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Abstract 

Background  Organisms from many distinct evolutionary lineages acquired the capacity to enter a dormant state 
in response to environmental conditions incompatible with maintaining normal life activities. Most studied organisms 
exhibit seasonal or annual episodes of dormancy, but numerous less studied organisms enter long-term dormancy, 
lasting decades or even centuries. Intriguingly, many planktonic animals produce encased embryos known as rest‑
ing eggs or cysts that, like plant seeds, may remain dormant for decades. Herein, we studied a rotifer Brachionus 
plicatilis as a model planktonic species that forms encased dormant embryos via sexual reproduction and non-
dormant embryos via asexual reproduction and raised the following questions: Which genes are expressed at which 
time points during embryogenesis? How do temporal transcript abundance profiles differ between the two types 
of embryos? When does the cell cycle arrest? How do dormant embryos manage energy?

Results  As the molecular developmental kinetics of encased embryos remain unknown, we employed single 
embryo RNA sequencing (CEL-seq) of samples collected during dormant and non-dormant embryogenesis. We iden‑
tified comprehensive and temporal transcript abundance patterns of genes and their associated enriched functional 
pathways. Striking differences were uncovered between dormant and non-dormant embryos. In early development, 
the cell cycle-associated pathways were enriched in both embryo types but terminated with fewer nuclei in dor‑
mant embryos. As development progressed, the gene transcript abundance profiles became increasingly divergent 
between dormant and non-dormant embryos. Organogenesis was suspended in dormant embryos, concomitant 
with low transcript abundance of homeobox genes, and was replaced with an ATP-poor preparatory phase character‑
ized by very high transcript abundance of genes encoding for hallmark dormancy proteins (e.g., LEA proteins, sHSP, 
and anti-ROS proteins, also found in plant seeds) and proteins involved in dormancy exit. Surprisingly, this period 
appeared analogous to the late maturation phase of plant seeds.

†Tamar Hashimshony, Liron Levin and Andreas C. Fröbius contributed equally 
to this work.

*Correspondence:
Andreas C. Fröbius
andreas.froebius@gmail.com
Esther Lubzens
elubzens@gmail.com
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-024-09961-1&domain=pdf


Page 2 of 27Hashimshony et al. BMC Genomics          (2024) 25:119 

Conclusions  The study highlights novel divergent temporal transcript abundance patterns between dormant 
and non-dormant embryos. Remarkably, several convergent functional solutions appear during the development 
of resting eggs and plant seeds, suggesting a similar preparatory phase for long-term dormancy. This study accentu‑
ated the broad novel molecular features of long-term dormancy in encased animal embryos that behave like “animal 
seeds”.
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Introduction
Organisms from many distinct evolutionary lineages 
have acquired the capacity to enter a dormant state in 
response to environmental conditions incompatible with 
maintaining normal life activities. Upon resumption of 
favorable environmental conditions, the dormant organ-
ism re-initiates development and reproduction. Dor-
mancy (also known as diapause in many organisms) is 
of immense ecological and evolutionary importance. It 
assures survival through unfavorable conditions by syn-
chronizing the organism’s life cycle with the seasonality 
of abiotic environmental factors and biotic interactions.

Types of diapause, which may be periodic or annual 
and last several weeks or months, include the dauer 
stage, hibernation, and aestivation. In many cases, dia-
pause is facultative, such that animals may undergo either 
a diapause or a non-diapause developmental trajec-
tory, depending on environmental cues and the specific 
characteristics of any given species, and is genetically 
determined. The developmental trajectory of diapause 
or dormancy includes a preparatory phase, a dormant 
phase, a recovery phase, and a period of post-dormancy 
development [1–3]. Seasonal or short-short term dia-
pause was reported in many taxa, including nematodes 
(e.g., the dauer stage of Caenorhabditis elegans; reviewed 
in [2, 4]), insects [3, 5], post-embryonic copepods [6], and 
annual killifish embryos [7]. In addition, over 130 mam-
malian species exhibit diapause during embryogenesis 
[8]. Insects, snails, fish, frogs and toads, may exhibit aes-
tivation [9].

In contrast to these short dormancy periods, some 
organisms remain dormant for decades or centuries as 
encased embryos [10–15]. For example, embryos with 
arrested development are well-known in aquatic inverte-
brate taxa such as the Daphnia, the brine shrimp Arte-
mia, copepods, and rotifers. These organisms play an 
essential role in the aquatic food web and aquaculture. 
The egg banks they form in sediments are essential for 
establishing future generations [16–18]. Long-term dor-
mancy is similarly well known in plants: plant seeds sur-
vive for centuries [19, 20].

This phenomenon, whereby organisms enter a dor-
mant state and survive very long periods in a state of 
suspended animation, challenges our concept of what 

constitutes life. This biological puzzle has captured the 
imaginations of scientists [18, 21, 22] but is far from 
being resolved. In general, entrance into dormancy 
occurs under conditions conducive to normal develop-
ment. Dormancy triggers vary among taxa; known cues 
include changes in photoperiod, crowding, temperature, 
and salinity [2, 3, 5, 17, 23]. In several aquatic inverte-
brates, the triggers lead to a change from asexual to sex-
ual reproduction, resulting in the formation of encased 
dormant embryos in the form of so-called resting eggs 
(e.g., rotifers and copepods), cysts (e.g., Artemia), or 
ephippia (e.g., Daphnia). In these examples, the embryos 
enter dormancy via the suspension of the cell cycle after 
the blastula or gastrula stage [6, 24–26].

Molecular analyses of diapause were performed in sev-
eral taxa, including C. elegans (dauer larval stages; [4]): 
insect model and near-model species such as Drosoph-
ila melanogaster (reproductive diapause), the silkworm 
Bombyx mori (embryos and pupae), and the mosqui-
toes Culex pipiens and Aedes aegypti (reproductive dia-
pause); copepods (post-embryonic stages); and annual 
killifish (embryo diapause; reviewed in [2, 3, 6]). These 
species exhibit dormancy lasting for several weeks or 
months. Studies of species exhibiting long-term embry-
onic dormancy include those on the brine shrimp Arte-
mia [27–32] copepods [6, 18], and the rotifer Brachionus 
[17]. Remarkably, despite the diversity and complexity 
of survival strategies used by organisms capable of dor-
mancy, similar functional pathways are associated with 
this phenomenon [1, 3, 27, 33, 34], including the sus-
pension of the cell cycle, repression of metabolic path-
ways, changes in the carbohydrate and lipid metabolism, 
increased resistance to stress, and protection of proteins 
and cellular structures. Although there is little similar-
ity in dormancy-related transcriptional profiles across 
species [35], recent studies have identified a core set of 
genes that are differentially regulated during diapause 
in insect species [36]. Common diapause-related func-
tional themes have begun to be identified in three ani-
mal phyla: nematodes (Caenorhabditis elegans), insects 
(Drosophila melanogaster and Culex pipiens), and verte-
brates (the annual killifish Austrofundulus limnaeus and 
Nothobranchius furzeri). They showed the involvement 
of insulin, insulin-like growth factor (IGF) signaling (IIS), 
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and the FoxO transcription factor. Moreover, diapause-
associated nuclear hormone receptors (NHs) were simi-
lar across nematodes, insects, and vertebrates, including 
DAF-12 in C. elegans, the ecdysone receptor (EcR) in 
insects, and the vitamin D receptor (VDR) in the annual 
killifish [2, 3, 37].

Numerous signaling pathways, including MAPK, 
Hippo, and Wnt, are associated with diapause in vari-
ous organisms [34]. For example, the TOR, JAK/STAT, 
and JNK signaling pathways affected adult diapause in 
Drosophila [38, 39]. In contrast, the Insulin/IGF, Insu-
lin/FoxO, and TGFβ signaling pathways were involved in 
entering dauer diapause and insect diapause [1, 40]. The 
LKB1/AMPK pathway was implicated in the rationing of 
lipid reserves [41], and TGFβ and BMP signals regulated 
pupal diapause in the cotton bollworm [42]. In addi-
tion, mTOR regulated diapause in the mouse embryonic 
model [8, 43, 44]. In Artemia, pathways that may govern 
the induction and maintenance of mitotic arrest dur-
ing diapause include the AURKA-PLK-MEK-ERK-RSK, 
LKB1-AMPK-CFTR-p53, and Wnt signaling pathways, 
which are simultaneously required for the regulation 
of cell-cycle arrest [1, 30]. In addition, a histone lysine 
methyltransferase from Artemia (Ar-SETD4) regulated 
the trimethylated histone H4K20 (H4K20me3) gene 
expression level. The knockdown of Ar-SETD4 reduced 
the level of H4K20me3 significantly and prevented the 
formation of diapause embryos [45]. Finally, there is evi-
dence that noncoding RNAs (miRNAs, siRNAs, piRNAs, 
mitosRNAs, and lncRNAs) regulate dormancy in several 
organisms. They target genes of the TGFβ, mTOR, Wnt, 
and Insulin signaling pathways, which regulate dormant 
states [1, 34, 46].

Transcriptome analyses are essential for a clear under-
standing of molecular dynamics during the development 
of dormant embryos. However, almost all of the tran-
scriptome studies have characterized transcriptomic 
changes during embryonic development in non-dormant 
embryos in various model and non-model organisms 
[47–51]. One of the few studies examining dormancy 
was performed on annual killifish embryos. Transcrip-
tomics was performed on embryos at the 1–2-cell stage 
programmed for the diapause trajectory and differed 
from those of ontogenetically-matched embryos pro-
grammed for the trajectory lacking diapause. The iden-
tified differences included alternatively spliced mRNAs 
and distinct populations of small noncoding RNAs 
(sncRNAs; [52, 53]).

In this study, we aimed to investigate the mechanisms 
underlying long-term dormancy using an aquatic inver-
tebrate, the rotifer Brachionus plicatilis. The Brachionus 
species complex is crucial to natural aquatic food web. 
Brachionus species are also used as live food for the 

larvae of farmed marine fish and as an indicator taxon 
in ecotoxicology studies [23]. Brachionid rotifers pro-
duce diploid amictic eggs (AMs), which are formed by 
oocytes that undergo a single equational maturation divi-
sion or "mitosis". They also produce two types of mictic 
eggs: unfertilized haploid male eggs and diploid fertilized 
encased resting eggs (REs) that enter dormancy [17, 23, 
54]. Continued amictic reproduction gives rise to geneti-
cally identical diploid amictic females. Oocytes produced 
by mictic females undergo meiosis, and the resulting hap-
loid eggs are either fertilized, becoming diploid REs, or 
mature as haploid males, producing haploid sperm by 
equational maturation division.

