors contributed equally

Friederike Leesch#

Research Institute of Molecular Pathology, Vienna BioCenter, Vienna, Austria, Vienna
BioCenter PhD Program, Doctoral School of the University of Vienna and Medical University
of Vienna, Vienna, Austria
ORCID iD: 0000-0003-4705-6944

#These authors contributed equally

https://doi.org/10.7554/eLife.104995.1
http://orcid.org/0000-0002-4036-9772
http://orcid.org/0000-0003-4705-6944


Arish N Shah et al., 2025 eLife. https://doi.org/10.7554/eLife.104995.1 43 of 48

Laura Lorenzo-Orts
Research Institute of Molecular Pathology, Vienna BioCenter, Vienna, Austria
ORCID iD: 0000-0001-9532-630X

Lorenz Grundmann
Research Institute of Molecular Pathology, Vienna BioCenter, Vienna, Austria, Vienna
BioCenter PhD Program, Doctoral School of the University of Vienna and Medical University
of Vienna, Vienna, Austria
ORCID iD: 0000-0002-0365-5913

Maria Novatchkova
Research Institute of Molecular Pathology, Vienna BioCenter, Vienna, Austria
ORCID iD: 0000-0002-8462-7171

David Haselbach
Research Institute of Molecular Pathology, Vienna BioCenter, Vienna, Austria
ORCID iD: 0000-0002-5276-5633

Eliezer Calo
Department of Biology, Massachusetts Institute of Technology, Cambridge, United States,
David H. Koch Institute for Integrative Cancer Research, Massachusetts Institute of
Technology, Cambridge, United States
ORCID iD: 0000-0002-3006-2742

For correspondence: calo@mit.edu

Andrea Pauli
Research Institute of Molecular Pathology, Vienna BioCenter, Vienna, Austria
ORCID iD: 0000-0001-9646-2303

For correspondence: andrea.pauli@imp.ac.at

Editors
Reviewing Editor
Benjamin Hogan
Peter MacCallum Cancer Centre, Melbourne, Australia

Senior Editor
Richard White
University of Oxford, Oxford, United Kingdom

Reviewer #1 (Public review):

In all animals, the fertilized egg is transcriptionally silent, and thus early embryonic
development relies on maternally deposited factors. A key mode of regulation is translational
control to produce the proteins needed by the developing embryo. In zebrafish as well as
other animals, distinct ribosomes, those coming from the maternal pool (maternal ribosomes
produced in the germ line/oocytes), and those produced from new transcription after genome
activation (somatic ribosomes). In zebrafish, the maternal pool consists of a "maternal" rRNA
produced from rDNA on chromosome 4, that has previously been shown to be amplified or
expressed specifically in the germ line and in oocytes. The observed sex-specific expression of
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m-rDNA has led to models that it is involved in sex differentiation and/or maternal control of
early embryonic development, both as mediators of translation and as a source of raw
materials needed to produce new ribosomes. The work to date in the field indicates that
maternal and somatic ribosomes are distinct in their expression profiles but whether they
have unique, or gene-specific activities awaits determining if somatic rDNA can functionally
replace m-rDNA.

In this manuscript, the authors investigated the expression profiles, protein composition, and
ability of maternal and somatic ribosome components to interact with one another and their
association with polysomes. This study reports sequence differences between maternal and
somatic ribosomal components as well as proteomics and structural analysis of ribosome
composition in oocytes and early development. This analysis shows that ribosome subunit
composition changes over developmental time but did not uncover evidence suggesting
maternal or somatic ribosome-specific ribosomal protein paralog use. The key findings of this
work are:
(1) Observation of hybrid ribosomes composed of subunits of maternal and somatic origin in
the embryo.
(2) Detection of both maternal and somatic ribosomes in polysomes, indicating maternal and
somatic ribosomes both support translation in the embryos and may not be functionally
unique.
(3) Persistent expression of m-rRNA in germ cells, suggesting m-ribosomes, as the main
ribosome type present, are important for translation in germ cells. The question of ribosome
heterogeneity and the function of maternal versus somatic rDNA and ribosomes is of great
interest to the broader scientific community. Overall, the manuscript is clearly written and
the solid data provided support the main ideas and conclusions.

Specific points are detailed below.

