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Abstract

In many animal species, germ cell specification requires the inheritance of germ plasm, a
biomolecular condensate containing maternally-derived RNAs and proteins. Most studies of

germ plasm composition and function have been performed in widely evolutionarily divergent
model organisms, such as C. elegans, Drosophila, Xenopus laevis, and Danio rerfo (zebrafish). In
zebrafish, 12 RNAs localize to germ plasm at the furrows of the early embryo. Here, we tested

for the presence of these RNAs in three additional species within the Danionin clade: Danio
kyathit, Danio albolineatus, and Devario aequipinnatus. By visualizing nanos RNA, we find that
germ plasm segregation patterns during early embryogenesis are conserved across these species.
Ten additional germ plasm RNAs exhibit localization at the furrows of early embryos in all

three non-zebrafish Danionin species, consistent with germ plasm localization. One component of
zebrafish germ plasm, ca156, lacked specific localization in embryos of the more distantly related
Devario aequipinnatus. Our findings show that within a subset of closely related Danionin species,
the vast majority of germ plasm RNA components are conserved. At the same time, the lack of
calbb localization in Devario aequipinnatus germ plasm highlights the potential for the divergence
of germ plasm composition across a restricted phylogenetic space.

Introduction

Germ line specification begins with the establishment of primordial germ cells, a small
subset of embryonic cells that will give rise to the germline of the newly developing
organism. This critical developmental process is achieved through two general pathways:
induction and preformation (Bertocchini & Chuva de Sousa Lopes, 2016; Extavour &
Akam, 2003; Magnusdottir & Surani, 2014; Swartz & Wessel, 2015; Wylie, 1999). Some
animals, such as eutherian mammals and urodele amphibians, specify primordial germ
cells (PGCs) as a result of an inductive mechanism involving cell-cell signaling driven

by zygotic genes in a tissue-specific context (Lawson et al., 1999; Ying et al., 2001).
Other animals, such as teleost fish, anuran amphibians, insects, and some birds, rely on

a mechanism of preformation, in which PGCs are specified through the germ plasm, a
membraneless cytoplasmic structure that contains maternally-inherited ribonucleoparticles
(RNPs) and becomes incorporated into PGCs (Bontems et al., 2009; Eddy, 1975; Hashimoto
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et al., 2004; Miranda-Rodriguez et al., 2017; Strome & Updike, 2015; Tada et al., 2012).
During Danio rerio (zebrafish) embryonic development, germ plasm RNPs proceed through
a series of relatively well-characterized stages of localization and behavior prior to germ
cell differentiation. First, as a newly fertilized zygote begins to proceed through its

initial cell cycles, maternally-derived germ plasm RNPs progressively aggregate into the
embryonic cleavage furrows and compact toward the blastodisc periphery (Eno et al., 2018;
Miranda-Rodriguez et al., 2017; Pelegri et al., 1999). This process, largely driven through
interactions with dynamic cytoskeletal elements (reviewed in (Moravec & Pelegri, 2020)),
results in four stable germ plasm masses at the distal ends of each of the first two cleavage
furrows. At the 16-32 cell stage, as the embryo begins the process of cellularization, these
four germ plasm aggregates become internalized into newly cellularized PGCs and are
subsequently asymmetrically transmitted during each successive cell division into a single
daughter cell (Braat et al., 1999; Knaut et al., 2000; Pelegri et al., 1999; Yoon et al.,

1997). These first four germ plasm aggregates are maintained largely intact throughout the
late cleavage, blastula, and early gastrula stages, resulting in embryos with a small subset
of cells containing germ plasm (approximately ~4-12 out of ~4000-8000 total embryonic
cells during the late blastula period) (Braat et al., 1999; Eno et al., 2019; Knaut et al.,

2000; Yoon et al., 1997). Beginning at dome stage (4.3 hours post-fertilization at 28.5°C)
in zebrafish embryos, RNAs within the intact germ plasm aggregates initiate dispersal, a
process during which they appear to be released from the phase-separated mass into the host
cells’ cytoplasm (Braat et al., 1999; D’Orazio et al., 2021; Knaut et al., 2000; Yoon et al.,
1997). The occurrence of germ plasm RNP cytoplasmic dispersal, which roughly coincides
with the bulk of zygotic genome activation in the embryo, is closely followed by the
appearance of perinuclear Vasa protein-containing germinal granules (Hartwig et al., 2014;
Houwing et al., 2007; Knaut et al., 2000; Strasser et al., 2008). During this period PGCs
are also thought to initiate the germ cell-specific gene expression program and continue

to proliferate and undergo directed migratory movements towards the prospective gonadal
region (Blaser et al., 2005; Bontems et al., 2009).

In zebrafish, 12 RNAs (11 transcripts and one microRNA) have been identified as
components of the germ plasm. These include askopos (kop) (Blaser et al., 2005), carbonic
anhydrase 15b (ca15b) (Hartwig et al., 2014), celf-1/bruno-like (celfI) (Hashimoto et

al., 2004), deleted in azoospermia-like (dazl) (Hashimoto et al., 2004), dead end (dnd)
(Weidinger et al., 2003), granulito (gran) (Strasser et al., 2008), ook microtubule-tethering
protein 2 (hook2) (Roovers et al., 2018), microRNA 202-5p (miR-202-5p) (Zhang et al.,
2017), nanos3 (nos3) (Képrunner et al., 2001), regulator of G-protein signaling 14a (rgs14a)
(Hartwig et al., 2014), tudor domain protein 7 (tdrd7a) (Mishima et al., 2006), and vasa/
DEADbox polypeptide 4 (vasa/ddx4) (Yoon et al., 1997) (Table 1).