In contrast to AMs, REs are encased in protective 
impermeable shell layers [55]. Although they are referred 
to as "eggs," REs and AMs are developing embryos that 
are carried by the maternal rotifer from the time of extru-
sion from her body. After extrusion, the females carries 
AMs and haploid male eggs until hatching (after 11–14 h 
of development), while REs are carried for 48 h, at which 
point they are released and sink to the substrate. The 
dark-colored REs contain maternal metabolome contri-
bution which differs from AMs, that will serve the REs 
during dormancy and the subsequent revival period until 
hatching. REs continue to develop for several days after 
formation [56]. Then, they enter an obligatory dormant 
period (with some exceptions [57, 58]) that lasts at least 
several weeks [59]. REs retain viability for decades [12, 
13] and resist desiccation [59]. After the obligatory dor-
mant period, illumination induces the hatching of REs 
[56, 60]. The neonates hatched from REs are morphologi-
cally indistinguishable from those hatched from AMs.

To investigate the molecular mechanisms that charac-
terize REs and dormancy in B. plicatilis, we explored dif-
ferences in transcript abundance between REs and AMs 
during development and the initiation of dormancy in 
REs. Specifically, we used single-embryo RNA-sequenc-
ing (CEL-seq) to compare global transcript abundance 
patterns between dormant and non-dormant embryos 
sampled at hourly intervals from extrusion until hatching 
of AMs or until 192 h after extrusion of REs. We focused 
on differences in transcript abundance patterns between 
REs and AMs for signaling pathways, transcription fac-
tors, homeobox genes, lipid metabolism, phototrans-
duction, circadian rhythm, and circadian entrainment 
pathways. We also investigated whether nuclear recep-
tors associated with diapause in other organisms were 
implicated in RE dormancy. Finally, we determined in 
REs the points at which the cell cycle was suspended, 
and the ATP levels were reduced. Our results revealed 
an extended preparatory period of diapause in REs, 
accompanied by a high transcript abundance of genes 
encoding for proteins that are hallmarks of dormancy in 
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many organisms and during seed maturation (e.g., LEA, 
sHSP, and anti-ROS proteins). These proteins facili-
tate the long-term survival of plant seeds [61]. Like pat-
terns observed in plant seeds, the dormancy preparation 
period in the REs was characterized by the relatively high 
transcript abundance of genes with putative functions at 
the exit from dormancy. Our results enhance our under-
standing of the global and temporal molecular functions 
underlying dormancy initiation and illuminate novel dor-
mancy preparation processes that putatively facilitate the 
long-term survival of the encased embryos of aquatic 
species.

Results and discussion
Physiological changes during embryonic development
There was an apparent morphological difference between 
the two types of rotifer eggs at the time of extrusion: the 
AMs were translucent, while the REs were slightly larger 
and dark-colored. Cellular movements were observed 
during early development and organogenesis in the 
AMs (0–12  h post-extrusion, PE), including forming 
of the frontal lobes, mastax, and eyes just before hatch-
ing. Between 0 and 48 h PE in the REs, the most notable 
visual change occurred at ~ 12  h PE with the regression 
of the membrane enclosing the cytoplasmic mass from 
the external egg coverings during the formation of the 
fluid-filled extra-embryonic space in which the embryo is 
enclosed [55]. After this point, the embryo changed from 
dark brown or almost black to medium brown (Addi-
tional file 1, S1A Video (RE); Additional file 2, S1 Table). 
Additional cytoplasmic movements were apparent in the 
REs at 36–48 h PE. In rotifer cultures, AMs hatch during 
11–14  h PE while still attached to the maternal female. 
The REs are released by the maternal females at ~ 48 h PE 
and sink to the sediment.

Interestingly, AMs were permeable to the viable DNA 
dye Hoechst at all developmental stages. However, REs 
became impermeable to this DNA dye from ~ 12  h PE, 
suggesting that the impermeable membrane had envel-
oped the embryo [55]. For visualization purposes, these 
REs were decapsulated before staining [62], which may 
have affected the visualization of nuclei. The number 
of nuclei in the developing AMs increased gradually 
to ~ 1,000 after 6–8 h PE (Fig. 1A and C), representing ten 
cycles of nuclei division. In contrast, the number of nuclei 
in the REs, was much lower, increasing to only ~ 150–200 
by 8–10  h PE (Fig.  1B and C), representing ~ 7 cleav-
age cycles; the number of nuclei then remained stable 
throughout dormancy. Notably, the duration of the cell 
cycle in AMs was shorter than that of REs, as discussed 
below. The number of nuclei in encased embryos at the 
stage of developmental arrest seems to vary among taxa. 
It ranges from 32 in marine copepods (blastula stage; 

reviewed in [6]), to ~ 1,000 and 3,500 in Daphnia pulex 
and D. magna, respectively (early gastrula; [26]), and 
4,000 in Artemia sp. (gastrula; [24]). In addition, previ-
ous studies with B. plicatilis reported much lower num-
bers of nuclei in the REs (26 nuclei in [56]; 160 nuclei in 
[25]); these differences in the number of observed nuclei 
may stem from the diverse methods used for nuclear vis-
ualization. After 24 h PE, some of the nuclei in the REs 
were much larger than others; these large nuclei may be 
associated with the central structures that were observed 
in  vivo [(Fig.  1B; last frames of Additional file  1, S1A 
Video (RE)]. It has been proposed that the central core 
of the RE is composed of large nuclei surrounded by an 
external layer of small nuclei [25]. However, it remains 
unknown how these large nuclei are formed. Rotifers 
have a fixed number of cells (eutely) at hatching [63] and 
a syncytial body plan. Two or three additional doublings, 
followed by organogenesis, must occur in the REs at the 
time of dormancy exit before hatching, as the neonates 
hatching from AMs and REs are morphologically and 
functionally similar.

In most organisms, the early rapid embryonic cell cycles 
rely on maternally contributed components [64–70]. The 
cleavage cycles end with an abrupt transition that is fol-
lowed by the onset of gastrulation and is known as the 
mid-blastula transition (MBT). Following a period of 
transcriptional quiescence, zygotic transcription com-
mences, and the maternal control begins to decline. This 
process is known as the maternal-to-zygotic transition 
(MZT; [66]). The expression of the maternal genes is 
replaced by that of the corresponding genes in the zygote 
genome. The MZT is evolutionarily conserved across dif-
ferent branches of metazoa, albeit the timing of the ini-
tiation of zygotic transcription varies among species and 
may start after fertilization [66]. In rotifers, gastrulation 
occurs at the 16-cell stage [23], which is reached at ~ 1 h 
PE in AMs and ~ 2–4 h PE in REs. The exact timing of the 
MZT transition has not been directly determined in the 
fertilized REs but is irrelevant for the unfertilized AMs.

Transcriptome analysis
To construct the developmental transcriptome, we col-
lected AMs and REs throughout development: AMs 
were collected hourly for 14 h, while REs were collected 
hourly for the first 12  h, and then at longer intervals 
up to 192 h, see Materials and Methods). At each time 
point, 5–7 embryos were collected. The 155 collected 
samples were sequenced using the CEL-seq protocol 
(see Materials and Methods; for a detailed description, 
see Additional file  3, S1 Text), generating 136 high-
quality transcriptomes. In total, 14,779 genes were 
transcribed across all samples (transcript abundance 
after normalization and log2 transformation, are shown 
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in Additional file 2, S2A Table). Of these genes, 63.7% 
(9,418 genes) were successfully annotated: 61.3% (9,061 
genes) were associated with one or more gene ontology 
(GO) terms, and 42.6% (6,289 genes) were assigned a 
KEGG Orthology (KO) identifier. During the first 12 h 
of development, the transcript abundance patterns of 
8,058 and 7,381 annotated genes changed significantly 
in the AMs and the REs, respectively. In addition, the 
transcript abundance patterns of 6,568 of the annotated 
genes differed between AMs and REs (dataset AM vs. 
RE) during this period.

Principal component analysis (PCA; https://​bioco​
nduct​or.​org/​packa​ges/​relea​se/​bioc/​html/​scater.​html) 
revealed a smooth progression through development 
for both AMs and REs (Fig. 2A), with 80% of the varia-
tion, in the normalized transcript abundance, explained 
by PC1 and PC2 for AMs and 82% of this variation 
explained by PC1 and PC2 for REs. The PCA of RE 
transcript abundance highlighted a distinction between 
transcript abundance patterns earlier in development 
(1–12 h PE) and much later in development (24–192 h 
PE). PCA of the genes with differential transcript 

Fig. 1  The number of nuclei during the development of dormant (RE) and non-dormant (AM) embryos. Hoechst 33342-stained (top panels) 
and bright-field (bottom panels) photomicrographs of representative (A) AMs and (B) REs at various developmental time points. C The number 
of nuclei throughout AM and RE development. Due to the formation of an impenetrable membrane by the REs at ~ 12 h PE, REs were decapsulated 
before staining from 15 h PE onwards

https://bioconductor.org/packages/release/bioc/html/scater.html
https://bioconductor.org/packages/release/bioc/html/scater.html
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abundance between AMs and REs over the first 12 h of 
development (1–12  h PE) revealed a noticeable diver-
gence between AM and RE genes, which increased as 
development progressed. In this PCA, 57% of the varia-
tion in transcript abundance was explained by PC1 and 
25% by PC2 (Fig. 2A).

Clustering analysis grouped the differential transcript 
abundance of genes for AM and RE development into 
eight and nine clusters, respectively, whereas genes with 
significantly different temporal transcript abundance 
patterns between AMs and REs were divided into eight 
clusters (Fig. 2B; Additional file 2, S3 Table). Examination 
of the KEGG pathways enriched in each cluster revealed 
significant functional differences during development 
(Fig. 3; Additional File 2, S3 Table). Visualization of tran-
script abundance patterns suggested that the first 12  h 
of development for both embryo types could be broadly 
divided into three phases (Figs.  2B and  3, Additional 
file 2, S3A–S3C Table): an early phase (AM: 1–3 h PE; RE: 
1–5 h PE), a middle phase (AM: 4–9 h PE; RE: 6–9 h PE), 
and a late phase (RE and AM: 10–12 PE). A fourth phase, 
corresponding to very late development (AM: 13–14  h 
PE; RE: 24–192 h PE), was also discernible based on the 

transcript abundance patterns (Fig. 2B, Additional file 2, 
S3A–S3C Table).

