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ABSTRACT: The early developmental events of all multicellular animals are governed
by the maternal genome. Maternal RNA plays a crucial role in sustaining the viability and
growth of the early embryo, providing molecular instructions for each initial cell division
and facilitating the transition to embryonic development under zygotic genome control.
Consequently, the fate of each blastomere depends on its unique set of maternal determi-
nants, which may be critically important for the successful progression of stereotypical and
invariant cleavage patterns observed in spiralians. How is maternal RNA distributed in the
embryo of a typical spiralian representative? What is its quantity, and for how long is it
preserved? The laboratory annelid Platynereis dumerilii is an excellent model to address
these questions, as it exhibits a highly stereotypical pattern of spiral cleavage and contains
at least 4,000 maternally contributed transcripts. However, current transcriptomic ap-
proaches have not provided insights into the distribution of maternal RNA among individual
blastomeres of P. dumerilii, and single-cell sequencing has yet to be applied to the carly
developmental stages of this species. To address this critical gap, we quantified the average
amount of maternal RNA for a single oocyte and, for the first time, visually characterized
its segregation in early P. dumerilii embryos up to the 16-cell stage, prior to zygotic genome
activation. Our findings reveal that maternal RNA in P. dumerilii is initially distributed
around the oocyte nucleus and rapidly relocates to the animal pole following fertilization.
Its subsequent segregation closely aligns with unequal-cleavage dynamics. One cell cycle
prior to the first wave of zygotic transcription, nearly all maternal RNA concentrates in the
first quartet of micromeres la!-1d! and the first somatoblast 2d. Notably, these localization
dynamics diverge from observations in another annelid, Chaetopterus. Our findings offer a
foundation for future comparative and experimental studies on how maternal components
regulate early development in spiralians.
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PE3IOME: Pannee pa3BuTue BceX MHOTOKJICTOUHBIX ’KMBOTHBIX PETYIHUPYIOTCSI MaTepUH-
cKkuUM reHoMoM. MarepuHckas PHK kputndecku BaxkHa JUis )KU3HECTIOCOOHOCTH 1 pocTa
panzero sMOproHa. OHa IIpe10CTaBIIAET MOJICKYIISIPHBIC HHCTPYKIINH JJIs HIEPBBIX JICICHNH
Jpo06reHust 1 0bIerdaeT nepexo o/l KOHTPOJIb 3UTOTHYECKOro reHoMa. [ Ipu crepeoTuItHbIx
Y MHBAPUAHTHBIX MOJICIISAX IPOOIeHHS Cyb0a KayK10ro O1actomepa 0COOCHHO TECHO CBSA3aHa
C YHHMKaJIbHBIM Ha0OPOM MaTEpPHHCKUX JieTepMUHaHT. Kak pacrpeensercss MaTepuHCKast
PHK B sM0OpHoHe criupaibHbIX KUBOTHBIX? CKOJIBKO €€ M Kak JIOJro OHa COXpaHseTcst?
Annenuna Platynereis dumerilii — TpeBOCX0IHAsE MOJICIIb JUTS PEIICHHS ATUX BOIPOCOB.
P. dumerilii neMOHCTPHUPYET BBICOKO CTEPEOTHUITHYIO MOJIENb CIIMPATIBHOTO JPOOJICHUS U
comepxut He MeHee 4000 TpaHCKPHUIITOB, BHECEHHBIX MaTepbio. OIHAKO COBPEMEHHBIC
TPAHCKPHUIITOMHBIE ITOIXOIBI HE TAJIY MPEJICTaBICHHS O pactpeeneHuu Marepunckoit PHK
Cpeau OTACTbHBIX OJ1acToMepoB P. dumerilii, a CCKBEHHPOBAaHHUE OTJCIILHBIX KJICTOK CIIIC HE
MIPUMEHSIIOCH K PAHHUM CTaJJUsIM Pa3BUTHS 3TOT0 BUa. YTOOBI YaCTUYHO YCTPAHUTD STOT
KPUTHUYECKUH POOE, MBI OTIPEEIIHIIN cpeiHee KonrnuecTBo Marepuackoit PHK B oqHOM
OOIIUTE ¥ BIEPBBIC BU3YaJIbHO OXAPAKTEPU30BAIN €€ CETPEranyio B paHHUX dMOpHOHAX
P, dumerilii Brutots 10 16-KJIETOYHOM CTaauu, T.€. 10 AKTHBALIMK 3UTOTHYECKOTO FEHOMA.
Hamm pesynsrarel nokassiBarot, uto marepurckas PHK B P. dumerilii n3nagansHO pac-
npeJiesieHa BOKPYT siJjpa OOLUTa M OBICTPO NEPEMEIaeTCsl K aHUMaJIbHOMY TI0JIFOCY MOCIIe
orutooTBopeHust. Ee mocnenyromnias cerperainus TeCHO CBsi3aHa C AMHAMUKOIN HEPaBHOTO
JpoOieHns. BBIICHMIIOCH, YTO 32 OJTUH KJICTOYHBIN IIMKJII 0 TIEPBO BOJIHBI 3UTOTHYECKON
TPaHCKPHUIIUK TOuTH Best MaTepruHckas PHK koHIieHTprpyeTcs B mepBoM KBapTeTe MUKPO-
mepos la'-1d' u mepBom comarobnacre 2d. [IprMeuaresbHO, 4TO TUHAMUKA JIOKATU3AI[HH
PHK pacxonutcsi ¢ HabmogaemMoi y apyroro konwdaroro uepssi, Chaetopterus. Hamm
Pe3yNBTaThl MIPEJIAraloT OCHOBY UTSl OYAYIIHMX CPABHHUTEIBHBIX M IKCICPHUMEHTATBHBIX
HCCIIEJOBAaHUH TOTO, KaK MaTepHMHCKUE KOMIIOHEHTHI PETYIUPYIOT paHHEee Pa3BUTHE Y
CTIHMPAIBHBIX KUBOTHBIX.
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Introduction

Early embryonic development in metazoans
relies on RNA and proteins synthesized from the
maternal genome. In most animals, cleavage oc-
curs before the zygotic genome activation and it
relies entirely on resources stored in the oocyte.
For instance, in amphibians, an enucleated egg
can develop up to the blastula stage (Briggs et
al., 1951), solely using maternal contributions.
In multicellular animals, these contributions
are represented by structural and regulatory
proteins and theirmRNAs, which are either non-
uniformly distributed in the oocyte or become
differentially localized shortly after fertilization.
In most cases, the segregation of these maternal
determinants shapes the embryo’s developmental
architecture, by establishing geometric axes and
specifying cell lineages.