(1) In Figure 1D the m-rRNA abundance goes down at 3dpf, then up again while the s-rRNA
steadily increases and peaks at 3dpf then drops thereafter. As presented in the graph it is
unclear if this up-then-down trend is consistently observed or not. There are bars on the
graph for m-rRNA but not for s-rRNA, thus it is unclear how many times this experiment was
performed for the s-rRNA or how variable the results were from sample to sample. Beyond
this technical point, if the pattern is consistent, this is an interesting observation as it would
signal either a shift in rDNA transcription to silence the somatic locus and/or post-
transcriptional targeted degradation of the somatic rRNA in germ cells.

(2) Although qualified by the authors to some extent, the conclusion regarding maternal
ribosomes and specificity related to the translation of germ line-specific transcripts is
potentially confusing or misleading. Since the maternal form appears to be the only or
predominant form of ribosomes in the germ cells at this stage, these would be the only
ribosomes available for translation in germ cells. So, any RNA being translated in the germ
cells, even RNAs that are not specifically expressed in the germline would be "enriched in
association with" and translated by the maternal ribosomes in germ cells. Additional
supporting evidence would be required to support the conclusion that the maternal
ribosomes are specifically dedicated to the translation of germ cell-specific RNAs, like nanos3,
rather than just general translation in germ cells. Consistent with a more general role for the
maternal ribosomes in translation in germ cells, differential codon use has been previously
documented for the RNAs produced in oocytes (aka maternal RNAs) (for example Bazzini et al
EMBO 2016; Mishima and Tomari Mol Cell 2016), and tRNA genes were recently reported by
Wilson and Postlethwait to reside along with the maternal 5S genes and maternal-specific
spliceosome components in the region of chromosome 4 that is differentially activated in
oocytes and testis (region 2 coding genes are silenced in the ovary but maternal ribosome-
related genes are expressed in the ovary; region 4 contains the maternal 45S gene). Further,
some of the authors of this manuscript undergo a shift in tRNA repertoire and a change in
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iso-decoder expression at the onset of gastrulation (Rappol et al, Nucleic Acids Research
2024). Technical limitations pose challenges to definitively testing the hypothesis, but it would
be helpful to place the findings here in the context of the published work.

(3) "An alternate and non-exclusive hypothesis is that the maternal rDNA locus may be
involved in PGC fate and sex determination in zebrafish." It would be helpful to further
discuss the published evidence supporting this hypothesis. In accord with a potential role for
m-rDNA in ovary differentiation, differential methylation of m-rDNA has been previously
reported, with high methylation in testis and low methylation in ovaries. Further, several
groups have shown that treating fish with broad inhibitors of methyltransferases causes
testis-biased differentiation of the gonad. Finally, Moser et al (Philosophical Transactions of
the Royal Society B 2024) recently published work in which CRISPR-Cas9 was used to target
the 45S m-rDNA promoter and interfere with its expression. The mutants with these
promoter mutations developed as fertile males, consistent with a role for m-rDNA in ovary
differentiation. A recent paper from Moser et. al. (Philosophical Transactions of the Royal
Society B 2024) showing that disrupting the m-rDNA locus leads to male-only development
should be discussed. This paper does not exclude the possibility of a maternal role for the
ribosomes since only one female was recovered among the 45S-m-rDNA mutants. The
expression data in Figure 1D of this manuscript showing that m-rRNA levels go down and
then up in PGCs indicates the PGCs are making their own m-rRNA. This observation together
with the recovery of fertile males reported in the Moser et al study (Philosophical
Transactions of the Royal Society B 2024) doesn't seem to support a requirement for m-rDNA
in PGC fate or germ cell-specific translation, at least in testis, since the mutant males produce
sperm and are fertile.

(4) Although the rationale for examining rRNAs in adult tumors, cultured zebrafish cell lines,
and during fin regeneration is clear based on the published literature showing elevated
embryonic rRNAs, this line of investigation doesn't add much to this study and is a bit of a
distraction. That said, the observation that in contrast to published work, neither the
maternal (early embryo) nor the specific rRNAs examined are unregulated in these contexts
is important and warrants communication with the research community.

(5) The numbers of embryos and stages are not consistently stated in the manuscript. For
example, in the "Isolation of zebrafish ribosome." and "isolation of monosomes" sections of
the methods, the stage and number of embryos used for the IPs are not clearly stated in the
methods. These important details should be stated throughout the manuscript so that others
can perform future studies in a manner that will facilitate comparisons.