Molecular changes during embryonic development
The early phase of development
During early development (AM: 1–3  h PE; RE: 1–5  h 
PE), high transcript abundance was found of genes asso-
ciated with the KEGG cell cycle, RNA translation, and 
related pathways (AM clusters 1 and 2; RE clusters 1, 2 
and 8; Fig.  3). Notably, a similar number of genes was 
transcribed in AMs and REs (Additional file  4, S1 Fig). 
Most of the KEGG pathways enriched in the gene clus-
ters during early development were shared between 
the AM and RE embryos; however, the associated gene 
transcripts were highly abundant only from 1–3  h PE 
in AMs, whereas in RE embryos, these gene transcripts 
were highly abundant up to 5  h after the beginning of 
development. Notably, gene transcripts associated with 
the cell cycle were with longer high abundance in the 
RE embryos than in AM embryos (Fig. 4). Interestingly, 
this transcript abundance pattern correlated well with an 
extended period of cell division in RE embryos (although 
nuclei division was likely slower in REs, as fewer cycles 

Fig. 2  Temporal differential transcript abundance profiles for genes during AM development (0–14 h PE), during RE development (0–192 h PE), 
and between AMs and REs (0–12 h PE). A Principal component analysis (PCA) of the transcript abundance patterns. B The corresponding heatmaps 
show the temporal transcript abundance patterns of eight gene clusters during AM development, nine during RE development, and eight 
between AMs and REs
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ultimately occurred; Fig.  1C). A few pathways were 
uniquely enriched in either AMs or REs: the unique AM 
pathways included RNA polymerase, non-homologous 
end-joining, lysine degradation, and cytosolic DNA-
sensing pathway, while the unique RE pathways included 
oocyte meiosis, regulation of actin cytoskeleton, adhe-
rens junctions, progesterone-mediated oocyte matura-
tion, and Hippo signaling. KEGG pathways and protein 
functions are described at https://​www.​genome.​jp/​pathw​
ay and https://​www.​unipr​ot.​org/, respectively (see also 
Materials and Methods). Notably, the mode of func-
tion of progesterone in rotifers needs to be clarified, as 
the progesterone-mediated oocyte maturation pathway 
was enriched only in RE. A membrane progesterone 
receptor was identified in B. manjavacas [71], and pro-
gesterone increased the production of REs in B. man-
javacas but not in B. plicatilis [72]. We identified two 
progesterone receptor genes in the B. plicatilis embryos 

normalized transcriptome (Additional file 2, S2A Table), 
the membrane progestin receptor β (c14530_g1) and the 
membrane progestin receptor γ (c22421_g2). The tran-
script abundance patterns of these two genes changed 
significantly over time during both AMs and REs devel-
opment. However, significant differences in temporal 
transcript abundance patterns between AMs and REs 
were only identified for the membrane progestin receptor 
β (c14530_g1; Additional file  2, S2A Table), suggesting 
a specific yet unknown function, for progestin β in REs, 
at early developmental stages. In contrast to most genes, 
but like many others, the abundance of membrane pro-
gestin receptors β and γ transcripts was low at early time 
points in the progesterone-mediated oocyte maturation 
pathway.

The Hippo signaling pathway was enriched only in REs. 
Hippo signaling might be associated with the cell cycle 
arrest in these embryos as the Hippo pathway modulates 

Fig. 3  Transcript abundance patterns of each differential gene transcript cluster and the KEGG pathways enriched in each cluster. A AM clusters, 
(B) RE clusters, and (C) AM vs. RE clusters. In each panel, the upper images show the transcript abundance patterns of each cluster over time (h PE), 
and the associated enriched KEGG pathways are shown below. The name of each pathway is colored to indicate its specificity (AM, RE, or both but 
not necessarily simultaneously), and the colored circles prepending each pathway indicate the statistical significance of the enrichment (color) 
and the relative proportion of total genes (size)

https://www.genome.jp/pathway
https://www.genome.jp/pathway
https://www.uniprot.org/
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cell proliferation, cell death, and cell differentiation to reg-
ulate cell number. The Hippo signaling pathway regulates 
stem-cell function, organ size, and tissue regeneration. 
Interestingly, the actin cytoskeleton pathway, which inte-
grates and transmits upstream signals to the core Hippo 
signaling cascade and the adherens junction affecting 
the Hippo activity, were also enriched only in RE. These 
observations support a conjecture on the regulation of 
cell numbers in REs by the Hippo signaling pathway [73]. 
The TGFβ and Wnt signaling pathways which are associ-
ated with Hippo signaling (https://​www.​genome.​jp/​kegg-​
bin/​show_​pathw​ay?​map04​390), were enriched in the REs 
simultaneously with Hippo signaling and the cell cycle, 
and related pathways. It should be noted that the genes 
associated with these pathways were also transcribed 
(but not enriched) in AMs, where the cell cycle contin-
ued until the full complement of nuclei was produced. 
The JAK-STAT signaling pathway, enriched only in the 
REs, transduces many signals for animal development and 
homeostasis (https://​www.​genome.​jp/​entry/​map04​630).

Notably, the proteasome and the RNA degradation 
pathways, which were enriched in AMs and REs, have 
specific functions during the MZT in embryos as they 
degrade maternal proteins and mRNAs, respectively 
[66, 69]. Interestingly, the genes transcript abundance 
of these two pathways was higher in REs compared with 
AMs (Fig.  3C, clusters 1 and 2). The higher transcript 
abundance at early time points (1–3  h PE in AM and 
1–6 h PE in RE) supports the assumption regarding the 

degradation of proteins and mRNAs deposited during 
oogenesis [74].

A striking transcript abundance pattern during early 
development was observed for the genes encoding ribo-
somal proteins (Fig. 5). Genes encoding for nuclear ribo-
somes were not transcribed in both AMs and REs during 
the cell cycle, unlike mitochondrial ribosome transcripts, 
many of which showed high transcript abundance dur-
ing this period. Maternal mRNAs drive the first mitotic 
cycles independently of mRNA transcription and ribo-
some biogenesis before the MZT [66], explaining the lack 
of ribosome transcripts at early developmental stages. 
Mitochondrial transcript abundance patterns may reflect 
the mitochondria’s continuous energy-generating activ-
ity [75]. Ribosome biogenesis and the ribosomal path-
ways were enriched at later developmental stages in 
AMs (from 4  h onwards; clusters 5 and 6, Fig.  3A) and 
RE (from 6 h onwards, clusters 4 and 9, Fig. 3B). Indeed, 
many ribosomal proteins have been identified in mature 
REs [76]. Our results were consistent with early stud-
ies demonstrating a lack of ribosomal RNA synthesis in 
numerous species before the late blastula stage [77].

The pattern of maternal gene replacement by zygotic 
genes remains to be determined for rotifers. Neverthe-
less, zygotic transcript abundance may commence in REs 
after gastrulation, which occurred at the 16-cell stage 
(approximately one h PE in AMs and 2–4  h PE in REs; 
Fig.  1). To explore the transcript abundance patterns of 
potential maternal genes, we identified 699 annotated 
genes (out of 1,087 maternal genes) with differential 

Fig. 4  Heatmaps showing the temporal transcript abundance patterns of genes associated with the cell cycle pathway during development 
in AMs and REs

https://www.genome.jp/kegg-bin/show_pathway?map04390
https://www.genome.jp/kegg-bin/show_pathway?map04390
https://www.genome.jp/entry/map04630
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transcript abundance patterns between AMs and REs 
over the first two hours of development (1–2 h PE). These 
putative maternally inherited genes were assigned to ~ 40 
KEGG pathways (with at least five allocated genes per 
pathway, Additional file 2, S2B Table). A previous study 
of annual-killifish embryos very early in development (at 
the 1–2-cell stage) identified 57 differentially expressed 
transcripts between diapause-destined embryos and con-
tinuously-developing embryos; many differences between 
these two types of embryos were gene splice variants and 
antisense sncRNAs [52]. Of the 57 killifish genes, five 
genes showed differential transcript abundance between 
AMs and REs (including the Titin-like, Rho guanine 
nucleotide exchange factor 12-like, Rho GTPase acti-
vating protein 39, Dynein cytoplasmic 1 heavy chain 1, 
and spermatogenesis associated 6; Additional file 2, S2A 
Table). The functional significance of these genes in dor-
mancy remains unknown.

Clustering analysis grouped the 1,087 putative mater-
nal gene transcripts into seven clusters (Additional file 2, 
S4 Table and Additional file 4, S2A Fig); cluster 1 in AM 
(1–3 h PE) and cluster 3 in RE (1–4 h PE) showed high 
transcript abundance at the earliest stages of develop-
ment, supporting the identification of maternal genes 
in these clusters (Additional file  4, S2A Fig). The spli-
ceosome was the only pathway enriched in cluster 1. 

Although this pathway was enriched in both AMs and 
REs during early development (Fig. 3A and B), the tran-
script abundance of the associated genes was higher in 
AMs than in REs (cluster 1; Additional file  4, S2B Fig), 
indicating higher transcriptional activity and formation 
of mature mRNAs in AMs. The genes in REs clusters 4–7 
(6–12 h PE; Additional file 4, S2A Fig) may not be mater-
nal, as the corresponding zygotic counterparts may have 
replaced many genes. For AMs, the enriched pathways of 
maternal genes from 3 h PE onwards (clusters 2, 4, and 
5), included the ribosome biogenesis in eukaryotes, the 
Notch signaling pathway, oxidative phosphorylation and 
fatty acid elongation.