The maternal genome handles complex and
often conflicting tasks. One of its primary func-
tions is to suppress premature zygotic genome
activation, as transcription and replication are
mutually incompatible processes. Second, it
must supply the dividing embryo with building
blocks in the form of macromolecular precursors,
functional tools in the form of housekeeping RNA
and proteins, and a set of molecular instructions
that direct early development. Third, maternal
determinants must activate the zygotic genome
following the rapid cleavage phase and coordi-
nate its function, including regulating dosage
compensation between maternal and paternal
alleles. This transfer of developmental control
is known as the maternal-to-zygotic transi-
tion (MZT). A fourth critical task is the timely
elimination of maternal RNAs and proteins by
the time of the MZT. These roles are carried
out by a diverse array of macromolecules, with
maternal RNAs being particularly significant.
Oocytes are known to contain several times
more unique RNAs synthesized from single-
copy DNA loci than any differentiated cells in
the body (Davidson, Britten, 1979; Davidson,
1986), yet the functions of most of these unique
maternal RNAsremain largely unexplored, even
in model organisms.

Spiralians provide an ideal system to study
the distribution of maternal determinants and
their influence on the fate of descendant cells,
due to their invariant and sterecotypical blas-
tomere divisions. Early investigations in the
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annelid Chaetopterus examined the localization
of'specific maternal RNA populations, including
ribosomal, histone, and total polyadenylated
RNAs (Jeffery, Wilson, 1983). It was found
that these RNAs preferentially associate with
both the animal and vegetal cortices, resulting
in an orderly distribution during cleavage. A pos-
sible mechanism underlying such non-random
distribution was described in the mollusk //ya-
nassa, where Dpp and Eve transcripts bind to one
centrosome of the pair, then associate with the
cortex, and become asymmetrically inherited by
blastomeres (Lambert, Nagy, 2002). Furthermore,
the establishment of asymmetric cleavage itself
is regulated by maternal factors (Nakama et al.,
2017). Subsequently, maternal contributions to
early developmentin model mollusks and annelids
havebeen investigated using ‘omics’technologies
(Liu et al., 2014; Chou et al., 2016).

Introducing new model organisms in devel-
opmental biology often leads to significant dis-
coveries. In this context, the annelid Platynereis
dumeriliihas emerged as an outstanding model for
investigating the structural and functional evolu-
tion of genes involved in morphogenesis (Ozpolat
et al., 2021). A comprehensive transcriptome
analysis of P. dumerilii zygotes and early embryos
revealed the dynamics of 28,580 genes, approxi-
mately 4000 of which are maternally transcribed
(Chou et al., 2016). This study demonstrated that
the first waves of zygotic gene expression in the
worm embryo begin at the ~30 cell stage (6 hours
post-fertilization; hpf). The final step of the MZT
occurs relatively late, between 8 and 10 hpf. By
this stage, the embryo already consists of 66—140
cells and its cleavage pattern becomes bilaterally
symmetric (Chou et al., 2016).

In P. dumerilii, each blastomere gives rise
to progeny with a defined fate—a process that,
in its earliest stages, depends critically on the
segregation of maternal determinants. Although
transcriptomic approaches have expanded our
understanding of overall gene expression, they
do not provide insights into the distribution of
maternal RNA among individual blastomeres,
and single-cell sequencing has yetto be applied to
the early developmental stages of this annelid. To
address this gap, we investigated the segregation
ofmaternal RNAusing conventional methods. In
this study, we quantified the total RN A content per
P. dumerilii oocyte and mapped its localization
up to the 16-cell stage (5 hpf) using fluorescent
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imaging techniques, prior to the onset of zygotic
expression for the majority of genes.

Material and methods

P. dumerilii culture, sampling, and fixation

The laboratory culture of P. dumerilii was main-
tained at 18 °C in artificial seawater (Red Sea Salt
dissolved in distilled water) with a salinity of 32%o,
under artificial lighting conditions designed to simulate
a lunar cycle (Fischer, Dorresteijn, 2004). Animals
were fed twice, weekly, with homogenized spinach
and a mixture of ground seafood (shrimp, mussels,
squid; volumetric ratio 2:1:0.5). Mature males and
females were housed in separate containers.

For RNA extraction and staining experiments,
we collected naturally spawned oocytes. In previous
trials, eggs obtained through female dissection showed
significantly lower fertilization rates, likely due to
compromised integrity (data not shown). Therefore,
to accurately examine the concentration and distribu-
tion of total RNA in oocytes, it was necessary to use
naturally released eggs. In P. dumerilii, reproductive
behavior is synchronized by sex-specific pheromones
(Hardege et al., 1998; Rohl et al., 1999). To induce
spawning, we exposed mature females to seawater
containing male-produced pheromones. Two females
were transferred to a glass tray (700 mL) with 350
mL seawater, while a mature male was placed in a 60
mL syringe filled with 10 mL seawater and a 0.22 um
filter to retain sperm (spherical head sperm ~2.6 um
length x 1.8 um diameter; cit. ex Valvassori, 2018).
Gentle pressure applied to the male’s body released
pheromones into the syringe water, which was then
dispensed dropwise onto females until spawning
occurred (~5 mL total). Oocytes were collected post-
spawning for RNA extraction or fixation.

To obtain early embryos, two mature females
and one male were transferred to a separate glass
tray and allowed to spawn. Fertilized oocytes were
then incubated at 18°C until they reached the desired
developmental stage and were sequentially fixed.

Collected oocytes and embryos were fixed
overnight at 4°C in 4% paraformaldehyde (PFA).
After fixation, samples were washed with phosphate-
buffered saline containing 0.2% Tween-20 (PBS-T,
pH 7.4), dehydrated through a graded methanol series,
and stored in 100% methanol at —20 °C overnight or
longer. A portion of the samples was immediately
stained after PBS-T washing, as detailed in the Staining
section below.

Extraction and quantification of total RNA
from P. dumerilii oocytes

Efficient extraction of maternal RNA from P.
dumerilii oocytes is complicated by their high polysac-
charide content, which increases solution viscosity,
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precipitates with RNA, reduces yield, interferes with
quantification, and inhibits downstream applications
(Ghawana et al., 2011). To mitigate these issues, we
adapted an RNA extraction method originally used
for plants (Kiss et al., 2024), employing cetyltrimeth-
ylammonium bromide (CTAB), a strongly cationic
surfactant. This protocol includes an initial nucleic
acid extraction step, followed by phase separation
using phenol-chloroform, and a final precipitation
step (File S1). CTAB serves as a strong detergent,
disrupting cellular membranes and facilitating the
separation of nucleic acids from polysaccharides under
high-salt conditions. During phenol-chloroform phase
separation, polysaccharides predominantly partition
into the interphase, leaving RNA enriched in the aque-
ous supernatant (Wang, Stegemann, 2010). Following
extraction, RNA concentrations were determined usinga
Bio-Rad SmartSpec Plus Spectrophotometer (Bio-Rad,
USA) in “RNA” measurement mode. RNA integrity
was assessed by agarose gel electrophoresis (Fig. S1).