The composition of germ plasm appears to vary across animal species, as indicated by
studies in other model organisms, such as Caenorhabditis elegans, Drosophila melanogaster,
and Xenopus laevis, with a majority of germ plasm RNAs present in some lineages but not
others (Houston & King, 2000; Ikenishi, 1998). Only one RNA, nanos, is known to be a
conserved germ plasm RNA component across these broadly divergent species (Képrunner
et al., 2001; Subramaniam & Seydoux, 1999). Within vertebrate lineages, zebrafish germ
plasm shares four RNAS, daz/, nanos, hook2, and dnd, with germ plasm in Xenogpus
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Jaevis (Horvay et al., 2006; Houston et al., 1998; MacArthur et al., 1999; Owens et al.,
2017) whereas the remaining nine zebrafish germ plasm RNAs are apparently absent in
Xenopus laevis germ plasm (Butler et al., 2018; Karimi et al., 2018; Owens et al., 2017).
Conversely, some RNA components found in the germ plasm of Xenopus laevis, such

as pgat/xpat, germes/uncharacterized LOC779566, and ddx25, appear to be absent in its
zebrafish counterpart (Berekelya et al., 2003; Hudson & Woodland, 1998; MacArthur et al.,
2000).

Within fishes and consistent with their greater phylogenetic relatedness, RNA components
of germ plasm appear to be more robustly conserved. At least four RNAs identified

as zebrafish germ plasm components (and, nanos, vasa/ddx4, and dazl) have also been
reported to localize to germ plasm in one or more additional teleost fish species, such as
Scophthalmus maximus (turbot), Gadus morhua (Atlantic cod), or Salmo salmar (Atlantic
salmon) (Lin et al., 2012; Nagasawa et al., 2013; Presslauer et al., 2012). In these

fish species, germ plasm appears to exhibit a conserved pattern of aggregation in the
forming furrows for the first several cell cycles. However, there is also evidence of germ
plasm heterogeneity amongst fish, as demonstrated by the lack of furrow localization of
maternally-inherited vasa/daoix4 RNA in early medaka and seabream embryos (Herpin et al.,
2007; Shinomiya et al., 2000; Zhou et al., 2020).

To date, no study has determined if within a more restricted phylogenetic space, germ plasm
RNA components are broadly conserved as a core set, or whether some RNAS but not others
are conserved within related yet distinct sets of varying composition. To begin to gain some
insight into this question, we use the Danio genus as a “model genus” (Irion & Nisslein-
Volhard, 2019; McCluskey & Postlethwait, 2015a), additionally taking advantage of the
limited set of RNAs evidently present in the germline of this species (Eno et al., 2019). We
systematically test for the presence of known zebrafish RNAs in three other species that span
the phylogenetic depth of the genus Danio, with the orange-finned danio, D. kyathit, being
most closely related to zebrafish (most common recent ancestor (MRCA) ca. 6.5 MYA), the
pearl danio, D. albolineatus, as an intermediate relative (MRCA ca. 9.5 MYA), and the giant
danio, Devario aequipinnatus, as a representative of the sister genus Devario (MRCA ca. 13
MYA) (McCluskey & Postlethwait, 2015a; Ruber et al., 2007) (Sup. Fig. 1). We find that

11 of 12 germ plasm RNAs in zebrafish are also germ plasm components in all three of

the tested non-zebrafish Danionin species, Danio kyathit, Danio albolineatus, and Devario
aequipinnatus, indicating a high level of conservation of germ plasm components at this
phylogenetic scale. The sole exception, caZ5b, is not observed at the furrows of Devario
aequipinnatus and therefore is unlikely to be a germ plasm component in this species. Our
data also indicate that the patterns of germ plasm localization, and likely the underlying
cellular mechanisms for germ plasm aggregation and segregation, are conserved across these
species.

Identification of presumptive germ plasm in three non-zebrafish Danionin species

We used transcripts of the zebrafish nanos3 (previously known as nanos1, the ortholog
of germline-associated nanos in other species) (Képrunner et al., 2001) gene as a marker
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of germ plasm at selected developmental stages in embryos from the Danionin species,
Danio kyathit, Danio albolineatus, and Devario aequipinnatus, which as a set spans the
evolutionary depth of the Danio genus and its closest sister genus Devario (Fig. 1A, Fig.

2, Sup. Fig. 1) (McCluskey & Braasch, 2020; McCluskey & Postlethwait, 2015b). The
developmental stages were chosen to be representative of major steps in the germ plasm life
cycle established in zebrafish, including aggregation at furrow distal tips during cleavage,
asymmetric segregation into a subset of cells during blastula stages, and cytoplasmic
dispersal into host PGCs. Due to the lack of reference genomic sequence information for
many non-zebrafish species, and as an initial test of the extent of sequence conservation of
germline-associated genes within the Danionin subfamily, we used a hapten-labeled RNA
probe designed to complement zebrafish nanos3 (Fig. 2A) for the /in situ hybridization
analysis. We predicted that a probe targeting zebrafish nanos3 could potentially allow
detection of the homologous gene in other Danio species and closely related genera such as
Devario through cross-hybridization due to the broadly conserved nature of the nanos3gene
across animal lineages, including relatively high conservation at the sequence level across
cyprinid fishes (Sup. Fig. 2) (Vallée et al., 2006). Indeed, we found that the zebrafish nanos3
probe detected transcripts in embryonic regions consistent with germ plasm aggregation,
suggesting that the zebrafish probe successfully bound homologous transcripts in all three
non-zebrafish species. Specifically, we found that at the four-cell stage of each species
tested, nanos3-containing RNA particles form large aggregates at the distal ends of both
cleavage furrows (Fig. 2A). In all species and similar to zebrafish (Eno et al., 2018;
Miranda-Rodriguez et al., 2017; Pelegri et al., 1999; Yoon et al., 1997) the compacted
RNAs that form the aggregates appear to form distinctive cylindrical masses within cleavage
furrows, which begin as extended structures but gradually compact toward the distal ends.
This suggests that the spatiotemporal pattern of germ plasm localization during the initial
aggregation period as originally determined in the zebrafish model system is conserved in
multiple species across the Danio and Devario genera.