The middle phase of development
In contrast to the early stage of embryonic development, 
where many pathways were enriched in both AMs and 
REs, most enriched pathways in the later stages of devel-
opment were distinct between the two types of embryos. 
In addition, the pathways enriched in the middle stage of 
development (AM: 4–9 h PE; RE: 6–9 h PE) differed from 
those enriched during the early and late phases of devel-
opment. The middle phase of development coincided 
with organogenesis in AMs and the suspension of devel-
opment in REs (Additional file 2, S1 Table), as reflected 
by the higher number of genes transcribed in AMs as 

Fig. 5  Heatmaps showing the temporal transcript abundance patterns of genes associated with the ribosome pathways during the development 
of AMs and REs. The blue arrow indicates the mitochondrial genes in the ribosome pathway, highlighting the differences in the transcript 
abundance patterns between nuclear and mitochondrial ribosomal genes. Of note is the high transcript abundance of ribosome genes during very 
late development in REs
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compared to REs (Additional file  4, S1 Fig). Transcript 
abundance patterns overlapped in several gene clusters 
between the middle and early or middle and late phases 
of development (AM clusters 2, 3, 4, 5, and 6; RE clus-
ters 2, 3, 4, 5, and 7; Figs. 2B and 3). In several clusters 
(AM clusters 5 and 6; RE clusters 2, 3, 4, and 5; AM vs. 
RE clusters 3 and 5), transcripts abundance peaked in 
the middle phase of development, followed by a decline 
(Fig.  3). Fourteen pathways were enriched in the mid-
dle stage of development in AMs but only ten in REs, 
as detailed in Additional file  2, S3 Table. Five pathways 
were unique to REs (Hippo, Wnt, TGFβ, JAK-STAT and 
the sphingolipid signaling pathways) and one was unique 
to AMs (the Notch signaling pathway). Several path-
ways enriched in cluster 2 of REs, were associated with 
the cell cycle, which was longer in REs, compared with 
AM. Many pathways associated with energy metabolism 
were enriched in AM cluster 2, including oxidative phos-
phorylation, carbon metabolism, the citrate cycle (TCA), 
pyruvate metabolism, oxidative phosphorylation, and 
the pentose phosphate pathway (Fig.  3A). In contrast, 
many of these energy-generating pathways presented 
lower transcript abundance in REs from the middle phase 
of development than AMs (cluster 4, Fig.  3C). The bio-
synthesis of secondary metabolites was also enriched in 
AMs but not in REs (Additional file 2, S3 Table). Enrich-
ment of the ribosome biogenesis in eukaryotes pathway 
in AM and AM vs. RE, and the ribosome pathway in AM, 
RE, and AM vs. RE (Fig. 3A–C), implied relatively high 
translational activity in the two types of embryos. The 
axon guidance representing a key stage in the formation 
of the neuronal network, was enriched in AM (cluster 
4), RE (cluster 2), and AM vs. RE (cluster 5). It peaked 
at the beginning of the middle phase of development and 
declined afterward (Fig.  3A–C). Most interestingly, the 
longevity regulating pathway (worm) was enriched in the 
genes with differential transcription abundance between 
AMs and REs (cluster 3); this cluster had higher tran-
script abundance in REs than in AMs (Fig. 3C). Longevity 
pathway genes were associated with diapause [1, 2] and 
the long-term survival of plant seeds [61].

The late phase of development
The late phase (10–12  h PE in AMs and REs) precedes 
AMs hatching and many more genes were transcribed in 
AMs than in REs (Additional file 4, S1 Fig). The transcript 
abundance in several pathways peaked during this phase 
(AMs clusters 7 and 8; REs clusters 6, 7, and 9; Fig.  3), 
and there were notable differences in the transcript 
abundance patterns between AMs and REs. The differ-
ential transcript abundance between AMs and REs was 
associated with 50 enriched functional pathways, repre-
senting a wide array of functions suggesting a role at the 

termination of embryo development and during hatching 
(Fig. 3C, cluster 8 and Additional file 2, S3 Table). A total 
of 15 signaling pathways were enriched in AM clusters 7 
and 8 (Additional file  2, S3 Table), including the Notch 
signaling pathway, which plays a role in development 
(reviewed in [78]). In contrast, three signaling pathways 
were enriched in RE cluster 6 but none in cluster 7 and 
8. Genes of cluster 6 with higher transcript abundance 
in the REs as compared with the AMs (Fig.  3C), were 
enriched with the protein processing in the endoplas-
mic reticulum, protein export, and the lysosome path-
ways, suggesting higher synthesis and export of proteins 
and also protein degradation (Fig. 3C). Higher transcript 
abundance was found for AM relative to RE at the late 
time points in Fig.  3C cluster 4. As discussed, cluster 4 
was enriched in several energy-generating metabolic 
pathways, the actin cytoskeleton regulatory pathway, and 
the Hippo signaling pathway, corresponding with the 
termination of organogenesis and preparation for AMs 
hatching.

The very late phase of development
AMs hatching typically occurred at ~ 12  h PE, although 
many AM embryos hatched during 13–14 h PE. In both 
AMs and REs, many genes displayed differential tran-
script abundance between the very late phase of develop-
ment (AMs: 13–14 h PE; REs: 24–192 h PE) and earlier 
developmental stages (1–12 h PE for both AMs and REs; 
Additional file 2, S2 and S5 Table).

In the AMs, 1,052 genes (697 genes with annotation) 
were differentially transcribed between the very late 
development stage (13–14 h PE) and earlier developmen-
tal stages (1–12 h PE; Additional file 2, S2 and S5 Table). 
The annotated genes were associated with ~ 60 func-
tional KEGG pathways (with at least five genes in each 
pathway; Additional file  2, S2B Table), demonstrating 
the vast array of putative functions at this developmen-
tal stage. The 1,052 genes formed eight clusters (Fig. 6A 
and B; Additional file 2, S5A and S5B Table), and in gen-
eral, transcript abundance patterns at the very late phase 
in development continued trends observed in the earlier 
late developmental phase. Enriched pathways associated 
with genes with high transcript abundance during very 
late development (e.g., cluster 3) included mainly energy-
yielding pathways (Fig.  6B). In contrast, enriched path-
ways associated with genes with relatively low transcript 
abundance during very late development (e.g., clusters 7 
and 8) included N-glycan biosynthesis, protein process-
ing in the endoplasmic reticulum, sulfur metabolism 
and the spliceosome. This transcript abundance pattern 
corresponds with the end of embryo developmental pro-
cesses and the preparation for hatching.
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In REs, the very late developmental phase corre-
sponded with the period following the formation of the 
extra-embryonic space, which occurred at ~ 12  h PE 
[Additional file 2, S1 Table; Additional file 1, S1A Video 
(RE)]. Remarkably, differential transcript abundance of 
5,720 genes was identified between the very late time 
development (24–192  h PE) and earlier development 
stages (1–12 h PE), of which 4,062 genes were annotated 
(Additional file  2, S2 Table). The annotated genes were 

associated with ~ 200 KEGG pathways (with at least five 
genes in a pathway; Additional file  2, S2B Table), indi-
cating a wide range of putative functional pathways for 
this phase. Clustering analysis allocated the genes into 
nine clusters (Fig.  6C and D, Additional file  2, S5C and 
S5D Table). Clusters 1, 2, 5, and 7 presented genes with 
exceptionally high transcript abundance at this phase in 
comparison with earlier developmental stages (Fig.  6C). 
Examples of this transcript abundance patterns are 

Fig. 6  Comparison of the differential transcript abundance profiles during the very late phase of development in AMs and REs. A Heatmap 
of the differential transcript abundance patterns of genes in AMs between the very late phase of development (13–14 h PE) and earlier 
developmental stages (1–12 h PE), showing the eight identified clusters. B The transcript abundance pattern of each cluster and the corresponding 
enriched pathways. C Heatmap of the differential transcript abundance patterns of genes in REs between the very late phase of development 
(24–192 h PE) and earlier developmental stages (1–12 h PE), showing the nine identified clusters. D The transcript abundance pattern of each 
cluster and the corresponding enriched pathways. In B and D, the colored circles prepending each pathway indicate the statistical significance 
of the enrichment (color) and the relative proportion of total genes (size)
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shown for the ribosome and the pentose phosphate path-
ways and of dormancy hallmark proteins (Fig.  7A–C). 
The high transcript abundance of genes during this phase 
suggests an essential function during dormancy or a role 
at the exit from dormancy. These transcripts include 
mRNAs synthesized before or after 24  h, depending on 
the availability of ATP (see below), and maintained up 
to 192  h, or later during dormancy. The enriched tran-
script abundance in cluster 1 (Fig.  6C and D) includes 

gene transcripts of the pentose phosphate pathway; 
most of the pentose phosphates derived from this path-
way are incorporated into DNA in rapidly dividing cells. 
Moreover, the pentose phosphate pathway is a major 
source of NADPH which is consumed during fatty acid 
synthesis. The NADPH is also required for the genera-
tion of reduced glutathione (GSH), a major scavenger of 
reactive oxygen species (ROS; reviewed in [79] and these 
functions are of importance during dormancy and at the 

Fig. 7  Heatmaps showing the temporal transcript abundance patterns of functionally important genes, very late in the development of AMs 
and REs as compared to earlier time points (A) Genes in the proteasome pathway, (B) Genes in the pentose phosphate pathway, (C) Genes 
encoding dormancy hallmark proteins. Additional details of genes encoding dormancy hallmark proteins are given in Additional file 2, S6 Table
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exit from it. Glutathione metabolism was also enriched 
in this cluster. This pathway plays a prominent role in 
several critical cell functions, ranging from antioxidant 
defense to metabolic pathway regulation, and includes 
two dormancy hallmark proteins [76]. Another enriched 
pathway was ferroptosis with the synthesis of ferritin. 
Ferritin, another dormancy hallmark protein, is one of 
the most abundant proteins in REs [76]. In clusters 5 and 
7, the proteasome and ribosome pathways were enriched, 
respectively. The proteasome is presumably implicated in 
the degradation of dormancy-specific proteins, and the 
ribosome pathways might function in translation activity, 
at the exit from dormancy.

Pathways enriched in the genes with relatively low 
transcript abundance at the very late phase in RE devel-
opment were identified in RE clusters 3, 4, 6, 8, and 9 
(Fig.  6D). Notably, these genes showed relatively high 
transcript abundance in AMs and REs at 1–3 h and 1–6 h 
PE, respectively, and described above for the early devel-
opmental phase (a complete list of the enriched pathways 
is given in Additional file  2, S5 Table). While the low 
transcripts abundance at the very late RE development 
emphasizes the suspension of the cell cycle and its asso-
ciated pathways, it is expected that these pathways will be 
renewed during the exit from dormancy.