To estimate RN A content per oocyte, we quantified
oocytes within a 100 pL aliquot taken from 1 mL of
thoroughly mixed oocytes. Automated counting was
performed using machine learning algorithms via the
DLgram cloud service (Matveev et al., 2024). An
example of microscopy image with oocytes labeled
by the algorithm is provided in Fig. S2. Oocytes not
detected by the algorithm were manually counted us-
ing Fiji software (Schindelin ef al., 2012). The RNA
content per oocyte was calculated as:

. The standard error of the mean was calculated
using the std.error() function from the plotrix library
in R Studio (Lemon, 2006). Total RNA quantifica-
tion was performed using pooled oocytes from three
biological replicates, with each replicate consisting of
eggs from two sexually mature, medium-sized females.

Histology and bright-field microscopy

The methanol stored samples were embedded into
paraffin, (Paraplast, Leica) according to the standard
procedure. Paraffin sections, 5-6 pum thick, were cut
using a Leica SM-2010R sleigh microtome (Leica
Microsystems, Germany). The sections were stained
with Carazzi’s hematoxylin and eosin (Biovitrum,
Russia) and mounted in Vitrogel (Biovitrum, Russia).
Imaging and photography were performed using a
Leica DMI6000 microscope (Leica Microsystems,
Germany) equipped witha Leica DFC495 CCD digital
camera (LeicaMicrosystems, Germany). Photographs
were processed using Adobe Photoshop CS 5.1.
(Adobe Photoshop, RRID: SCR 014199).

Staining with fluorescent dyes, immunocyto-
chemistry, and confocal laser scanning microscopy
For fluorescent staining, the following dyes were
used: carbocyanine fluorescent dye TO-PRO1 iodide
(Ex/Em: 515/531 nm) for RNA, Hoechst 33342 (Ex/
Em: 350/461 nm) and Methyl green (Ex/Em: 633/677
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nm upon DNA binding) for DNA, Phalloidin-TRITC
(Ex/Em: 544/570 nm) for F-actin. Prior to staining,
samples were washed with PBS-T to remove the
fixative and blocked for 1 hour at room temperature
in Blocking Reagent (Roche, Switzerland). The
samples were then incubated overnight at 4°C with
primary anti-acetylated tubulin antibody (mouse
monoclonal; Sigma) (1:300). After washing with
PBS-T, the samples were stained with TO-PRO1
(0.1 mM; 1:800), Hoechst 33342 (1 pg/uL; 1:800),
Phalloidin-TRITC (100 ng/uL; 1:40), and secondary
antibodies (anti-mouse CF633, Ex/Em: 633/635 nm;
1:300). Staining was performed overnight at 4 °C. In
addition, control samples for autofluorescence in the
TO-PROI1 channel were prepared by staining oocytes
and early-stage embryos with Phalloidin-TRITC and
Methyl Green. Following staining, the samples were
washed with PBS-T, mounted in Mowiol medium,
and allowed to solidify for 24 hours. A portion of the
material was mounted in 100% glycerol and scanned
on the day of washing.

Imaging and quantification of RNA fluores-
cence

Imaging was carried out using a Leica TCS SP5
Confocal Laser Scanning Microscope (Leica Micro-
systems, Germany), equipped with a TrueChrome 4K
Pro digital camera. Image processing and analysis
were performed using Bitplane Imaris 7.7.0 (Imaris,
RRID:SCR_007370).

To describe the distribution of RNA in different
blastomeres, we conducted fluorescence intensity
measurements of the TO-PRO1 channel in blasto-
meres from three embryos for each of the 4-, 8-, and
16-cell stages. For this, we used the 3D Objects
Counter plugin in Fiji, which enabled us to calculate
the volume (in microns and voxels) and the integrated
density for each blastomere (Bolte, Cordelicres,
2006; Schindelin et al., 2012). Integrated density
is defined as the sum of all voxel values within our
region of interest (ROI). Unfortunately, the plugin
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was unable to recognize the blastomeres as distinct
3D objects in the Z-stacks. Therefore, we manually
selected the blastomeres as ROIs and subsequently
used the “Mask(s) from ROI(s)” plugin to generate
ground-truth segmentation masks (Thomas, Trehin,
2021). This segmentation was performed based on
data from two channels: the TO-PRO1 channel and
the F-actin channel. The resulting masks were then
utilized for the fluorescence intensity measurements
with the 3D Objects Counter.

To compare total RNA abundance across blasto-
meres from three replicate embryos, we calculated
the Corrected Total Cell Fluorescence (CTCF), which
involves subtracting the background fluorescence from
the integrated density. CTCF is defined as follows:
The mean background fluorescence was measured
using the same method as for the ROI. The computed
values are provided in File S2. Boxplots displaying
CTCF values for each blastomere were generated in
R Studio. To compare the CTCF values of the 1q'
and 1q? micromeres at the 16-cell stage, we applied
the Mann—Whitney U test using the wilcox.test()
function in R Studio.

Results

Quantification of RN A in single P. dumerilii
oocytes

Nereid annelids exhibit a pronounced r-
selection reproductive strategy, characterized by
high reproductive output and minimal parental
investment. A single P dumerilii female can
spawn anywhere from 400 to 16,000 oocytes,
with a previously reported average of 2,000—
3,000 eggs (Fischer, Dorresteijn, 2004; Metzger,
Ozpolat, 2024). In this study, we quantified the
number of oocytes spawned by two females and
determined the average total RNA content per
oocyte. Theresults, derived from three biological

Table 1. Calculation of mean total RNA per P. dumerilii oocyte.

Biological QOocytes* per
replicate extraction Total RNA (ng) Total RNA per oocyte (ng)
1 14600 131500 9.01
2 17070 169874 9.95
3 10570 122040 11.55
Mean total
RNA per oo- 10.17+0.74
cyte (ng)

* — oocytes were spawned by two mature females simultaneously.
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Fig.1. Histological sections of Platynereis dumerilii oocytes and early embryos stained with Carazzi’s hema-
toxylin and eosin. A, B — oocyte; C, D — zygote (0.5 hpf); D1-D4 — consecutive sections selected from
the complete series, arranged from animal to vegetal pole, demonstrate that basophilic material containing
maternal RNA is concentrated at the animal pole of the zygote; E — 2-cell embryo, section through the
animal pole of the embryo, showing significant accumulation of basophilic material (including total RNA)
in the larger blastomere CD; F, G — 4-cell embryo, the yellow arrow indicates the boundary between the
oocyte and the surrounding egg jelly layer (marked by the red arrow, see main text), white arrows indicate
yolk protein granules, while the black arrow points to the chromosomes, the asterisk marks basophilic mate-

rial containing maternal RNA.
Abbreviations: 1d — lipid droplet cavities; Nu — nucleus.

replicates involving both oocyte counting and
RNA extraction, are summarized in Table 1. Our
findings indicate a mean total RNA content of
10.17 ng per oocyte.