Conservation of dynamic germ plasm localization patterns throughout embryogenesis

We also assessed germ plasm localization using nanos3as a marker at later stages of
embryogenesis, including stages that in zebrafish comprise the asymmetric segregation
(128-cell to sphere) and RNA dispersal (dome to mid-epiboly) periods of germ plasm
dynamics (Eno et al., 2019; Knaut et al., 2000). In order to distinguish individual cells at
these later stages of embryogenesis, visualization of DAPI-stained DNA and cell boundaries
labeled with anti--catenin antibodies was carried out simultaneously with fluorescent /n
situ hybridization (Figure 3). As with the results at the four-cell stage, signal detection at
the sphere stage of embryogenesis from the species Danio kyathit, Danio albolineatus, and
Devario aequipinnatus revealed similar patterns to what has been previously established for
segregating germ plasm in zebrafish. In each species, the putative germ plasm aggregates
appear as intact, phase-separated cytoplasmic masses that occupy a substantial portion

of host cells, often near the nucleus. At the dome stage in each species, which occurs
post-zygotic genome activation in zebrafish (Aanes et al., 2011; Harvey et al., 2013; Heyn
etal., 2014; Kane & Kimmel, 1993; Lee et al., 2014; Mathavan et al., 2005) and can be
easily distinguished by the bulging appearance of the yolk cell under a concave blastoderm,
the germ plasm undergoes a dramatic morphological transition from intact mass to “leaky”
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appearance, with the RNA particles dispersing to fill the cytoplasm (Figure 3) (D’Orazio
et al., 2021). Another hallmark of this transition in zebrafish is the subsequent appearance
of perinuclear Vasa protein-containing germ granules, which are retained throughout PGC
migration to the genital ridge during somitogenesis (Blaser et al., 2005; Knaut et al., 2000;
Strasser et al., 2008). Further confirming our identification of germ plasm in these non-
zebrafish Danionin species, we observed that nanos3 RNA-containing cells after the dome
stage also exhibited the tell-tale perinuclear Vasa protein granules in Danio kyathit, Danio
albolineatus, and Devario aequipinnatus (Figure 4). Together, the observed localization
patterns of nanos3and Vasa suggest that both maternally-derived germ plasm (labeled by
nanos3) and germ granules at later stages of development (labeled by Vasa) are expressed
and localized consistently across multiple species in the Danio and Devario genera.

Most zebrafish germ plasm RNAs are localized to the cleavage furrows in Danio kyathit,
Danio albolineatus, and Devario aequipinnatus

Since there was no published reference genome for other Danio and Devario species

at the time of this work, we expanded a similar cross-hybridization approach in select
species to also assess the presence and localization of all other germ plasm RNAs as
originally identified in zebrafish. Using RNA probes against the zebrafish gene sequence, we
performed fluorescent /in situ hybridization at the four-cell stage of embryonic development
(approximately one-hour post-fertilization at 28.5°C for all species) in Danio kyathit, Danio
albolineatus, and Devario aequipinnatus. At this developmental stage in zebrafish, germ
plasm RNAs and associated proteins have compacted into four distinct aggregates at the
distal ends of cleavage furrows and are readily identifiable at low magnification (Fig. 2),
making it a convenient timepoint to assess germ plasm localization across the selected
species. In addition to nanos3, the set of tested germ plasm RNAs included askopos (kop)
(Blaser et al., 2005), carbonic anhydrase 15b (ca15b) (Hartwig et al., 2014), celf-1/bruno-
like (celfl) (Hashimoto et al., 2004), deleted in azoospermia-like (dazl) (Hashimoto et al.,
2004), dead end (dnd) (Weidinger et al., 2003), granulito (gran) (Strasser et al., 2008), hook
microtubule-tethering protein 2 (hookZ2) (Roovers et al., 2018), microRNA 202-5p (Zhang et
al., 2017), regulator of G-protein signaling 14a (rgsl4a) (Hartwig et al., 2014), tudor domain
protein 7 (tdrd7a) (Mishima et al., 2006), and vasa/DEADbox polypeptide 4 (vasa/ddx4)
(YYoon et al., 1997). We first verified that, as with nanos3 (Fig. 2-3), our other 11 RNA
probes (see Methods and Materials) recapitulated germ plasm localization for all established
germ plasm RNAs in zebrafish embryos (Figure 5). After verifying the probes in zebrafish,
we proceeded to test them in the other three Danionin species. Probes for each of the 12
zebrafish germ plasm RNAs hybridized to the target RNA in germ plasm at the furrow
region of four-cell stage Danio kyathitand Danio albolineatus embryos, while we observed
furrow localization of all but one RNA (ca15b) in Devario aequipinnatus embryos (Figure

5, Figure 6). Another RNA, daz/, was difficult to observe in low magnification images of
Devario aequipinnatus embryos, but germ plasm localization in the distal furrow region was
confirmed with increased magnification. Since daz/appeared faint even at this increased
magnification (perhaps due to interspecies probe mismatch), we also checked blastula-stage
embryos and found daz/positive germ plasm in putative PGCs (Sup. Fig. 3). This result
underscored that, like nanos3, the majority of germ plasm genes originally identified in