Genes encoding for dormancy hallmark proteins 
showed high transcript abundance during this phase 
(Fig.  7C, Additional file  3, S2 Text; Additional file  2, S6 
Table), consistent with the high abundance of these pro-
teins in mature REs and suggesting that these proteins 
were synthesized after 12  h PE or during this phase 
of development [76]. The dormancy hallmark pro-
teins include the late embryogenesis abundant proteins 
(LEAs), which enhance desiccation tolerance and serve 
as protein chaperones during dormancy [80] and refer-
ences therein; reviewed in [33]). Several proteins par-
ticipate in macromolecule stabilization and ameliorating 
ROS-associated damage, including ferritin, glutathione 
S-transferase, glutathione peroxidase, superoxide dis-
mutase, catalase, thioredoxin, dehydrogenase reductase, 
selenium binding proteins, α-crystallin, and small heat 
shock proteins (sHSP) (Fig.  7C) [33]. In addition, two 
proteins (superoxide dismutase and catalase) also play an 
essential role in the dormancy-associated longevity regu-
lation pathway [1, 2]. An examination of genes associated 
with the longevity pathway revealed 98 annotated genes, 
31 with high transcript abundance (> 4.591) at 192 h PE 
(Additional file 2, S6 Table; Additional file 4, S3 Fig).

At the latest developmental time point assessed in 
REs (192 h PE), high transcript abundance was observed 
for 3,062 genes (> 4.591), of which 1,803 showed sig-
nificant differences in transcript abundance between 
earlier developmental stages (1–12  h PE) and very late 

development phase (24–192 h PE). See the list in Addi-
tional file  2, S2E and S2B Table, for the corresponding 
enriched KEGG pathways. In general, higher transcript 
abundance of specific genes may stem from reduced gene 
expression. Although mRNAs per embryo were reduced 
about 3–4 fold at 24–192  h (data not shown), the fold-
change in transcript abundance was much higher (> log 
4.591, Additional file  2, S2F Table), suggesting de novo 
transcription after 12 h.

Of the 3,062 genes with high transcript abundance, 34 
were identified as encoding dormancy hallmark proteins 
as described above (Additional file 2, S6 Table; Fig. 7C). 
In addition, other highly abundant gene transcripts 
(> 4.591 at 192 h PE) suggest preparation for the renewal 
of embryo development at the exit from dormancy. These 
include genes that participate in energy generation path-
ways (Additional file 4, S4 Fig), signaling pathways (Addi-
tional file 4, S5 Fig), lipid metabolism (Additional file 4, 
S6 Fig) and the light response (phototransduction, circa-
dian entrainment, and the circadian rhythm (Additional 
file  4, S7 Fig). Notably, although many genes in energy-
forming pathways show high transcript abundance very 
late in RE development, ATP levels were significantly 
reduced from 72  h PE compared to earlier RE devel-
opmental stages (0–36  h; one-way ANOVA, p = 0.001; 
Tukey post-hoc test, p < 0.01; Fig.  8). RE ATP levels 
remained low through the end of the assessment period 
(280  h post-hoc) and were similarly low in REs stored 
for ~ 117 days or 2808 h). Consistent with this, previous 
studies have indicated that a slow reduction in metabolic 
rate is one of the hallmarks of dormancy. In Artemia fran-
ciscana dormant embryos, the ATP level drops signifi-
cantly during diapause. However, substantial quantities 
of ATP remain and the concentration of ATP in diapause 
embryos is about fivefold lower compared with post-
diapause embryo. Moreover, no evidence of an ongoing 
metabolism was reported during bouts of anoxia [1, 81]. 

Fig. 8  ATP levels (Mean ± SD) during the development of REs 
and the dormant stage (1–2808 h) in comparison with AMs (1–12 h 
PE). ATP levels in REs decreased significantly from 36 h PE (n = 3 
for each time point)
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ATP was not detected in previous metabolomic analyses 
[82] and very low levels were detected at 2808 h (Fig. 8), 
possibly because of anoxia. Significant differences were 
also reported between AMs and dormant REs for the rel-
ative abundances of metabolites associated with the fol-
lowing pathways: glycolysis, the citrate cycle, amino acid 
metabolism, purine metabolism, and pyrimidine metabo-
lism [82]. Notably, ATP levels did not differ significantly 
between AMs and REs earlier in development (AMs: 
0–14 h PE; REs: 0–24 h PE; one-way ANOVA, p = 0.2513; 
Tukey post-hoc test, p = 0.24176).

The results presented here suggest that the very late 
phase of RE development serves as a unique period of 
molecular preparation for dormancy. In some ways, this 
preparatory phase resembles the maturation and late 
maturation phases of plant seed development, charac-
terized by the improvement of functional traits such as 
germination capacity and desiccation tolerance, as and 
the acquisition of dormancy and longevity traits. Like 
REs, the induction of sHSP and the accumulation of LEA 
proteins occurs during the late maturation of plant seeds 
[61]. However, unlike plant seeds, RE development does 
not end with desiccation, but REs acquire this capacity 
[59]. In dried plant seeds, the mRNAs transcribed during 
maturation are stored and protected for long-term stor-
age associated with monosomes. They are translationally 
upregulated during germination [83, 84]. Because REs 
also store mRNAs [76], it is tempting to conclude that 
REs and plant seeds use similar dormancy strategies.

Pathways with a putative role in RE dormancy
We explored transcript abundance profiles of pathways 
that may play a role in dormancy and its regulation. These 
include signaling pathways, genes encoding transcription 
factors, homeobox genes, nuclear receptors, genes asso-
ciated with lipid droplets, and the light response.

Signaling pathways
Signaling pathways transduce extracellular signals to 
regulate target gene transcription of and facilitate cell 
specifications differentiating from progenitor cells dur-
ing embryogenesis [85]. To explore their role in RE 
dormancy, we focused on genes in signaling pathways 
previously identified as dormancy-associated in other 
organisms: Wnt, Notch, TGFβ, Hippo, Hedgehog, AKT, 
JAK-STAT, MAPK, AMPK, insulin signaling, FoxO, and 
mTOR (see Introduction; Additional file  3, S2 Text). Of 
the genes with differential transcript abundance between 
AMs and REs (dataset AM vs. RE; Additional file  2, S7 
Table), 394 were associated with these 12 signaling path-
ways. This number includes 130 signaling-associated 
genes with high transcript abundance (> 4.591) in REs 
during the entry into dormancy (192  h PE; Additional 

file  2, S7 Table). Essential membrane receptors, such as 
Frizzled, IGFIR, BMPR1, BMPR2, TGFBR1, EGFR, RTK, 
Notch, and HH (Additional file  2, S7 Table; Additional 
file 4, S5 Fig) were among the signaling-associated genes 
with differential transcript abundance between AMs and 
REs. Membrane receptors transduce external cell-surface 
signals and translocate components of the intracellular 
cascade (e.g. second messenger molecules and kinases) 
into the nucleus, activating or repressing transcription 
[85]. Thus, differences in transcript abundance of these 
membrane receptors suggest significant changes in the 
activation of gene transcription between AMs and REs.

The assignment of the same genes in different signal-
ing pathways suggested functional crosstalk between 
the pathways (including all 570 annotated genes listed 
in Additional file  2, S7 Table). Thus, the Wnt pathway 
shared 51.2% of its genes with the Hedgehog pathway, 
36.7% with the TGFβ signaling pathway, 31.8%, with the 
Hippo pathway, and 17.6% with the FoxO signaling path-
way. Similarly, the FoxO pathway shared 28.3% of its 
genes with the PI13-AKT pathway, 26.7% with the TGFβ 
pathway, and 22.2% with the Insulin signaling pathway. 
The insulin signaling pathway shared 34.8% of it genes 
with the AMPK pathway, 30.2% with mTOR, and 27.0% 
with FoxO. Moreover, 47.8% of the genes of the MAPK 
pathway were shared with the Insulin signaling path-
way and 25.7% with the FoxO pathway (Fig. 9). Many of 
the mechanisms underlying cell-type specification rely 
on interactions among signaling pathways, and many 
examples of cross-regulation involving multiple differ-
ent pathways have been reported. Prominent examples 
include crosstalk between TGFβ/BMP and MAPK, PI3-
AKT, Wnt, Hedgehog, and Notch [86] or between TGFβ/
Smad and Wnt, Notch, Hippo, Hedgehog, MAPK, PI3-
AKT, and JAK-STAT [78]. A crosstalk between TGFβ, the 
Hedgehog and Notch signaling pathways, was reported 
for C. elegans [40]. Particularly well-known is the asso-
ciation between insulin and FoxO signaling pathways 
(see Introduction). The negative regulation of the nuclear 
function of FoxO by the insulin/PI3K/AKT pathway is a 
hallmark of the FoxO family [87]. Surprisingly, the rotifer 
FoxO forkhead box transcription factor, which partici-
pates in the FoxO, PI3K-AKT, and AMPK signaling path-
ways (Additional file  4, S5 Fig) and was here annotated 
as FoxO6/FoxO3 (gene c24194_g1, NCBI RMZ95845.1), 
with very low transcript abundance throughout RE devel-
opment (Additional file  2, S7 Table). Rotifer FoxO6 and 
FoxO3 are similar to the C. elegans FoxO (daf-16) and 
Drosophila FoxO proteins [87]. It is, therefore, suggested 
that FoxO was unlikely to play a role in RE dormancy.

Interestingly, in AM most of the signaling pathways 
were enriched at later stages of development (Fig.  3A), 
while in RE clusters signaling pathways were enriched 
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early in development (< 6  h PE; Fig.  3B). In addition, a 
high transcript abundance of the signaling pathways 
genes were identified in RE at 192 h (Additional file 2, S5 
Fig). Therefore, signaling pathways may play an essential 
role in AM embryo development before hatching and at 
the exit from dormancy in REs by mRNAs stored during 
the dormant state.

Transcription factors (TFs)
The primary consequence of signaling is the activation 
of specific target genes by signal-regulated TFs [88]. TF 
transcript abundance patterns reflect the DNA bind-
ing activity of these regulatory proteins, which control 
the transcriptional changes that occur during metazoan 
embryonic development [89]. To explore the role of TFs 
in RE development, we first identified 65 genes encoding 
for six classes of TFs (bHLH, bZIP, ETS, Fox, HMG, and 
T-box) in AMs and REs (Additional file 2, S8 Table). Of 
these, 45 genes exhibited differential temporal transcript 
abundance patterns between AMs and REs. As func-
tions of TFs in rotifers are poorly investigated (exclud-
ing homeobox genes, as discussed below), it remains to 
be seen whether TF functions described during embryo-
genesis in other organisms are conserved in rotifers. It is 

noteworthy that CLOCK, a member of the bHLH tran-
scription gene family with a central role in the regulation 
of circadian rhythms, showed high transcript abundance 
in both AMs (> 5.247) and REs (> 4.591), during develop-
ment (see further discussion below).