Redistribution of nuclear and cytoplasmic
components after fertilization

To gain a general understanding of the orga-
nization ofthe oocyte, zygote, and early embryos
in P. dumerilii, we obtained serial histological
sections stained with Carazzi’s hematoxylin and
eosin. Hematoxylin, a positively charged basic

dye, binds to negatively charged (basophilic)
cellular structures such as DNA and RNA, as
well as ribosomes in the cytoplasm, producing a
blue stain. Although hematoxylin staining is not
specificto RNAalone, the observed cytoplasmic
staining reflects the presence of both mRNA and
rRNA, which we collectively considered part of
the maternally inherited total RNA pool in this
study. Eosin, a negatively charged acidic dye,
binds to positively charged (eosinophilic) struc-
tures, primarily cytoplasmic proteins, producing
a red-pink stain. In oocytes and early embryos
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(2-cell and 4-cell stages), the nucleoplasm and
proteins stored in yolk protein granules, which
are localized at the cell periphery, exhibited
eosinophilic staining (Fig. 1). In the oocyte, the
chromatin within the nucleus, the perinuclear
region and the acidic mucopolysaccharides of
cortical granules are stained basophilically (Fig.
1A-B). The mostintense basophilic staining was
observed in the perinuclear region, suggesting a
high concentration of stored maternal RNA in
this area. This result is confirmed with staining
with TO-PRO-1 iodide (see below). The fixation
and subsequent processing of oocytes result in
the release of egg jelly precursor from cortical
granules (Kluge ef al., 1995), forming a thick
layerofeggjelly (Fig. 1A). Additionally, in early
embryos, the sample preparation process caused
the loss of lipids, with large spherical cavities
remaining in place of lipid droplets.

Thirty minutes post-fertilization (0.5 hpf), the
basophilic material, including total RNA, along
with the oocyte chromosomes, migrates toward
the animal pole (Fig. 1C; 1D1-D4). Figure ID1—
D4 shows this displacement in consecutive
sections of one representative zygote selected
from the series; the complete series of sections is
providedin Fig. S3. We have carefully examined
the strictly serial sections of six zygotes. At 2.5
hpf, the first cleavage produces two unequal
blastomeres, AB and CD. At this stage, mater-
nal RNA and basophilic proteins accumulate at
the animal poles of the both blastomeres, while
eosinophilic yolk protein granules remain local-
ized at the vegetal pole (Fig. 1E). At 3.5 hpf, the
second cleavage occurs perpendicular to thefirst,
giving rise to four blastomeres, the progenitors
of the A-, B-, C - and D-cell lineages, with the
largest blastomere D in contact with blastomere
B. At this stage, the vegetal pole of the embryo
remains predominantly filled with yolk protein
granules, whereas the basophilic material is
concentrated in the animal cytoplasm of each
of the four blastomeres (Fig. 1F-G).

Distribution of maternal RNA

To visualize total maternal RNA in oocytes
and early embryos, we used the fluorescent
carbocyanine dye TO-PRO-1 iodide (Ex/Em:
515/531 nm). P. dumerilii oocytes and early
embryos did not show autofluorescence in the
emission spectrum of this dye (Fig. S4). This
dye is non-fluorescent in the absence of nucleic
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acids and binds to both RNA and DNA. DNA
was counterstained with Hoechst 33342, which,
unlike DAPI, exhibits minimal affinity for RNA.
This combination allows clear differentiation
between RNA and DNA signals. It is important
to note that TO-PRO-1 staining is not specific to
mRNA but labels total RNA, including rRNA.
As mentioned earlier, we consider rRNA as part
of'the maternal RNA pool, given that ribosomes
are maternally inherited and synthesized prior
to fertilization. Additionally, we used antibodies
against acetylated tubulin, previously validated
in P. dumerilii nectochaetes (Fig. S5). However,
no specific signals were detected within the
oocytes or early embryos. Notably, at the 0.5
hpf'stage, these antibodies stained discrete spots
on the oocyte surface and small, round speckles
within lipid droplet cavities (Fig. S6). Starting
from the 2-cell stage, some samples were stained
with Phalloidin-TRITC. This staining protocol
excludes storage in methanol, as alcohols disrupt
actin filaments in the specimens. Since methanol
also acts as an additional fixative, its absence
may affect RNA preservation and/or its native
localization.

OOCYTES. Total maternal RNA is con-
centrated around the oocyte nucleus in a dense,
unstructured cloud, gradually thinning toward
the periphery (Fig. 2A-B1). It forms a distinct
“star-shaped” pattern within the cytoplasm,
which is free of yolk protein granules and large
lipid droplet cavities. Well-preserved RNA is not
detected within nuclei or lipid droplet cavities.
The egg jelly becomes distinctly visible due to
a small amount of stained RNA exiting cells
alongside polysaccharides (Fig. 2A1-B1, red
arrow). We noticed that the interval between
staining and scanning influences the observed
RNA distribution pattern, with longer delays
resulting in a more diffuse signal. Specifically,
the time required for the mounting medium
(Mowiol) to solidify (~24 hours) already alters
the pattern, although the general “star-shaped”
RNA distribution remains consistent (Fig. 2B-
B1). Notably, chromosomes in these samples
exhibit enhanced staining with Hoechst 33342.
We hypothesized that RNA degradation might oc-
cur during the solidification period of the mount-
ing medium. To test this hypothesis, we treated
some samples with RNase A (30 min at 37°C;
Fig. 2C-C1). Interestingly, this treatment had
minimal impact on RNA staining intensity but
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Fig. 2. Oocytes of Platynereis dumerilii. A, A1 — oocytes mounted in glycerol and scanned immediately
after staining; B, Bl — oocytes mounted in Mowiol mounting medium, solidifying for approximately 24
hours before scanning; C, C1 — oocytes treated with RNase A. Panels with the index “1” show an enlarged
view of a single oocyte, the red arrow indicates the egg jelly, while the yellow arrows denote the boundary
between it and the oocyte. Staining: TO-PRO-1 iodide (RNA, green), Hoechst 33342 (DNA, blue), primary
anti-acetylated tubulin antibodies (mouse monoclonal) and secondary antibodies (anti-mouse CF633) (red).

caused widespread diffusion of RNA fragments,
including into the nucleus (Fig. 2C1). Following
RNase A treatment, RNA diffuses extensively,
and egg jelly staining disappears entirely (Fig.
2C1). For subsequent developmental stages, the
egg jelly was removed by washing. Overall, the
total maternal RNA in oocytes is nucleocentric
and does not exhibit polar accumulation.
ONSET OF OOPLASMIC SEGREGA-
TION (0.5 hpf). The study by Adriaan W.C.
Dorresteijn (Dorresteijn, 1990) demonstrated
that, at 18 °C, approximately one hour elapses
between fertilization, marked by the initiation of
the cortical reaction, and the entry of the sperm
into the ooplasm. During the first 30 minutes of
thisinterval, the oocyte disassembles the nuclear
envelope and clears the prospective animal
pole of yolk protein granules. In this region,
the chromosomes (2n, 4c) become positioned,
surrounded by the yolk-free cytoplasm (clear
cytoplasm) that was previously located around

the nucleus. The first polar body is extruded just
before the sperm enters the ooplasm through a
specialized cytoplasmic bridge. The second polar
body is formed 19 min after the first, followed
by the fusion of the pronuclei 10 min later (Dor-
resteijn, 1990).