(6) The terminology used for the RiboFLAG experiments is potentially confusing or
misleading. Specifically, different terms are used to describe the source of the ribosomes
(Figure 5, Figure S7, Figure S8 and in the text). For example, "transmission" is used to describe
"maternal transmission" for Mat-RiboFLAG, and "paternal transmission" is used for Som-
RiboFLAG, and in Figure 5 and Figure S8 "maternally provided" and "paternally provided"
are used. However, these terms may be confusing or unintentionally misleading because
transmission and provided refer to two different things. In the case of Mat-RiboFLAG, the
terms refer to the maternal Rpl10-FLAG ribosomes, which the progeny receive from their
mother independent of whether or not they express the transgene. On the other hand, for
Som-RiboFLAG, the terms refer to the transgene rather than the Rpl10-FLAG ribosomes that
will be produced by the embryo using the transgene they inherited from their father.
Consider instead sticking to "maternal" and "somatic", or alternatively "zygotic expression"
and "maternal expression" or "zygotic ribosomes" and "maternal ribosomes".
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Reviewer #2 (Public review):

Summary:

The study expands previous knowledge on the dual ribosome system in zebrafish by
demonstrating the expression of maternal ribosomes in the primordial germ cells as well as
the formation of hybrid ribosomes combining subunits of maternal and somatic ribosomes.
Although the distinction between the two types is clear at the rRNA level, this is not paralleled
at the protein level. An attempt to associate the expression of germ-line-specific transcripts to
maternal ribosomes remains inconclusive. Thus, evidence for the functional specialisation of
ribosomes in this system is still lacking.

Strengths:

The experiments are well-conducted and the main conclusions are well-supported.

Weaknesses:

The attempt to take advantage of the system to provide an example of functional ribosome
specialisation is justified and the expression of maternal-type ribosomes in the germ line may
still be key to understanding the expression of classes of mRNA. However, an alternative
possibility related to genome evolution and sex determination is equally relevant.

Assessment following the structure of the manuscript:

Shah et al.: "A dual ribosomal system in zebrafish soma and germline"

The zebrafish dual ribosome system is attractive because it offers a favourable setting to look
for ribosome specialization and my impression is that this is exactly what the authors set out
to do rather than to try to understand why zebrafish have this unusual setup. If this is
correct, the title and the abstract should better reflect the authors' aim and main results. The
title suggests to the non-specialist that the dual ribosome system is a novel find which
obviously is not the case.

I was a bit confused when reading the introduction. In the first paragraph, it was unclear to
me if the degradation of maternal ribosomes is an active process different from normal
turnover. I also found the third paragraph slightly out of tune with the discussion section. The
dual ribosome setting at the level of ribosomal RNA genes represents an extreme case of
sequence heterogeneity and appears to be sporadic in nature in that it only is reported from
Plasmodium and zebrafish. The Xenopus example is 5S rRNA (as also mentioned in the
discussion section), and the Drosophila example is protein composition, only. If a broader
view of ribosome types is intended, there will be more examples, e.g. Trypanosomes that
express different stage-dependent ribosomes at the level of rRNA modifications. The
occurrence of dual ribosomes in fish should be placed in context with insight from other fish
genomes, e.g. Medaka, which has only one type of ribosomes. Also, the duality in zebrafish is
not restricted to ribosomes, but also comprises two types of spliceosomes. These observations
suggest that the phenomenon should be investigated in the context of genome evolution. This
is appropriately brought up in the discussion section, but I believe it would serve the reading
of the manuscript if this was made clear from the beginning. With respect to the structural
aspects, I am puzzled why one of the few other papers studying this system, Ramachandran
et al. RNA 2020 (PMID: 32912962) is not referenced. This paper is focused on ribose
methylation of the two types of ribosomal RNA and should be relevant to several aspects of
the present study.

The manuscript reports three novel and important findings. First, the maternal-type
ribosomes are expressed in PGCs, where they furthermore are shown to translate germ line-
specific transcripts, and in the male germ line. Regardless, the authors wisely decide to
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maintain the classical terminology of maternal and somatic ribosomes. Second, both types of
ribosomes are polysome-associated and thus translationally active at 24 hpf when they are
found in equal amounts. An elaborate experiment shows that hybrid ribosomes are formed at
this stage. Finally, a RIP experiment fails to show selectivity in ribosomal recruitment of a
germ line-specific mRNA based on the nanos3 3-́UTR. There are several other results, but
these are mainly confirmatory or negative, albeit of good quality and important to
communicate.