Homeobox genes
Homeobox genes encode for TFs that bind DNA via the 
homeodomain consensus motif to regulate the expres-
sion of target genes in numerous developmental pro-
cesses. Despite their seemingly similar DNA-binding 
properties, homeobox proteins display specific effects 
on the transcriptome, mediated through variations of 
amino acids in their DNA-binding motifs. Moreover, 
a significant fraction of downstream genes encode for 
realizator functions, which directly affect morphogenetic 
processes, such as orientation and rate of cell divisions, 
cell–cell adhesion and communication, cell shape and 
migration, cell differentiation and cell death [90].

Eleven homeobox gene families are usually recog-
nized: ANTP, PRD, LIM, POU, HNF, SINE, TALE, 
CUT, PROS, ZF, and CERS [91, 92]. We identified 
53 homeobox genes in the REs and AMs transcrip-
tomes (Additional file  2, S9 Table, Fig.  10). Relatively 

Fig. 9  Heatmap showing the numbers of genes shared among 12 signaling pathways in REs. Each cell reflects the fraction of genes shared 
between the two pathways relative to the total number of genes in the pathway on the x-axis (the total number of genes is shown in brackets). 
Additional details are shown in Additional file 2, S7 Table
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low transcript abundance was identified for fourteen 
homeobox genes (< 1.69). Throughout AMs and REs 
development (0–12 h PE), a differential pattern in tran-
script abundance was identified of 45 and 25 home-
obox genes, respectively, and the transcript abundance 
patterns of 23 homeobox genes differed between AMs 
and REs (Additional file 2, S9 Table). In AMs, low ini-
tial transcript abundance of 34 genes was observed at 
1–2  h PE, (< 1.87), but they increased as development 
progressed (Fig.  10). This transcript abundance pat-
tern was consistent with previous observations in other 
species (i.e., Xenopus tropicalis, Danio rerio, Ciona 
intestinalis, Drosophila melanogaster, C. elegans, and 
Anopheles gambiae), where homeobox TF expression 
was under-represented among the maternal transcripts 
and increased significantly after the onset of gastru-
lation [89]. Non-canonical expression patterns were 
reported for five Hox genes (Hox2, Hox4, Hox3, Hox6, 
and Medpost) in the AM nervous system during embry-
ogenesis [93]. Variable temporal transcript abundance 
patterns were found for these genes in AM and RE 
during embryonic development (Additional file  2, S9 
Table). Although transcripts for Hox3 and Hox5 were 
identified in the reference transcriptome, these genes 
were not detected in the CEL-seq analysis, probably 
due to low transcript abundance. The low transcript 

abundance of these Hox genes is possibly based on the 
expression of these genes in only a few cells. Many TFs 
genes were identified downstream as Hox targets, often 
being activated at differing time points [89].

Many genes with an association to differentiation and 
imprinting of the nervous system showed moderate or 
high transcript abundance during AMs and REs devel-
opment (AMs: 1–14  h PE; REs: 1–192  h PE), including 
DRGX (Paired class and Paired related class), ZAG (a 
Zinc finger gene), HMBOX (an HNF class gene), CUX1 
and CUX2 (HD-CUT class genes), Prospero (a Prospero 
class gene), TGIF and ceh-40 (TALE & SINE class), and 
RX2 (Paired class and Paired related class). In addition, 
AWD (LIM class), with a function in the development of 
trachea and imaginal discs in insects, also presented high 
transcript abundance (Fig. 10).

Interestingly, several homeobox genes associated with 
the visual system, including RX1, VSX, SIX3, OTX, PITX 
and Pax6, displayed low transcript abundance (< 1.69) 
during the very late stage of RE development [94]. 
Remarkably, the transcript abundance of Pax6, which 
is known to be associated with rotifer eye development 
[95], was higher (> 1.69) in AM from 3  h onwards, in 
concordance with the development of a functional eye at 
hatching (Fig. 10). This was surprising, as illumination is 
required for RE hatching [56, 60] and calls into question 

Fig. 10  Heatmaps showing the temporal transcript abundance profiles of homeobox genes during AM and RE development. Genes within each 
homeobox family with significantly different temporal transcript abundance profiles between AMs and REs (during 1–12 PE h) are highlighted 
in yellow. Further details of all genes are given in Additional file 2, S9 Table
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the target receptors that respond to light in REs (further 
below).

Nuclear receptors
Nuclear receptors are ancient TFs that are activated by 
metazoan ligands regulating key metabolic and develop-
mental pathways [96]. In C. elegans, the nuclear receptor 
daf-12 regulates diapause and longevity [4]. As we identi-
fied a gene annotated as daf-12 in the CEL-seq transcrip-
tome, we explored the transcript abundance patterns of 
nuclear receptors during the embryonic development 
of AMs and REs (Additional file  3, S2 Text). Of the 29 
nuclear receptor genes previously identified in the B. pli-
catilis genome [97], the transcripts of 25 were identified 
in both AMs and REs (Additional file 2, S10 Table). A few 
of these mRNA sequences were annotated as more than 
one gene, suggesting difficulties in the identification. In 
addition, several nuclear receptor gene transcripts (anno-
tated as E78C, RXRA, RXRG, FTZ-F1β, HUNKA, and 
Daf-41) were highly abundant very late in RE develop-
ment (192  h PE; > 4.591), suggesting a functional role at 
the exit from dormancy.

Two groups of nuclear receptors have been associated 
with dormancy: those linked to ecdysteroids and those 
involved in the dauer formation in C. elegans [98]. The 
maternal contribution of ecdysteroids is well-known in 
insects including Drosophila [99]. The nuclear receptors 
associated with ecdysteroids include the ecdysone recep-
tor EcR (NRH1; an ortholog of the farnesoid X receptor, 
FXR, or the liver X receptor, LXR), which binds 20E to 
form the 20E-EcR-USP complex together with Ultraspir-
acle (USP; an ortholog of the vertebrate RXR receptor, 
[99]). Several nuclear receptors are the main targets of 
the 20E-EcR-USP complex. They are regulated by 20E, 
including DHR3, HR4, HR39, E75, E78, and ftz- factor 1 
(FTZ-F1), and transcripts of these genes were identified 
in AMs and REs (Additional file 2, S10 Table), suggesting 
a function for ecdysone in AMs and REs. An association 
between low ecdysone levels and embryonic diapause 
was found in the diapause-type eggs of the silkworm 
Bombyx mori [100]. In rotifers, exposure to 20E increased 
mictic female production, but the effects of 20E on REs 
are unclear [101], and more studies are required to deter-
mine the role of ecdysteroids in the embryonic develop-
ment of AMs and REs.

Four genes in the CEL-seq transcriptomes were anno-
tated as C. elegans orthologs; daf-12, daf-36, daf-41, 
and nhr-23. daf-12 was previously annotated as the 
20E-induced insect ortholog H96 [97]. daf-12 is homol-
ogous to the vertebrate farnesoid-X (FXR), liver-X, and 
Vitamin D (VD) receptors, which are known to regulate a 
wide range of functions. daf-12 is regulated by bile acid-
like steroids called dafachonic acids (DAs), which bind 

to daf-12 to prevent dauer formation. The first step in 
DA biosynthesis (the transformation of cholesterol into 
7-dehydrocholesterol) involves Daf-36/Rieske oxygenase. 
7-desaturation, catalyzed by the orthologous neverland/
Rieske oxygenase, is the first step in insect ecdysteroid 
biosynthesis [4]. In vertebrates, 7-dehydrocholesterol 
is converted to VD3 and the exposure of annual killifish 
embryos to VD3 analogs and Δ4-DA stimulates continu-
ous development despite diapause-inducing conditions 
[37]. Thus, it is tempting to suggest that daf-36 may also 
participate in dormancy regulation in rotifers, especially 
as its transcripts abundance in AMs are significantly 
higher than of REs (Additional file 2, S10 Table). In pre-
liminary experiments, the exogenous addition of 7-dehy-
drocholesterol (at concentrations ranging from 0.1 nM to 
10 μM) to the culture medium neither affected the num-
ber of REs produced, nor induced the hatching of formed 
REs (i.e., the exit from dormancy) during the obligatory 
dormant period (data not shown). The function of daf-
36 in rotifer dormancy has not been determined. Tran-
scripts of daf-41 were highly abundant in AMs (> 5.247) 
and REs (> 4.591; Additional file 2, S10 Table), but their 
function in rotifers has not been investigated. In C. ele-
gans daf-41, a co-chaperone of hsp90/daf-21 participates 
in the regulation of longevity, larval entry and exit from 
the dauer stage, and responses to environmental cues 
such as oxidative stress (https://​www.​unipr​ot.​org/​unipr​
otkb/​Q23280). The C. elegans nuclear receptor nhr-23 is 
an ortholog of Drosophila DHR3 (discussed above), and 
both nhr-23 and DHR3 participate in molting [4]. The 
function of nhr-23 in rotifers remains unclear, as rotifers 
(in contrast to C. elegans and insects) do not molt.

Lipid droplets
Rotifer REs are characterized by the presence of LDs, 
which are formed during RE development [55, 102]. 
Under starvation conditions, the survival of hatched 
RE neonates containing LDs was higher than hatched 
AM neonates [103]. Lipid accumulation characterizes 
the preparatory diapause phase in many animals and 
used during diapause (e.g. the dauer stage and insects 
[1]), The accumulated lipids are stored as lipid droplets 
(LDs) [104–108]. LDs are evolutionarily conserved cel-
lular organelles with a unique ultrastructure, consisting 
of a neutral lipid core containing triacylglycerols (TAG) 
and sterol esters, and encircled by a phospholipid mon-
olayer that is studded with integral and peripheral pro-
teins. LDs play roles in lipid biosynthesis and hydrolysis 
and are tightly coupled to cellular metabolism and energy 
homeostasis [106].