In this study, several of these events are
observed against the backdrop of brightly fluo-
rescing, abundant maternal RNA. The follow-
ing description is based on an examination of
13 zygotes. The RNA occupies the entire clear
cytoplasm, effectively contrasting with the un-
stained yolk protein granules and lipid droplet
cavities (Fig. 3A—C). By 0.5 hpf, the majority of
the maternal RN A concentrates at the animal pole
(Fig. 3D1-D4). During this period, the oocyte
chromosomes form a symmetrical structure (Fig.
3B). The RNAappearsasadiffuse cloud; however,
in the plane of aligned chromosomes, it takes on
amore structured appearance (Fig. 3B), possibly
highlighting elements of the meiotic spindle.
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Fig. 3. Zygotes (0.5 hpf) of Platynereis dumerilii. A, B — the same cell, scanned near the animal pole surface
(A) and closer to the equator (B), RNA (green) is concentrated near the animal pole; C — cell scanned at the
equatorial level; D1-D4 — distribution of maternal RNA and yolk protein granules along the animal-vegetal
axis. Positions of optical sections are indicated by white dashed lines. Staining: TO-PRO-1 (RNA, green),
Hoechst 33342 (DNA, yellow, blue).
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Fig. 4. Two-cell embryo at different stages of the cell cycle of Platynereis dumerilii. A— embryo in the post-
mitotic G1 phase, the hallmark of this brief stage is the presence of F-actin in the nucleus (orange), hollow
arrows point to RNA clusters similar to those in C; B — pre-mitotic embryo with a broad expanse of yolk-free
cytoplasm (labeled with maternal RNA) at the animal pole, confocal imaging localizes paired spherical RNA
clusters (black arrows), which are most likely associated with centrosomes; C — blastomeres AB and CD
enter metaphase almost synchronously, maternal RNA is distributed as a diffuse cloud with distinct, bright
clusters. These clusters are not dependent on the cell cycle phase but rather on the sample preparation (see
main text). Staining: TO-PRO-1 (RNA, green), Hoechst 33342 (DNA, blue), Phalloidin-TRITC (F-actin;
orange (A), yellow (B)).

White asterisk — reinfiltration of yolk protein granules. Abbreviations: pb — polar bodies.
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Fig. 5. Embryo at the 4-cell stage of Platynereis dumerilii. A1-A4 — optical sections across the animal-vegetal
axis, with the positions of the sections indicated by white dashed lines; B — RNA fluorescence intensity
(corrected total cell fluorescence, CTCF) in each blastomere and its relationship to blastomere volume, the
highest concentration of maternal RNA is localized within the D blastomere. Staining: TO-PRO-1 (RNA,
green), Hoechst 33342 (DNA, blue), Phalloidin-TRITC (F-actin, yellow).

Abbreviations: pb — polar bodies.

CLEAVAGE. 2-CELL STAGE (2-2.5 hpf).
The first cleavage furrow follows the animal-
vegetal axis, dividing the zygote into two unequal
blastomeres — AB and CD. The larger blasto-
mere, CD, contains 73% of the total ooplasm
and retains 80% of the total amount of yolk-free
cytoplasm (Dorresteijn, 1990). Maternal RNA
is concentrated in the yolk-free cytoplasm at the
animal pole, with the majority localized in the CD
blastomere (Fig. 4A—C). Therefore, the qualita-
tive disparity between the blastomeres in terms
of maternal determinants is not proportional to
their size. Dorresteijn describes the process of
reinfiltration, referring to the re-entry of yolk
protein granules into the clear cytoplasm of the
CD blastomere, particularly in the region where
the C blastomere will later form (Dorresteijn,
1990). We also observe this phenomenon, which,
in our case, is facilitated by the strong contrast
between the fluorescent RNA and the unstained
yolk protein granules (Fig. 4B, white asterisk).
The observed distribution of RNA is highly
dependent on sample preparation. Specifically,
in specimens stored in methanol and scanned
immediately after staining, RNA forms a diffuse
cloudinterspersed with numerous distinct, bright
clusters ranging from 2 to 10 um in diameter

(Fig. 4C). In contrast, only the shadows of these
bright spots are visible in samples stained with
phalloidin (i.e., not treated with alcohol) and
mounted in Mowiol medium (Fig. 4A, hollow
arrows). Interestingly, in our samples, RNA often
forms paired spherical loci with a diameter of
12-13 um (Fig. 4B). Their topology suggests
an association with centrosomes. While the lo-
calization of centrosomes or microtubules is not
addressed in this study, we highlight that such
an association is both likely and expected. It is
known that a significant pool of mRNA required
for centrosome biogenesis is physically tethered
to centrosomes and translated in situ (Safied-
dine et al., 2021). Furthermore, specific RNAs,
including maternal RNAs, may asymmetrically
bindto centrioles, leading to asymmetric division
and disparities in cell specialization (Lambert,
Nagy, 2002).

We observed actin filaments in the nuclei
of two-cell embryos (Fig. 4A). F-actin is syn-
thesized in the nuclei of interphase cells during
the G1 phase and is associated with postmi-
totic chromosome decondensation (Moore,
Vartiainen, 2017).

4-CELL STAGE (3-3.5 hpf). The second
cleavage furrow is oriented perpendicular to
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Fig. 6. Embryo at the 8-cell stage of Platynereis dumerilii. A— overview from the animal pole; B — lateral
view, maternal RNA is not detected at the vegetal pole; C1-C3 — cytokinetic rings between blastomeres,
nuclei are unstained, overview (C1) and individual optical sections (C2, C3), red arrows indicate cytokinetic
rings; D1-D5 — optical sections along the animal-vegetal axis, positions of sections are indicated by white
dashed lines, in all macromeres RNA surrounds the nuclei; E — RNA fluorescence intensity (corrected total
cell fluorescence, CTCF) in each blastomere, the highest concentration of maternal RNA is segregated in
the 1D blastomere. Staining: TO-PRO-1 (RNA, green), Hoechst 33342 (DNA, blue), Phalloidin-TRITC (F-
actin; yellow in C1-C3, transitioning from orange to magenta depending on signal intensity in A, B, D1-D5).