Genesis. Author manuscript; available in PMC 2022 October 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hansen et al. Page 6

zebrafish are also maternally-expressed and, furthermore, germ plasm-localized, in closely
related fish species.

cal5b mRNA is not a germ plasm component in the giant danio Devario aequipinnatus

Animal genomes, including fish, often encode multiple carbonic anhydrases (Gilmour &
Perry, 2009; Howe et al., 2021; Tashian, 1989) (Sup. Fig. 4); however, cal5bis the sole
member of the carbonic anhydrase family known to localize to germ plasm in any species,
as reported in zebrafish (Wang et al., 2013), Danio kyathit, and D. albolineatus (this report).
The apparent lack of germ plasm-specific caZ5b localization in Devario aequipinnatus
embryos, in contrast to its presence in at least three Danio species, suggested that either

the zebrafish and D. aequipinnatus cal15b mRNA sequences have diverged enough to prevent
interspecies probe hybridization or that ca15b is not a component of D. aequipinnatus

germ plasm. We identified the putative cal5b sequence in Devario aequipinnatus from

data contributed to the NCBI Sequence Read Archive by the Vertebrate Genomes Project
(Leinonen et al., 2011; Rhie et al., 2021) and, in addition to confirming that it shares

a closer evolutionary history with zebrafish caZ56than other members of the carbonic
anhydrase 1V/XV family (Figure 6C, Sup. File 1), used the sequence information to repeat
the fluorescent /n situ labeling after amplifying exonic template DNA for RNA probe
synthesis directly from Devario aequipinnatus, rather than zebrafish cDNA (Sup. Fig. 5).
Even with a probe that is precisely homologous to D. aequipinnatus cal15band as in our
initial experiments, caZ5bwas not observed in germ plasm and instead appeared to distribute
uniformly throughout the blastodisc. We extracted total RNA at various times during early
embryonic development in Devario aequipinnatus embryos and performed RT-PCR to assess
for ca15b expression. We found that Devario aequipinnatus cal5b transcripts are present

at the 2-cell (45 mpf) and 1000-cell (3 hpf) but greatly reduced at dome stage (4.3 hpf),
suggestive of maternal-specific expression for this gene and supporting our conclusion

that cal5b transcripts are present in the early embryo but not specifically-localized during
this time. Together with the previous expression data, this demonstrates that the RNA
composition of germ plasm, as it is currently known, is largely but not completely shared
across multiple species spanning the Danionin phylogenetic clade.

Discussion

Stages of germ plasm localization are conserved in multiple Danionin species

Our findings suggest that prior to PGC proliferation and migration to the presumptive
gonads, patterns of germ plasm localization and morphology are robustly conserved across
the Danionin lineage. Using a probe designed to target zebrafish nanos3, we first tracked
germ plasm localization at characteristic stages of development in Danio rerio, D. kyathit,
D. albolineatus, and Devario aequipinnatus embryos with the finding that germ plasm
segregation behavior is consistent throughout these Danionin species. In each species, the
germ plasm morphology progressed from four, rodlike aggregates to irregular, compact
masses, albeit with discrete borders, before dispersing into submicron-units that flood the
cytoplasm of the host cell. Moreover, the developmental timing of germ plasm dispersal
is tightly conserved across species, with each species initiating dispersal approximately
at dome stage. Also, as visualized using combined fluorescent /n situ hybridization and
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immunolabeling, germ plasm-containing cells in zebrafish and each of the three tested non-
zebrafish species acquire perinuclear Vasa protein granules soon after germ plasm dispersal.

All RNA germ plasm components previously identified in zebrafish are also present in the
germ plasm of Danio kyathit and Danio albolineatus

The full set of 12 known germ plasm components previously characterized in zebrafish

are present and conserved in two other Danio species. Probes designed for zebrafish

were sufficient in both Danio kyathitand Danio albolineatus, suggesting a high degree

of sequence conservation at the nucleotide level. Mismatch tolerance/specificity of
ribonucleotide probes depends on many variables, such as hybridization conditions, probe
length, and transcript accessibility, but some estimates suggest that probes generally require
at least 85% complementarity between oligonucleotide probe and target sequence (He et
al., 2005). The conserved nature of this set of germ plasm RNAs across species and genera
indicates the importance of these factors in early development and germline differentiation,
and could potentially suggest a conserved core set of RNA components required for PGC
specification among Danionin fish. Due to the similarities in localization patterns between
species, we also predict that the mechanisms underlying germ plasm aggregation, such as
interactions with the cytoskeleton and cell division apparatus, are also shared between these
species.

Although reference genomes are not yet available for most non-zebrafish Danionin species,
including the three tested in this work, several are expected to be included in the Vertebrate
Genomes Project (there is now an assembled version of the Danio kyathit genome and raw
reads of Danio albolineatus and Devario aequipinnatus available in the NCBI Sequence
Read Archive). We anticipate that reference genome availability will open up additional
resources and investigative paths, such as determining the precise extent of sequence
conservation between germ plasm genes and if any are present as duplicate copies in the
genome.