In total, 26 proteins associated with LDs were iden-
tified in the AM and RE transcriptomes (Additional 
file  2, S11 Table). Transcripts of genes encoding for the 

https://www.uniprot.org/uniprotkb/Q23280
https://www.uniprot.org/uniprotkb/Q23280
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LD-associated proteins tended to be highly abundant 
(> 4.591) late in RE development. The transcript abun-
dance patterns of 21 of the 26 LD-associated genes dif-
fered significantly between AMs and REs, suggesting 
the formation of LDs for lipid storage during dormancy. 
Further transcriptomic exploration of the lipid metabo-
lism in AMs and REs identified several genes associated 
with fatty acid biosynthesis, elongation, unsaturated fatty 
acid biosynthesis, and fatty acid degradation. Significant 
differences were found between AMs and REs (AM vs. 
RE) in the abundance for most of the gene transcripts 
of the four KEGG maps (left panels in Additional file 4, 
S6A–S6D Figs), implying a difference between AMs and 
REs in the fatty acids stored in LDs. Moreover, most of 
the gene transcripts were highly abundant (> 4.591) at 
192  h, suggesting a role during dormancy or at its exit 
(right panels in Additional file  4, S6A–S6D Figs). Sur-
prisingly, enzymes synthesizing long-chain unsaturated 
fatty acids (e.g., docosahexaenoic acid and eicosapentae-
noic acid), were transcribed in the embryo transcriptome 
(Additional file  2, S2A Table). A low transcript abun-
dance was found at 192 h in REs for carnitine O-palmi-
toyltransferase 2 (CPT2, K08766), located in the inner 
mitochondrial membrane and a key enzyme in fatty acid 
degradation, implying an attenuated degradation of fatty 
acids during dormancy. As LDs were also observed in 
amictic females in B. koreanus [109], we propose that the 
conspicuous appearance of LDs in REs might be linked 
with a lower turnover in REs as compared with AMs.

The light response
REs hatch after an obligatory dormant period in 
response to illumination [56, 60]. Hence, it is reason-
able to assume that the light response is intrinsic in the 
formation of dormant REs. Hatching rates of REs were 
highest in response to UV radiation at 350–400  nm, 
but the eyespots of adult rotifers absorb light in the 
range of 470–540  nm [56, 110]. The dormant stages of 
several crustacean species hatch in response to light, 
including Artemia, Daphnia pulex, and Tripos grana-
ries [111]. In these crustaceans, the light response pre-
cedes eyespot formation, and each species may possess 
multiple visual pigments with distinct spectral classes. 
However, the elicited intracellular response cascades 
remain unknown. In REs, the transcripts abundance of 
the homeobox Pax6 gene and the PNR nuclear receptor 
suggest the absence of a functional photoreceptor.

To unveil functional pathways associated with the 
response to light, we searched the reference transcrip-
tome and Additional file  2, S2A Table for transcripts of 
the phototransduction, circadian rhythm, and circadian 
entrainment pathways (Additional file  2, S12 Table). 
Twelve putative opsin genes were identified in the B. 

koreanus genome [110], but only eight genes annotated 
as opsins were identified in the AMs and REs transcrip-
tomes (Additional file 2, S13 Table). The transcript abun-
dance patterns of seven opsins differed between AMs 
and REs and only three (PDE6D, OPSD1, and OPS1) 
showed relatively high transcript abundance at 192 h PE. 
Whether these opsins function at the exit from dormancy 
remains to be shown. The transcript abundance patterns 
of six or seven genes (out of 12 or 13) were identified in 
the phototransduction pathway (Additional file  4, S7A 
Fig). Almost all (excluding one) exhibited differential 
abundance between REs and AMs, and most showed 
low transcript abundance in REs (Additional file 2, S12A 
Table; Additional file  4, S7A Fig, left panel). Only two 
genes with high transcript abundance were identified at 
192  h (the right panel in Additional file  4, S7A Fig). As 
some key genes were not identified in this pathway, it 
remains to be determined whether this pathway repre-
sents phototransduction in rotifers. The higher sensitiv-
ity of REs to UV irradiation may be associated with the 
lower abundance of L-kynurenine compared to AMs). 
L-kynurenine is an ultraviolet chromophore that in ver-
tebrates prevents light below 400 nm from reaching the 
retina (discussed in [82]).

The transcript abundance patterns of many genes in the 
circadian rhythm and circadian entrainment pathways 
differed between AMs and REs. Most of these differen-
tially abundant gene transcripts (Additional file  4, S7B 
and S7C Figs) exhibited very high abundance at 192 h in 
the REs, including PER, CLOCK, CRY​, and REV-ERBA of 
the circadian rhythm. Interestingly, the transcript abun-
dance patterns of most of the membrane receptors of the 
circadian entrainment pathway differed between AMs 
and REs. Moreover, most of the genes in these KEGG 
pathways were identified in the AMs and REs transcrip-
tomes. It remains, however, to be determined whether 
the genes of these pathways respond to external stimuli 
or participate in the regulation of the obligatory dor-
mancy period.

Conclusions
Our results highlighted several prominent similarities 
and differences in the functional development trajecto-
ries of dormant (REs) and non-dormant embryos (AMs) 
(Fig.  11). The trajectory was divided into four phases, 
with the first being the most similar between AMs and 
REs. The significant divergence between AMs and REs 
starts with the second phase and increases in the third 
phase, which ends embryonic development in AMs. 
Finally, a preparatory phase for dormancy characterizes 
the fourth phase in REs. It is reminiscent of the matura-
tion phase, preparing “orthodox” plant seeds for the long 
dormant period.
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The cell cycle pathway occurred only during the early 
developmental phase in REs and AMs, but it was slower 
in RE, and fewer nuclei (~ 200) were observed than in 
AMs (~ 1,000) before it stopped. Strikingly, in both REs 
and AMs, the translation of nuclear mRNA presum-
ably relied entirely on maternal ribosomal proteins. The 
Hippo pathway, in association with other enriched sign-
aling pathways, may function in the cessation of nuclei 
cleavage. Degradation of maternal proteins and mRNAs 
presumably occurred at this phase.

In AMs, in contrast to REs, the middle phase of devel-
opment (4–9  h PE) was characterized by the enrich-
ment and higher abundance of genes associated with the 
metabolic and energy-yielding pathways. Many home-
obox genes displayed relatively high transcript abun-
dance patterns during this phase in AMs, concomitant 
with organogenesis, while their transcript abundance 
patterns were low in REs. The enrichment of numerous 
signaling pathways characterized the middle stage of RE 
development.

Significant differences in enriched pathways distin-
guished the late stage of development (10–12  h PE for 
both AMs and REs); genes in ~ 50 functional pathways, 
including 15 signaling pathways, disclosed differential 
transcript abundance patterns between AMs and REs 
during this period. This remarkable difference empha-
sized the physiological distinction between the prepa-
ration for hatching in AMs and the preparation for 
dormancy in REs.

The very late stage of RE development (24–192  h PE) 
affords a unique and novel insight into the molecular 
preparations for long-term dormancy. Reduced ATP 
levels marked this phase, in addition to differences in 
the abundance of more than 5,000 gene transcripts, 
compared with earlier time points (1–12 h PE), and the 
very high transcript abundance of ~ 3,000 genes. In gen-
eral, higher transcript abundance of specific genes may 
stem from reduced gene expression. Although mRNAs 
per embryo were reduced at 24–192  h, the fold-change 
in transcript abundance was much higher, suggesting 
de novo transcription after 12  h. The list of very highly 
abundant genes includes genes encoding for dormancy 
hallmark proteins, proteins participating in macromo-
lecular proteins and proteins involved in antioxidant 
protection, longevity, and desiccation tolerance, presum-
ably synthesized before or during this phase and stored in 
REs. Many functionally essential pathways were enriched 
with highly abundant gene transcripts during the very 
late developmental period, including the ribosome, the 
pentose phosphate, energy-yielding metabolism, sign-
aling, the proteasome, and lipid metabolism pathways. 
Although the preparatory dormancy period appeared to 
continue past the 192 h of observation, the length of this 
period remains unknown. REs are refractory to hatch-
ing signals and appear to develop the light response 
and desiccation tolerance several weeks after formation 
[59]. Following the initial preparatory period, REs retain 
viability for several years or even decades (e.g., 80 years, 
[13]; 65–100 years, [12]).

Fig. 11  A simplified overview of the differences in embryonic developmental trajectories between AMs and REs, from egg extrusion until hatching. 
[*12, **13]
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As to the signaling pathways, most were enriched in 
REs at the early and middle developmental phases, while 
in AMs, most were enriched at the late phase of develop-
ment. Moreover, crosstalk among signaling pathways was 
suggested by shared genes, implying that changes in the 
transcript abundance pattern of a few genes could con-
tribute to enhancing or reducing the functions of numer-
ous signaling pathways. In contrast to many organisms 
displaying short-term dormancy or diapause, the low 
transcript abundance of FoxO at all developmental stages 
of RE suggest that it may not be involved in regulating of 
dormancy. Surprisingly, REs and AMs express nuclear 
receptors associated with the regulation of diapause in 
insects and C. elegans.

Lipid metabolism plays a crucial role in the survival of 
C. elegans in the dauer stage, and diapausing insects and 
possibly also in REs, while metabolism is reduced, but 
not entirely abolished. REs contain a prominent number 
of LDs; the transcript abundance profiles of genes encod-
ing for LD proteins differed between AMs and REs. Most 
genes in the fatty acid biosynthesis, fatty acid elongation, 
and biosynthesis of unsaturated fatty acids presented dif-
ferential abundance of gene transcripts between AM and 
REs, suggesting differences in the type of lipids stored in 
REs. Remarkably, the low transcript abundance of a key 
enzyme in fatty acid degradation (CPT2) in REs at 192 h 
PE implies that fatty acids were not metabolized during 
dormancy.

Light induces hatching, however, a low transcript abun-
dance of genes associated with the visual system suggests 
a lack of a functional eyespot in REs, and the photore-
ceptor remains unknown. Interestingly, almost all of the 
genes currently reported in the circadian rhythm and 

circadian entrainment KEGG pathway maps were identi-
fied in the REs and AMs. While the transcript abundance 
patterns of many of these genes differed between the 
two egg types, their role in eliciting a response to exter-
nal stimuli and regulating the obligatory dormant period 
remains unknown.

One of the most striking findings of our study was the 
apparent similarity between the late developmental stage 
in REs and the late maturation stage of "orthodox" plant 
seeds, which desiccate and can survive for centuries 
[19, 20]. A comparison of REs and plant seeds in Table 1 
revealed several convergent functional solutions appear-
ing during late development and late maturation in REs 
and plant seeds, respectively. These functional conver-
gences suggest that REs behave like animal “seeds.”

This study provides novel insights into the molecular 
mechanisms underlying the entry into long-term embry-
onic dormancy, which characterizes organisms that 
produce dormant egg banks in response to variable envi-
ronmental conditions. This work markedly expands our 
understanding of dormancy and highlights the gaps in 
our knowledge for future investigations.