Abbreviation: pb — polar bodies.

the first, dividing the embryo into four founder
blastomeres A, B, C, and D, which establish the
primary cell lineages. The significant size differ-
ence between the C and D blastomeres influences
the distribution of yolk protein granules and
clear cytoplasm in distinct ways. Morphometric
analyses (Dorresteijn, 1990) indicate that the
yolk content of the C and D blastomeres differs
by approximately twofold (15.44 and 29.86% of
the total oocyte volume, respectively), whereas
the clear cytoplasm content shows a threefold
difference (6.52 and 21.04%, respectively).
Maternal RNA, localized within the clear cy-
toplasm of the blastomeres, is predominantly
enriched in the D blastomere (Fig. 5). RNA is

distributed approximately equally between the A
and B blastomeres (Fig. 5B). Confocal imaging
further demonstrates that maternal RN A remains
concentrated at the animal pole of the embryo.
Atthe vegetal pole, yolk protein granules nearly
displace the RNA-containing cytoplasm entirely.

8-CELLSTAGE (4-4.5 hpf). During the third
cleavage, each of the four blastomeres produces
adescendant in the animal direction. The mitotic
spindles are oriented clockwise (dexiotropic).
Thisisthefirst“spiral” cleavage, and each formed
micromere (la—1d) is displaced relative to the
macromeres (1A—1D) by approximately half of
its own diameter (Fig. 6A). At this stage, yolk
protein granules become more compact, and the
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Fig. 7. Micromeres of the first quartet at the 16-cell stage of Platynereis dumerilii. A1 — a portion of the
RNA forms aggregates surrounding the nuclei (white arrows); A2, A3, A4 — Hoechst-positive clusters (blue
arrows; possibly mitochondrial clusters) occasionally overlap with RNA aggregates. Staining: TO-PRO-1
(RNA, green), Hoechst 33342 (DNA, blue), Phalloidin-TRITC (F-actin, red).

lipid droplets fuse, resulting in each macromere
containing a single large lipid droplet cavity in
the observed specimens. This process further
displaces the clear cytoplasm, which harbors ma-
ternal RNA, toward the animal hemisphere (Fig.
6B). Macromeres 1A, 1B, and 1C transfer most
of their RNA to corresponding micromeres. In
contrast, macromere 1D contains such a substan-
tial amount of RNA that, even after contributing
tomicromere 1d, 1D contains significantly more
clear cytoplasm with RNA than any of the other
macromeres (Fig. 6B; 6D1-D5).

According to morphometric data (Dorres-
teijn, 1990), macromeres differ in their contri-
bution of clear cytoplasm to their descendants.
This contribution is approximately equal for
1A and 1B (2.87 and 2.95%, respectively).
However, the larger macromere 1C contributes
a greater volume of cytoplasm to micromere
lc compared to macromere 1D’s contribution
to micromere 1d (5.44 and 4.54% of the total
volume, respectively). This difference cannot be
confirmed based on RNA fluorescence levels,
as the distribution of RNA may follow different
principles than that of the clear cytoplasm. Nev-
ertheless, micromeres 1cand 1d generally exhibit
slightly brighter TO-PROI1 staining compared
to la and 1b. The maternal RNA retained in the
macromeres is localized around the nuclei (Fig.
6D1-D5). Nuclear F-actin was detected in the
nuclei of both macromeres and micromeres (Fig.
6D1-DS5). Due to the brevity of the G1 phase in
rapidly dividing cells, various stages of F-actin
assembly were observed within the same embryo.

Blastomeres are known to enter the third mito-
sisasynchronously, with timing correlated to the
amount of clear cytoplasm and, presumably, the
cell-cycle-regulating factors it contains (Nakama

etal.,2017). Asshownin Fig. 6F-J, blastomeres
1D and 1C, as well as their descendants (1d, 1c),
have already reached the G-phase, in contrast to
those in the A and B quadrants. A small subset
of embryos in our study were fixed during the
brief cytokinesis phase, when the cytokinetic ring
at the boundaries between sibling blastomeres
was still visible (Fig. 6F-J). This observation
is particularly noteworthy, as the assembly and
synchronization of the cytokinetic ring during
cleavage in spiralians remain understudied.

16-CELL STAGE (5-5.5 hpf). The transi-
tion to this stage is characterized by a lacotropic
(counterclockwise) division of the micromeres
in the first quartet (1q) and a dexiotropic (clock-
wise) division of the macromeres. We examined
the distribution of maternal RNA in two distinct
planes of the 16-cell embryo (Fig. 7-9). In the
animal pole daughter cells of the first quartet,
la', 1b!, I¢',and 1d' (collectively knownas 1q'),
a portion of the maternal RNA forms aggregates
around the nuclei (Fig. 7A4). It is likely that this
RNA is distributed on both sides of the future
micromere cleavage plane and is associated with
centrosomes. Furthermore, we observed loose
Hoechst-positive clouds in these cells, indicat-
ing the formation of mitochondrial clusters that
may be inherited in a determined manner (Fig.
7A2—A3; detailed image of clusters in Fig. S7).
Interestingly, the vegetal pole daughter cells of
thefirstquartet, 1a2, 1b%, 1¢?,and 1d? (collectively
known as 1g?), contain less RNA and more yolk
protein granules compared to 1q' micromeres
(Fig. 8A6-C).

During the fourth mitosis, the macromeres
divide to form the second quartet of micromeres
— 2a, 2b, 2¢c, and 2d. Macromere 1D produces
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Fig. 8. Embryo at the 16-cell stage of Platynereis dumerilii. A— serial optical sections perpendicular to the
animal-vegetal axis; A1 — according to our RNA staining, the vegetal poles of macromeres contain little or
no RNA; A2—AS5 — macromeres 2A-2D retain a small amount of RNA surrounding the nuclei, notably, the
nucleus of 2D contains nuclear F-actin and is in the G1 phase; A4—A6 — the 2d micromere inherits nearly all
of the RNA from 1D, becoming the largest cell in the embryo after 2D; A6 — micromeres la'-1d' are more
enriched in maternal RNA than micromeres 1a>-1d*; B — RNA fluorescence intensity (corrected total cell
fluorescence, CTCF) in each daughter cell of the first quartet; C — RNA fluorescence intensity is higher in
la'-1d'micromeres than 1a’-1d? (p-value = 3.328¢-05). The positions of the sections are indicated by a white
dashed line. Staining: TO-PRO-1 (RNA, green), Hoechst 33342 (DNA, blue), Phalloidin-TRITC (F-actin; red).
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Fig. 9. Serial optical sections of Platynereis dumerilii 16-cell embryo, parallel to the animal-vegetal axis. Al,
A2 — macromeres 2A and 2B contain small amounts of RNA in the perinuclear animal cytoplasm, devoid of
yolk protein granules and large lipid cavities (dark spherical bodies in each macromere, proportional to their
size); A3, A4 — macromeres 2C and 2D, their nuclei are absent in this series of sections; AS, A6 — the 2d
micromere, with a large nucleus, contains the highest amount of maternal RNA among all blastomeres. The
positions of the sections are indicated by a yellow dashed line. Staining: TO-PRO-1 (RNA, white), Hoechst

33342 (DNA, blue).

the largest micromere of this quartet, 2d, also
referred to as the “first somatoblast”. The 2d
micromere will later give rise to all ectodermal
derivatives of the larva and adult worm, with
the exceptions of the head, which originates
from the first quartet of micromeres, and the
narrow band of posttrochal epidermis, which is
formed by 2a'-2c¢' micromeres (Ackermann et
al., 2005). The 2d micromere is larger than all
the macromeres, with the exception of the 2D,
and harbors the majority of the maternal RNA
inherited from 1D (Figs 8; 9). It contains no yolk
protein granules or lipid droplet cavities. This
micromere contains a large elliptical nucleus
(~40 pm along the long axis), with dimensions
approaching those of the micromeres la’>-1d?