Divergence of germ plasm RNA composition between Danio and Devario genera

We found that mRNA encoded by the carbonic anhydrase gene caZ5b is located in the

germ plasm of three Danio species but not in Devario aequipinnatus, a member of the sister
genus. Carbonic anhydrase genes encode enzymes that reversibly catalyze the hydration of
carbon dioxide into bicarbonate and a proton in most living organisms, including animals,
plants, bacteria, and archaea, thus mediating CO transport, ion regulation, and acid-base
homeostasis (Henry, 1996; Hewett-Emmett & Tashian, 1996). Carbonic anhydrases have
nearly maximal catalytic efficiencies that approach the diffusion limit, with different
isozymes exhibiting different Kinetic properties (Boone et al., 2013; Silverman & Lindskog,
1988). Functional specialization in regard to subcellular localization, tissue-type localization
(Hewett-Emmett & Tashian, 1996), and even during life mode transitions such as in lamprey
metamorphosis (Ferreira-Martins et al., 2016) may have driven the appearance of a large
number (greater than 3,200 in vertebrates according to the Ensembl genome database) of
carbonic anhydrase genes.
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Vertebrate carbonic anhydrase genes can be categorized according to subcellular
localization, such as cytosolic, mitochondrial, membrane associated and secreted (Frost,
2014). Bony fish encode seven subgroups of carbonic anhydrase isoenzymes with predicted
transmembrane or extracellular function: ca4, ca6, ca9, cal2, cal4, cals, and cal6 (Gilmour
& Perry, 2009), with gene members from each of these subgroups broadly present across
vertebrate lineages. Interestingly, the cal5 subgroup, including the ca15b gene, though also
widely distributed across vertebrates, is present in egg-laying mammals (monotremes) but
absent in other mammals (marsupials and placentals) (Sup. Fig. 4) (Howe et al., 2021).

The association of cal5genes with egg-laying may be indicative of a role for Cal5b in
oogenesis and/or embryonic development specifically in egg-laying animals. Indeed, in the
zebrafish Cal5b protein localizes to the plasma membrane of oocytes (Wang et al., 2013),
suggesting a likely function during oogenesis. Despite the broad distribution of genes from
the cal5 subgroup across egg-laying vertebrates, not all egg-laying vertebrates have a cal5
gene (Sup. Fig. 4) and the presence of a caZ5 gene, including cal5b, additionally does not
precisely correspond to the use of germ plasm for germ cell induction found in vertebrate
phylogeny (Hansen & Pelegri, 2021b; A. D. Johnson et al., 2011). Phylogenetic analysis

of the ca15b gene thus suggests a maternal function, such as during oogenesis and/or

early embryonic development in some egg-laying species, that is broadly distributed but
not universal within vertebrates. In the Danio lineage, this gene’s maternal function may
have been co-opted to incorporate its transcripts as a germ plasm component to facilitate
primordial gem cell developmental processes, such as migration to the prospective gonad
(see below). Further analysis of the distribution of caZ56 and other germ plasm components
across phylogenetic space will provide further insights into the function and evolutionary
history of this gene.

In addition to a potential function in oogenesis, zebrafish Cal5b has been proposed to

play a role in primordial germ cell migration by establishing a pH gradient within PGCs

as a response to a chemokine-sensitive signaling cascade and is thought to promote actin
polymerization at the leading edge of migrating cells (Tarbashevich et al., 2015). In
zebrafish, Cal5b knockdown impaired the ability of PGCs to migrate to the prospective
gonad. It is unclear if Cal5b protein is able to be restricted to the PGC lineage in

Devario aequipinnatus and similarly function in PGC migration despite the absence of caZ56
transcripts in germ plasm. Alternatively, Devario aequipinnatus maternal ca15b may not
function in in germ cell migration, and other cellular components or pathways could perform
a redundant role. We also note that prior to this study zebrafish was the only known species
with germ plasm-localized cai5p; therefore, other than species within the Danio genus

as shown in this work, other animal species may be able to achieve PGC migration and
establish their germline without it. Generally speaking, migrating cells, particularly bleb-
forming migratory cells, rely on polarization, often generated by concentration gradients of
various molecules, including proteins or ions (Martin et al., 2010; Richardson & Lehmann,
2010). It is possible that PGC migration in Devario aequipinnatus employs a different

cell polarization mechanism, and/or that the Cal5b-mediated pH gradient in embryos of
zebrafish and presumably other Danios represents an evolutionarily novel (potentially more
efficient) means to achieve PGC migration.
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In conclusion, we identify shared dynamics of germ plasm segregation and a set of a largely,
but not absolutely, conserved germ plasm RNAs within the relatively narrow phylogenetic
confines of the related Danio and Devario genera. By leveraging multiple species within the
Danionin clade, this study laid the groundwork for further investigation into the function

of individual molecular components of germ plasm in specific species and the processes
through which germ plasm composition is adaptable across phylogeny.

Fish Maintenance

Stocks of wild-type AB Danio rerio fish were raised and maintained in standard conditions
at 28.5°C (Brand et al., 2002). Stocks of the other Danionin fish species (Danio kyathit,
Danio albolineatus, and Devario aequipinnatus) were also raised and maintained in standard
conditions at 28.5°C. All procedures involving live fish were conducted according to

the University of Wisconsin-Madison and Institutional Animal Care and Use Committee
(IACUC) guidelines.

Embryo Collection and Fixation

Embryos from all species were collected and developed in E3 embryonic medium and
were staged according to age and morphological characteristics corresponding to those

in zebrafish (Kimmel et al., 1995). Embryos were fixed with 4% paraformaldehyde in
phosphate buffered saline (PBS) while still in their chorions for at least 4 hours at room
temperature to overnight at 4°C. All experiments involved mixed clutches of embryos from
between 2 and 5 females per experiment for both zebrafish and non-zebrafish species.

RNA extraction and cDNA synthesis

A pool of embryos was collected from three Devario aequipinnatus clutches. Total RNA
was extracted from 50 dechorionated embryos at the two-cell stage (45 mpf), the 1,000-cell
stage (3 hpf), and the dome stage (4.3 hpf) using the standard TRizol (Invitrogen) protocol.
Isolated total RNA was quantified using a Nandrop 2000 (Thermo Scientific). Samples (~10
ng total RNA each) were reverse transcribed into first-strand cDNA using SuperScript 111
RNase H- reverse transcriptase and oligo dT primers (SuperScript 111 First-Strand Synthesis
SuperMix, Invitrogen).