The part of the study that describes differences in protein composition is a bit difficult to
follow, partly because of the complexity of the results, and partly because of the
disappointment that no parallel changes in proteins to the clear differences in rRNA were
observed. Except for the discussion of eS8 in relation to subunit bridging, it is purely
descriptive. There is quite a literature on paralog expression (e.g. in yeast and humans) and
perhaps it would be possible to relate to the literature in a way that could provide more
meaning to the observations. From the M&M section, it appears that the proteomics data
were already published in the Leesch and Lorenzo-Orts et al. paper (Nature 2023). They are
here found in Table S1 which is presented in a minimal fashion, from which it is time-
consuming to extract meaningful information, e.g. on how stringently the ribosomes were
prepared.

The hybrid-ribosome observation is convincing, but additional information on the choice of
cycloheximide concentration would be helpful to rule out other interpretations.

The experiment on translation of primordial germ cell-specific transcripts by maternal
ribosomes is a key experiment. Unfortunately, the experiment failed to show selectivity
compared to somatic ribosomes, and in my reading, the promise in the abstract of
"preferential association" is not quite justified. More importantly, this experiment is not
exhaustive, and a more elaborate discussion on the limitations of the experiment and other
approaches would be helpful.

The discussion section is interesting. Importantly, the authors make the non-specialist aware
of the peculiarities of laboratory strains of zebrafish with respect to the lack of sex
chromosomes and a possible connection between the rDNA locus and sex determination. This
information is critical to include in a journal that has a broad readership. I was unable to
follow the argument about the 3h́alf of 5.8S "to play a role" in ribosome degradation based on
Locati et al., 2018 (which is missing from the reference list) and "serve as a target for
degradation of maternal ribosomes". Kinetic effects on the degradation pattern of rRNA are
frequently observed and difficult to interpret.

https://doi.org/10.7554/eLife.104995.1.sa1

Reviewer #3 (Public review):

Summary:

Ribosomes are generally considered homogeneous complexes with no inherent role in
regulating translation. However, recent studies have found heterogeneity in the composition
of ribosome accessory factors, proteins, and ribosomal RNA. Moreover, there is evidence that
district ribosomal isoforms are produced at different developmental stages in Xenopus,
Drosophila, and zebrafish. In Drosophila, germline-derived ribosomes have a different
protein composition to those produced by somatic cell types. In zebrafish, germline vs.
somatic ribosomes have been shown to incorporate distinct rRNA isoforms. However, the
functional significance of ribosome heterogeneity is not known.
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The manuscript by Shah et al., uses the power of the zebrafish to test the hypothesis that
maternal ribosome isoforms have a distinct function relative to ribosome isoforms produced
by somatic cells after the maternal-to-zygotic transition (MTZ). They confirm previous
findings that all maternal rRNA are derived from the maternal-specific rRNA locus on
Chromosome 4. Additionally, proteomic analysis showed that maternal and somatic
ribosomes also differ in protein composition. Using ribosome tagging experiments they
showed that maternally derived subunits can form functional heteroduplexes (hybrids) with
somatic-derived subunits. Finally, they show that maternal-derived ribosomes continue to be
expressed in germ cells where they preferentially associate with the maternally derived and
germline localized nanos3 mRNA. This suggests a possible role of maternal ribosomes in
germ cell-specific translational regulation.

Strengths:

The authors use the experimental power of zebrafish to test the hypothesis that maternal and
somatic-derived ribosomes have distinct functions. They use state-of-the art proteomics,
molecular modeling, and transgenesis techniques. For the most part, the data presented is
clear and supports their conclusions.

Weaknesses:

Using pulldown experiments they show that maternal ribosomes associate with the PGC-
enriched nanos3 RNA, suggesting a role for the maternal isoform in germline-specific
translation. However, they acknowledge that the level of enrichment is similar to the level of
maternal vs. somatic isoforms that localize to PGCs. The nanos3 mRNA is unique in that it is
actively degraded in somatic cells shortly after MTZ so is never present in cells that express
the somatic isoforms. Therefore, the association of nanos3 with maternal ribosomes shows
that these ribosomes can associate with germline-specific RNAs, but does not provide
compelling evidence for a maternal isoform-specific role in translational regulation.

https://doi.org/10.7554/eLife.104995.1.sa0
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