(Fig. 9A6). Dorresteijn’s study demonstrated that
the nucleus contains numerous spherical inclu-
sions resembling nucleoli (Dorresteijn, 1990).
A small amount of maternal RNA remains in all
four macromeres, localized around the nuclei
(Figs 8A2—-A5;9A1-A2). Notably, except for the
2d micromere, the micromeres la'-1d! appear
to be the most enriched in RNA at this stage.

Discussion

The study of the early development in nereid
annelids has a long history, beginning in the late
19th century with the classic work of E.B. Wilson
(Wilson, 1892). The morphology and cytological
features of P. dumerilii oocytes and early embryos
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Table 2. Comparison of mean total RNA content per oocyte across various animal species.

o Mean
5 Organism Mein R(I;IA) per diameter Reference
© seine (n)
Average mammalian cell 0.015 10-20 (Morgado et al., 1990; Russo,
2014)
. . (Kocabas et al., 2006; Nazari et al.,
Homo sapiens 0.33 110-120 2011)
(Piko, Clegg, 1982; Eppig,
Mus musculus 0.35 89.9 Schroeder, 1989)
Sus domesticus 065 110-120 (Olszanska, Borgul, 1993; Hunter,
' 2000)
L . (Olszanska, Borgul, 1993; Shirazi,
# Ovis aries 0.76 110-150 Sadeghi, 2007)
<
S (Olszanska, Borgul, 1993; Lequarre
§ Bos taurus 0.93-2 10-120 1% 41 2004; Rotar, Souza, 2019)
. - (Piko, Clegg, 1982; Olszanska,
Oryctolagus cuniculus 6—15 113.93 Borgul, 1993; Hadjadj f al., 2024)
Gallus domesticus 2100 40000 | (Olszanska, Borgul, 1993; Nishio et
al., 2018)
Xenopus laevis 4800 1300 (Taylor et al., 1985; Mowry, 2020)
.o (Marchant, Parker, 2001;
Xenopus tropicalis 1000 700 Talhouarne, Gall, 2014)
Triturus cristatus 8500 2000 (Davidson, 1986; Fudula et al.,
2008)
. . . (Duncan, Humphreys, 1981;
Tripneustes gratilla 1.7 50-60 AbouElmaaty et al., 2023)
. - (Kovesdi, Smith, 1982; Hernandez
Arbacia punctulata 2.3 29.2-69.8 et al.. 2020)
£ trongylocentrotus atlynne, ; Goustin, Wilt,
S it 23 60-70 Chatl 1971; G Wil
%) purpuratus ’ 1981)
.E . ) (Brandhorst, 1980; Nesbit et al.,
E Lytechinus pictus 3.9 110 2019)
. = (Mizuno et al., 1973; Oli-
Dendraster excentricus 4.8 88.6-187.6 vares-Banuelos ef al., 2012)
Pisaster ochraceus 15 200 (Mauzey, 1966; Kovesdi, Smith,
1982)
2 Platynereis dumerilii 10.17 150-180 Current study
=
=
= . (Gould-Somero, Holland, 1975;
< Urechis caupo 14 110-115 Davidson, 1986)
v | Drosophila melanogaster 190 290-320 (Imai, 1934; Anderson, Lengyel,
i 1979)
[P
= Musca domestica 1200 1200 (Hough-Evans et al., 1980;

Sanchez-Arroyo, Capinera, 2003)
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have been described in detail in previous studies
(Dorresteijn, 1990; Fischer ef al., 2010; Hsich,
2020; Ozpolat et al., 2021), and are therefore not
the focus of our work. We note, however, thateven
inour local analysis, conducted with minimal tools
(phalloidin and nucleic acid dyes), the complex
F-actin architecture is clearly visible, including
high dynamic assembly and disassembly of
nuclear actin and cytokinetic rings. In this study,
we expand upon this foundation by quantifying
andvisualizing, for the firsttime, the total maternal
RNA content and its localization in P. dumerilii
oocytes and early embryos.

We found that a single worm oocyte con-
tains approximately 10 ng of RNA. Could this
parameter reveal meaningful patterns in evolu-
tion and development? We suggest it is likely
too variable to serve as a reliable comparative
measure. Among deuterostomes, which have
been most extensively studied in this context,
there is substantial variation in RNA content
per oocyte. Mature murine oocytes contain ap-
proximately 0.35 ng of total RNA, while human
oocytes contain around 0.33 ng. Rabbit oocytes
have an RNA content ranging from 6 to 15 ng,
and chicken oocytes contain about 2.1 pg of
RNA. Notably, Xenopus laevis and X. tropicalis
differ fourfold in RNA content (~4 pg and 1
pg, respectively). Studied echinoderms exhibit
an average RNA content of between 1.7 and
15 ng per oocyte, whereas in insects (Diptera)
the amount ranges from 190 ng (Drosophila
melanogaster) to 1.2 pg (Musca domestica)
(see Table 2). Importantly, in spiralians, maternal
RNA composition is associated with develop-
mental polymorphism, known as poecilogony.
For example, the annelid Streblospio benedicti
(Spionidae) produces differently sized oocytes
with varying RNA compositions, giving rise
to morphologically distinct larvae occupying
separate ecological niches. Specifically, smaller
eggs develop into obligate planktotrophic larvae,
while larger eggs yield lecithotrophic or faculta-
tively planktotrophic larvae (Pernet, McArthur,
2006; Harry, Zakas, 2023). Thus, maternal RNA
investment varies considerably both between
and within species (poecilogony), reflecting
significant evolutionary plasticity.

The total amount of maternal RNA likely
correlates with the number of cell cycles pre-
ceding MZT. Indeed, in mammals, which have
relatively low levels of maternal RNA, zygotic
genome activation occurs at the 2—4 blastomere
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stage (24—48 hpf). In contrast, echinoderms, fish,
amphibians and insects, which possess abundant
maternal RNA, initiate zygotic transcription at
the multicellular stage, specifically during the
mid-blastula transition (MBT) (Winata, Korzh,
2018; Vastenhouw et al., 2019). In this context,
P. dumerilii resembles echinoderms and echiu-
rans (Table 2), which exhibit late MZT waves
(Franks, Davis, 1983; Matsushita et al., 2017,
Kipryushina, Yakovlev, 2020). Consistent with
this, in P. dumerilii, zygotic genome activation
begins during late cleavage (~30 cells) and is
completed by the blastula stage (~140 cells)
(Chou et al., 2016).