Reverse transcription-PCR

Reverse transcription PCR (RT-PCR) was used to assay maternal gene expression at multiple
stages of early development in Devario aequipinnatus embryos. Samples of first-strand
cDNA synthesized from total RNA were used as templates for RT-PCR. Reaction mixes
containing cDNA template, 150nM each primer, and EconoTag DNA Polymerase ran with
the following thermocycler parameters: 55°C for 5min; 95°C for 2min; 40 cycles of 95°C
for 15s, 55°C for 15s, and 72°C for 30s. Results were visualized by running the RT-PCR
products on 1.7% agarose gels via gel electrophoresis.

Primers used for Devario aequipinnatus RT-PCR:
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cal5h_F: CATGGCCCATCATTGCAGAA
cal5h R: GAAATTAATACGACTCACTATAGGGCCAACGTATGTGAAAGAGGT
beta-actin_F: GCCCATCTATGAGGGTTACG

beta-actin_R: AGGAAGGAAGGCTGGAAGAG

Fluorescent in situ hybridization (FISH)

Antisense probes targeting germ plasm mRNAs were synthesized using linearized DNA
purified from plasmids established for use in zebrafish or amplified from cDNA made

from 4 cell stage Danio rerio embryos (except where noted). Template DNA for the probes
targeting askopos (Blaser et al., 2005), daz/ (Maegawa et al., 1999), dnd (Weidinger et

al., 2003), nanos3 (Koéprunner et al., 2001), and vasa (Yoon et al., 1997) was linearized
from plasmids as previously described. DNA templates for dnd, ca15b, celfl, gran, hook2,
rgsl4a, and tdrd7a were produced from 4-cell stage zebrafish cDNA and PCR amplified
using a primer that included the T7 RNA polymerase promoter sequence, then transcribed
into labeled RNA probes using T7 and hapten-conjugated uridine triphosphates (UTPSs) in
the reaction mixture. As noted in the text and in the table below, two additional caZ5b probes
were synthesized in this way, although using Devario aequipinnatus template DNA instead
of zebrafish cDNA. The template for miR-202-5p, based off of the zebrafish sequence, was
ordered as a DNA oligonucleotide with a T7 RNA polymerase promoter sequence from IDT
(GAAATTAATACGACTCACTATAGGTTCCATGCATATACCTCTTTG) and transcribed
into antisense labeled RNA probes using T7 and hapten-conjugated UTPs. Primers used

for /n situ probe synthesis listed in Table 2.

Fixed embryos were permeabilized overnight with 100% methanol at —20°C prior to
treatment with prehybridization buffer for at least 4 hours at 69°C. Embryos were

allowed to hybridize overnight at 69°C with RNA probes labeled with either fluorescein-
(FLU-), digoxigenin- (DIG-), or dinitrophenol- (DNP-) conjugated UTPs. FLU, DIG, and
DNP haptens were detected and fluorescent signal was developed using the TSA Plus
Fluorescein/Cy3/Cy5 system (PerkinElmer) following a modified “Triple fluorescent in situ
protocol (Hansen & Pelegri, 2021a). Following completion of the FISH procedure, embryos
were stained to detect DNA with 1:200 dilution of 100 ug/ml DAPI in PBS for 10 minutes
followed by PBS washes. All embryos were deyolked after labeling and mounted flat
(blastodiscs facing up) in 50% glycerol:PBS on slides for imaging.

Combined FISH and immunofluorescence for simultaneous RNA and protein visualization

For combined fluorescent /n situhybridization (FISH) and protein immunofluorescence,
embryos were collected, staged at the selected developmental time points, and fixed as
described above. FISH was performed first with a fluorescein-labeled antisense nanos3
probe. At the end of the FISH protocol and prior to embryo deyolking and DAPI labeling,
the embryos were washed in PBS-Tween (Tween 0.1%) 3 x 10 minutes and then incubated
at room temperature for at least 2 hours in casein blocking reagent. Embryos were then
incubated with primary antibody solution (rabbit anti-Vasa, 1:200, GeneTex, and mouse
anti-p-catenin, 1:1,000, in blocking reagent) overnight at 4°C, washed with PBS-Tween
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the following day and incubated with secondary antibodies overnight at 4°C. After PBS-
Tween washes, the embryos were deyolked, DAPI-labeled to detect DNA (1:200 dilution
of 100ug/ml DAPI in PBS for 10 minutes followed by PBS washes), and mounted flat as
described above.

Microscopy and Image Analysis

Embryos were imaged using a Zeiss LSM710 or LSM780 confocal microscope and
analyzed using ImageJ (Schneider et al., 2012). Unless otherwise indicated in figure legends,
standard image processing in ImageJ included maximum 2D Z-projection of multiple slices
from 3D stacks, signal smoothing, and adjustments to brightness and contrast (applied
across entire image) as appropriate.

Phylogenetic and sequence analysis

Devario aequipinnatus raw sequence data was downloaded from NCBI Sequence Read
Archive (acc. ERR3332370 and ERR3332374; Vertebrate Genomes Project). Quality was
assessed with FastQC (Andrews, 2010) and reads were trimmed with fastp (Chen et al.,
2018). Trimmed reads files were concatenated and gene assemblies were performed with
HybPiper (M. G. Johnson et al., 2016; Tange, 2011) and SPAdes v3.14.1 (Prjibelski et al.,
2020) using the zebrafish Cal5b protein sequence (NCBI RefSeq acc. XP_005169499.1) as
bait. Coding regions were annotated and spliced using Exonerate (Slater & Birney, 2005).