To initiate zygotic genome activation, ani-
mals may employ one of two strategies: depleting
repressors and/or accumulating activators. In
fish and amphibians, zygotic genome activation
is triggered upon reaching a critical nuclear-to-
cytoplasmic (N/C) ratio, which increases during
cleavage. Ultimately, depletion of maternal sup-
pressors (e.g., histones) initiates transcription
(Amodeo et al.,2015). In P. dumerilii, however,
the large 2d micromere displays early markers of
zygotic genome activation (asynchronous cleav-
age, bilateral division pattern, nucleolus-like
structures) despite having a significantly lower
N/C ratio than other micromeres (Dorresteijn,
1990). This suggests that in P. dumerilii, zygotic
genome activation in 2d micromere may be regu-
lated independently of the global N/C threshold.

In P. dumerilii, zygotic genome activation
may be triggered by chromatin accessibility to
transcriptional activators rather than by repressor
depletion. This mechanism, best characterized
inmammals, involves pluripotency factors, such
as DUX4, OCT4, NF-Y, SoxBl, and Nanog
(Schulz, Harrison, 2019). In addition, clear-
ance of maternal RNA is essential for genome
activation. The Smaug/Samd4 factor is crucial
for activating “anti-maternal” microRNAs that
directly degrade subsets of maternal mRNAs
(Benoit et al., 2009; Luo et al., 2016). Tran-
scriptomic data from P. dumerilii (Chou et al.,
2016, Supplementary) reveal the presence of
maternal NF-Y and Smaug ortholog transcripts
by the 6-8 hpf developmental stage. These
findings make it reasonable to hypothesize that
P. dumerilii employs evolutionarily conserved
MZT pathways, although functional validation
is required to confirm this.

We observe thatin P. dumerilii oocytes, most
RNA s concentrated in the perinuclear ooplasm,
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an area free of yolk protein granules and lipid
droplets, with a smaller fraction dispersed to-
ward the periphery. During cleavage, maternal
RNA shifts to the animal pole and surrounds the
blastomere nuclei. This pattern contrasts sharply
with that of the annelid Chaetopterus (Jeffery,
Wilson, 1983), where maternal RNA is distrib-
uted peripherally in the ectoplasm and remains
associated with the cortex in both oocytes and
blastomeres. In Chaetopterus, RNAatthe animal
pole is distributed equally between AB and CD
blastomeres, while vegetal RNA predominantly
localizes to the CD lineage (Jeffery, Wilson,
1983). The phylogenetically distant Platynereis
and Chaetopterus may use distinct mechanisms
for maternal RNA packaging and segregation,
reflecting independent evolutionary paths. Their
differing reproductive strategies are also notewor-
thy. While Chaetopterus larvae begin feeding as
metatrochophores by 36 hpf (Irvine et al., 1999),
P. dumerilii exhibits lecithotrophic development,
with larvae starting to feed only after 57 days
as mature nectochaetes. Unlike Chaetopterus,
P. dumerilii oocytes accumulate additional com-
ponents, such as large lipid droplets and small
yolk protein granules. The spatial organization
of oocytes may follow principles similar to the
mathematical concept of the Packing Problems
rather than clade-specific developmental rules.

In our study, we did not perform a compara-
tive assessment of RN A staining intensity across
stages, but we did not observe significantchanges
between the oocyte, zygote, and cleavage stages.
This may suggest that the most abundant mater-
nal RNA species degrade after the 16-cell stage
(5-5.5 hpf). Indeed, transcriptomic data indicate
that maternal ribosomal RNAs—among the most
abundant RNAs in the oocyte — are eliminated
between 8 and 10 hpf (Chou et al., 2016)

In P. dumerilii, maternal RNA forms a
distinct “star-shaped” pattern in perinuclear
cytoplasm of oocyte. This distribution matches
the localization of specific mRNAs (Pdum-twist,
Pdum-vasa, ACDs, Hox genes) visualized by in
situ hybridization (Pfeifer et al., 2014; Nakama
etal.,2017; Maslakov etal.,2021; Kuehnetal.,
2022). However, Pdum-acox3 (Acyl-Coenzyme
Aoxidase 3) transcripts localize preferentially to
one oocyte pole (Maslakov et al., 2021, Supple-
mentary), representing the only known example
of anisotropic RNA distribution in P. dumerilii.
The star-shaped pattern is RNase-sensitive,
suggesting that fragmented RNA may diffuse
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more readily after losing stabilizing interactions
with proteins. The absence of TO-PRO-1 fluo-
rescence in the egg jelly layer of RNase-treated
oocytes (Fig. 2C—C1) further supports the idea
of enhanced diffusion under these conditions.
During spiral cleavage, maternal RNA is not
randomly distributed among blastomeres. By the
16-cell stage, it is most highly concentrated in
the first quartet micromeres la'-1d' (1q') and
in the first somatoblast 2d. The descendants of
the 1q' cells will form the cerebral ganglion,
sensory organs, head epithelium, and accessory
trochoblasts, while the progeny of 2d blastomere
contribute to the trunk nervous system and trunk
integument (Ackermann et al.,2005). These cells
differ from other blastomeres in two ways. First,
they generate a very large number of progeny
before the larva starts feeding. Second, their
progeny gives rise to nearly all ectodermal tis-
sues in the adult animal (in case of 1q1 and 2d)
or become part of the growth zone that generates
the postlarval body (in case of 2d) (Ackermann
et al., 2005). Notably, the blastomeres 1a’>-1d?
(1¢%) contain significantly less maternal RNA
than their sister 1q' cells. They divide only
twice, resulting in cell lineages 19*%, 1¢**!, 1g*'2,
1g*", and then terminally differentiate into the
provisional organ, prototroch. We hypothesize
that these differences in cell fate among early
P. dumerilii blastomeres are linked to the asym-
metric segregation of maternal RNA.
Inadetailed study by Dorresteijn (1990), it was
shown that the ratio of yolk to free cytoplasm is
both individual and stereotypical for blastomeres
inearly P. dumerili embryos, and that it correlates
with cell cycle length. Specifically, the greater
the amount of free cytoplasm, the earlier the cell
enters mitosis. Additionally, the volume of free
cytoplasm correlates with nuclear size. We suggest
that this free cytoplasm largely corresponds to the
RNA-containing cytoplasm observed in our study.
Thus, our study reveals that P. dumerilii oo-
cytes contain abundant maternal RNA, though
interspecies variability limits its evolutionary in-
terpretability. Unlike Chaetopterus, P. dumerilii
RNA localizes perinuclearly in a “star-shaped”
pattern, consistent with prior reports of Tivist,
Vasa, and Hox transcripts. The distribution of
total maternal RNA is dynamic, non-random,
and closely linked to patterns of spiral cleavage.
These findings provide a valuable foundation
for comparative and experimental studies on
maternal contributions to the regulation of early
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development in spiralians, as well as for future
research on the MZT.
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