The cal5b gene tree was built using the Maximum Likelihood method and Tamura-Nei
model (Tamura & Nei, 1993). The tree with the highest log likelihood (-16318.87) is
shown. The percentage of trees in which the associated taxa clustered together is shown
next to the branches. Initial tree(s) for the heuristic search were obtained automatically by
applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated
using the Tamura-Nei model, and then selecting the topology with superior log likelihood
value. The tree is drawn to scale, with branch lengths measured in the number of
substitutions per site. This analysis involved 8 nucleotide sequences. Codon positions
included were 1st+2nd+3rd+Noncoding. There were a total of 2960 positions in the final
dataset. Evolutionary analyses were conducted in MEGA X (Kumar et al., 2018; Stecher et
al., 2020).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Phylogeny and morphology of four Danionin species. A) Relationship between Danio and
Devario species used in this study, with the Japanese rice fish, medaka (Oryzias latipes),

as an outgroup. Simplified and redrawn from: (McCluskey & Postlethwait, 2015a). Branch
lengths are arbitrary. See Supplementary Figure 1 for relationship to other lineages and
expanded Danionin phylogeny. B-E) Representative adult male fish from each species in
our laboratory colonies used in this study, including B) Devario aequipinnatus (giant danio),
C) Danio albolineatus (pearl danio), D) Danio kyathit (orange-finned danio), and E) Danio
rerio (zebrafish). F-I: Live cleavage stage embryos from each of the four species of interest,
including F) Devario aequipinnatus, G) Danio albolineatus, H) Danio kyathit, and 1) Danio
rerio.
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Danio rerio Danio kyathit Danio albolineatus Devario aequipinnatus

4 CELL EMBRYO
A TOP VIEW

Figure 2.
Identification of furrow-localized germ plasm marker nanos3in multiple Danionin species.

Diagram (A) and micrographs (B-E) visualizing top view (blastodisc) of 4-cell Danionin
fish embryos with nanos3 mRNA labeled via fluorescence in situ hybridization. The general
appearance and localization pattern of the germ plasm marker nanos3 at the distal end of
the first two cleavage furrows is consistent across all four species, including Danio rerio (B),
Danio kyathit (C), Danio albolineatus (D), and Devario aequipinnatus (E). A nanos3 germ
plasm aggregate in each embryo is highlighted by a green box outline. Micrographs are 2D
maximum projections of confocal Z-stacks.
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Figure 3.
Key stages of germ plasm localization dynamics across Danionin species. A) Diagram

depicting an overview of germ plasm localization during early embryogenesis in zebrafish.
Germ plasm ribonucleoparticles (green) in zebrafish form extended aggregates at the distal
end of the first two embryonic cleavage furrows (1 hpf; aggregation; left), which become
cellularized and segregate asymmetrically during cell divisions throughout the late cleavage
through mid-blastula period of development (~1.5 hpf — 4 hpf; asymmetric segregation;
middle), before dispersing to fill the cytoplasm of PGCs beginning at the dome stage
through early gastrulation (~4.3 hpf — 6 hpf; dispersal; right). B-B”) Micrographs of germ
plasm localization and morphology in zebrafish (Danio reric) embryos during each of the
highlighted stages, represented by the germ plasm marker nanos RNA (green) visualized
via fluorescence /n situ hybridization and confocal microscopy. B’ and B’ also depict cell
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boundaries with beta catenin immunolabeling (red) and nuclei with DAPI stain (blue). The
general appearance and localization patterns of germ plasm at these stages are consistent
across species, including Danio kyathit (C-C”), Danio albolineatus (D-D”), and Devario
aequipinnatus (E-E”).
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Figure 4.
Co-occurrence of maternally inherited germ plasm RNA and germline protein granules.

Diagram (A) and micrographs (B-E) of germ plasm RNA and perinuclear Vasa granules
during epiboly in four Danionin species. Remnants of maternally inherited germ plasm RNA
(nanos RNA: green), and newly formed perinuclear germ granules (Vasa protein: red; nuclei:
blue) co-exist in primordial germ cells during early epiboly/gastrulation in (B) zebrafish, (C)
Danio kyathit, (D) Danio albolineatus, and (E) Devario aequipinnatus embryos. Scale bar:
10 pm.
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Figure5.
RNA localization at the distal ends of cleavage furrows in four cell stage Danio rerio, D.

kyathit, D. albolineatus, and Devario aequipinnatus embryos as visualized by fluorescence
in situhybridization and confocal microscopy. All 12 known RNA components of zebrafish
germ plasm are also germ plasm localized in Danio kyathitand Danio albolineatus, while
all except cal5bare germ plasm localized in Devario aequipinnatus (yellow box; see

also Figure 6). Furrow localization and/or labeling of daz/RNA in Devario aequipinnatus
during the early cleavage stages was weak and difficult to visualize at 10x magnification
(indicated by white asterisk) but could be observed at higher magnification (Sup. Fig. 3). All
micrographs are 2D maximum projections of confocal stacks.
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Devario aequipinnatus

cal5b RNA is maternally expressed but not germ plasm-localized in Devario aequipinnatus
embryos. A) cal5b RNA localization in zebrafish (Danio rerio) and Devario aequipinnatus
four-cell embryos as visualized by fluorescence /n situ hybridization and confocal
microscopy. In zebrafish, cai5bis specifically localized to the germ plasm aggregates at

the distal ends of cleavage furrows. In contrast, caZ5b does not localize to germ plasm in
Devario aequipinnatus cleavage furrows, and instead appears to be distributed throughout
the blastodisc. This is in contrast to the generalized background fluorescence exhibited
when using a sense RNA probe for caZ5b (B). All micrographs are maximum projections

of three-dimensional stacks, with lower insets showing increased magnification of furrow
regions. C) A gene tree depicting the evolutionary relationship between the putative Devario
aequipinnatus cal5b sequence and all known members of the carbonic anhydrase 4/15
family in the zebrafish genome. The tree was built using the Maximum Likelihood method
and Tamura-Nei model (Tamura & Nei, 1993) with evolutionary analysis conducted in
MEGA X (Kumar et al., 2018; Stecher et al., 2020) (also see Methods). D) Expression of
cals5b during the 2-cell (45 mpf), 1000 cell (3 hpf), and dome (4.3 hpf) stages of Devario
aequipinnatus as assayed by reverse-transcriptase PCR. Transcripts of caZ5b are maternally
expressed, with positive signal at the 2-cell and 1000 cell stages and decreased signal at the
dome stage. Beta-actinwas used as a control.
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RNA components of germ plasm in zebrafish
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RNA Product Functions References
calsb Carbonic anhydrase 15b | Elevates pH to maintain polarity of migrating PGCs (Hartwig et al., 2014; Wang et al.,
2013)
and1 DND microRNA- Binds target mRNA to prevent miRNA-mediated (Goudarzi et al., 2012; Gross-
mediated repression repression; controls actomyosin contractility, cell cortex Thebing et al., 2017; Weidinger et
inhibitor 1 rigidity, & cell-cell adhesion for PGC migration; inhibits al., 2003)
miR-430 and somatic differentiation
gra Granulito Unknown; no knockdown phenotype; predicted negative (Strasser et al., 2008)
regulator of translation initiation
hook2 Hook microtubule- Binds to & promotes dynein-dynactin assembly during (Dwivedi et al., 2019; Roovers et
tethering protein 2 mitosis; regulates microtubule nucleation at the centrosome | al., 2018)
miR-202-5p | microRNA 202-5p PGC migration; KO phenotype in Medaka = significantly (Gay et al., 2018; Jin et al., 2020;
decreased fertility, dysregulation of key ovarian genes, & Zhang et al., 2017)
impaired egg production
nanos3 Nanos homolog 3 RNA-binding zinc finger protein; migration & survival of (Beer & Draper, 2013; Koprunner et
PGCs; maintenance of germline stem cells al., 2001)
kop Askopos unknown; no knockdown phenotype; potential member of (Blaser et al., 2005)
S100 protein-binding protein family
rgslda Regulator of G-protein Controls onset of PGC migration, polar protrusion (Hartwig et al., 2014)
signaling 14a formation, & E-cadherin expression
tdrd7a Tudor domain Impacts germ granule size; germ cell differentiation; (D’Orazio et al., 2021; Mishima et
containing 7a predicted RNA binding & translation regulator; predicted al., 2006)
necessary for spermatogenesis
vasa/ddx4 Dead box polypeptide 4 Likely ATP-dependent DEAD box helicase; germ cell (Hartung et al., 2014; Olsen et al.,
differentiation & maintenance 1997; Yoon et al., 1997)
celfl/brul Cugbp, Elav-like family | RNA-binding protein; post-transcriptionally regulates (Hashimoto et al., 2004; Suzuki et
member 1; bruno-like genes necessary for embryonic patterning; necessary for al., 2000)
organogenesis of endoderm-derived tissues
dazl Deleted in azoospermia- | RNA-binding protein (GUUC); controls polyA tail length; (Bertho et al., 2021; Hashimoto et

like

predicted association with polysomes & translation
promotion; germline stem cell specification

al., 2004; Maegawa et al., 2002;
Takeda et al., 2009)
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Table 2.

Primers used for in situ probe synthesis with T7 RNAP promoter underlined

Probetarget

Forward primer

Reverse primer

Source
of
template

cal5b_exon8-9

TGCAATGAAGGTGTGATCTGG

GAAATTAATACGACTCACTATAGGATTGACTGGCTGAACGGATC

D. rerio
cDNA (4
cell)

cal5h _exon8-9
*sense probe

GAAATTAATACGACTCACTATAGG
TGCAATGAAGGTGTGATCTGG

TTGACTGGCTGAACGGATC

D. rerio
cDNA (4
cell)

cal5h_exon4
(Devario)

CATGGCCCATCATTGCAGAA

GAAATTAATACGACTCACTATAGGGCCAACGTATGTGAAAGAGGT

Devario
DNA
(adult fin
clip)

cal5b_exon8-9
(Devario)

TGCAATGAAGGTGTGATCTGG

GAAATTAATACGACTCACTATAGGATTGACTGGCTGAACGGATC

Devario
cDNA (2
cell)

celfl

GACCAGCCCGACATTGATTC

GAAATTAATACGACTCACTATAGGTCTGTGACTGGTGCATGGAT

D. rerio
cDNA (4
cell)

granulito

GACCAATAGAAAAACCCGACAAC

GAAATTAATACGACTCACTATAGGTGCCATCTTAACTAGGAAATCCC

D. rerio
cDNA (4
cell)

hook2

CGCAGACAAAACACACTCGA

GAAATTAATACGACTCACTATAGGTCTTTCTCCGACAGCTGGTT

D. rerio
cDNA (4
cell)

rgslda

ATCAGACAGCAAGACCAGC

GAAATTAATACGACTCACTATAGGGATCCAGACACCAACTCCAG

D. rerio
cDNA (4
cell)

tdrd7a

AATCACCAGTGCCTGAGAAG

GAAATTAATACGACTCACTATAGGATTCGACCCTGAACCAACTC

D. rerio
cDNA (4
cell)
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