Materials and methods
Rotifer culture methods
Rotifers (clone ATB4; [59]) were cultured in artificial sea-
water (ASW; salts were purchased from Red Sea, Israel) 
at 24–26°C and fed Nannochloropsis sp. (Galil Algae, 
Israel). Synchronous entrance into sexual reproduction 
and RE production was achieved by transferring rotifers 
from a high salinity environment (40 ppt; 42.5 g L−1) to a 
low salinity environment (10 ppt; 10.75 gL−1). Additional 
details of the cultural conditions are given below.

Table 1  Long-term dormancy: a functional comparison between plant seeds and resting eggs

Plant seeds Resting eggs (RE)

Survive for centuries in a desiccated form [20] Survive for decades in a wet form [12, 13]

Mature or immature embryos [112] Development is suspended after gastrulation (this study)

Mechanical barriers; cutin, suberin, pectin, β glucans [113] Impermeable eggshell layer [17, 55]

Low metabolism resulting from desiccation [61] Low ATP levels without desiccation (this study)

Late maturation phase [61, 114] Dormancy preparatory period (this study)

  1. Acquire tolerance to desiccation and dehydration [61, 114]   1. Remain wet but acquire tolerance to desiccation [59]

  2. Expression of sHSPs, LEA, anti-ROS respiratory enzymes, and longev‑
ity [61]

  2. High expression of sHSPs, LEA, anti-ROS, dormancy hallmark proteins 
ribosomes, pentose phosphate pathway, longevity, and signaling pathways 
( [76], this study)

  3. Storage of ribosomes, mRNAs as monosomes, stress granules, 
and P-body proteins [83]

  3. Store mRNAs [76]

  4. Storage of starch/ lipids, sugars, disaccharides [114]   4. Storage of glycogens and lipids (trehalose?) [55, 82]

After-ripening: post-maturation stage acquiring the capacity to germinate 
[114]

Refractory to external stimuli during the obligate dormancy period 
while acquiring the capacity to tolerate desiccation [59]

Germination after water imbibition [112] Responsive to light for exiting dormancy [56, 60]

Translation during germination of stored mRNAs [83] ?
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Experimental design
The experiment aimed to identify genes functionally 
associated with long-term dormancy by comparative 
transcriptome profiling of transcript abundance patterns 
during the development of REs and AMs. First, because 
B. plicatilis forms a large taxonomic complex, a novel 
transcriptome assembly was constructed using the full-
length RNA sequences from B. plicatilis at various life 
stages (see Additional file  3, S1 Text). The workflow of 
the experiment was as follows: sample collection at one h 
intervals during the first 12 h of development and at late 
time points (13–14 h PE in AM and 24, 48, 92, 144, and 
192 h PE in RE), mRNA extraction, single embryo CEL-
seq mRNA sequencing, CEL-seq transcriptome assem-
bly, and bioinformatics analysis of the RNA-seq data. 
The novel B. plicatilis transcriptome was a reference for 
annotating the RNA CEL-seq 3’-end specific sequences. 
Because the onset of dormancy in most organisms 
involves the cessation of the cell cycle and metabolic 
depression, the number of nuclei and the ATP content 
were determined for AMs and REs throughout develop-
ment. These measurements were later associated with 
the transcriptomic data. In parallel with sampling, time-
lapse microscopic imaging was performed to monitor 
morphological changes from the time of egg extrusion to 
hatching for AMs and 48 h PE for REs.

Sample collection
Fertilized females that had not yet extruded REs were 
identified based on a black dot within the abdomen and 
randomly selected from two 600  ml cultures (6–8  days 
old); each culture contained 15,000–20,000 rotifers at ten 
ppt ASW. At this point, both cultures contained morpho-
logically distinct rotifers: amictic females, unfertilized 
mictic females carrying male eggs, males, fertilized mic-
tic females carrying REs and females without eggs (for 
a description of the rotifer life cycle, refer to [17]). Each 
randomly selected fertilized female was placed in one 
well of a 96-well flat-bottom plate with 100 μl of culture 
medium (10 ppt ASW containing ~ 1.6 × 106 cells/ml of 
Nannochloropsis sp.); 4–6 plates (~ 400–600 individual 
females) were prepared. Plates were kept at 24–26  °C 
and inspected every hour. At each inspection, females 
with an extruded RE were collected and transferred to a 
new culture plate with 100 μl of culture medium for each 
female in a  well. The RE was detached from the female 
and retained but the female was discarded. REs were col-
lected hourly from 0–12 h PE (5–7 eggs per time point) 
and then at 24, 48, 72, 92, 144 and 192 h, as RE formation 
may last up to five days [56].

Non-dormant AM eggs were collected similarly from 
2-day-old 10 ppt cultures (600 ml, 10 ppt ASW), as the 
cultures contained almost no mictic females. Young 

females that had not yet extruded an egg were placed in 
96-well plates (one female per well) as described above 
for REs. Also, as described above plates were inspected 
hourly, and females carrying extruded eggs were trans-
ferred to a new plate; the egg was retained, and the 
female was discarded. AMs were collected hourly from 
0–14  h after extrusion (5–7 eggs per time point). Most 
AMs hatched at ~ 12  h; unhatched AMs were collected 
at 13–14 h. Each collected RE or AM was washed twice 
in sterile filtered phosphate-buffered saline (PBS; Sigma-
Aldrich), inserted into a marked 1.5 ml Eppendorf tube, 
and flash-frozen in liquid nitrogen and stored at − 80 °C.

The viability of eggs subjected to the procedure 
described above was tested. Over 90% of the AMs 
hatched despite the separation from the maternal females 
and repeated washing. After 3–8  months (following the 
obligatory dormancy period of 6–8 weeks, [59]), the REs 
hatching rate was 30–40%, like that of untreated REs that 
were collected from the same culture (data not shown) 
and as reported in [59].

Morphological and physiological analyses
Documentation of AM and RE development using time‑lapse 
photography
Time-lapse microscopic imaging was used to monitor 
the development of RE and AM embryos [Additional 
file 1, Video S1A (RE), S1B (AM)]. AMs were imaged for 
12–14 h, from the egg’s detachment, until the neonates’ 
hatching, while REs were imaged for 48  h after detach-
ment. Images were taken at time intervals of one min-
ute. We chose to focus on the 48  h after RE extrusion 
because, under our culture conditions (ten ppt ASW at 
23–25°C), REs typically detach from the maternal female 
at this time. Five full replicate films (of 10 trials) were 
obtained of AMs from different cultures and on different 
days, spanning the period from ~ 30 min after extrusion 
to hatching time. Similarly, five full replicate films (of 11 
trials) were obtained of REs from different cultures and 
on different days. Live microscopic images were captured 
using an inverted microscope (DMIRE2, Leica or Cell 
Observer, Zeiss) equipped with an AxioCam HS camera 
(LS&E Microscopy Core Facility, Technion-Israel Insti-
tute of Technology, Haifa, Israel).

Staining of nuclei
REs and AMs were obtained as described above. How-
ever, different sampling time points were used: AMs 
were collected at 0, 1–2, 2, 4, 6, 8, 10, 12, and 13  h 
after extrusion, while REs were collected at 0, 2, 4, 6, 8, 
10, 12, 13, 13–15, 24, 48, 72, 124, 144  h, ~ 1.5  months, 
and ~ 4.5  months after extrusion. After collection, the 
collected REs and AMs were stained with Hoechst 33342 
nuclear staining dye (Sigma); REs older than 15  h were 
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decapsulated before staining [62]. Images of these REs 
and AMs were captured by using an inverted widefield 
fluorescent microscope (DMi8, Leica) with a 20 × objec-
tive lens (NA 0.75) to capture bright-field images of 
unstained eggs and fluorescent images of nuclear-stained 
eggs. Deconvolution software (Leica LASX) was applied 
to improve the image contrast and was used to determine 
the number of nuclei and measure their size.

Determination of ATP content
AMs and REs were obtained and sampled as described 
above. At each time point, 50 REs or 50 AMs were trans-
ferred into a sterile 1.5  ml Eppendorf vial and homog-
enized in 0.1  ml PBS buffer (Sigma). The homogenate 
was heated to 100°C for 10  min and cooled on ice. The 
vials were centrifuged (Eppendorf Centrifuge; 12,000 G 
at 4°C for 20 min), and each supernatant was transferred 
to a new vial, flash-frozen in liquid nitrogen, and stored 
at − 80°C until analysis. Once all of the time-course sam-
ples had been collected, ATP content was determined for 
all frozen samples simultaneously. The frozen samples 
were thawed on ice and centrifuged at 12,000 g for 20 min 
at 4°C (Eppendorf Centrifuge). The supernatant of each 
sample was filtered using Corning Costar Spin-X sterile 
centrifuge tube filters with cellulose acetate membranes 
(pore size 0.22 μm; Sigma). The ATP content was meas-
ured in 70  μl of each filtered sample, with an ab113849 
Luminescent ATP Detection Assay Kit (Abcam), fol-
lowing the manufacturer’s instructions and using white 
flat-bottom 96-well plates (Catalogue number CLS3917, 
Merck). Luminescence was measured using a Clario-
Star plate-reading spectrophotometer (BMG). ATP was 
measured in three replicate sets of time-course RE sam-
ples from three different cultures; the AMs samples were 
collected from three cultures and were considered the 
positive control. Statistical analysis of the results was per-
formed using Statistica version 14.0.0.15 (TIBCO Soft-
ware Inc.). One-way ANOVAs and Tukey Post Hoc tests 
were performed after confirming that the data were nor-
mally distributed.

Molecular analyses
B. plicatilis reference transcriptome construction
The B. plicatilis reference transcriptome was assem-
bled from pooled RNA samples of a variety of life 
stages (details in Additional file 3, S1 Text) using Trinity 
(https://​github.​com/​trini​tyrna​seq/​trini​tyrna​seq/​wiki). 
The datasets generated during the current study are 
available NCBI, Accession PRJNA821380 ID 821380 at 
https://​www.​ncbi.​nlm.​nih.​gov/​biopr​oject/​PRJNA​821380. 
To reach the list of samples click on 171 of SRA experi-
ments in the Project Data table. After reaching the web 
page, click on "Send results to Run selector" and the 

reached webpage contains a list of the samples. Sam-
ples 1–155 (SRR18532591-SRR18532745) and 156–171 
(SRR215415774-SRR21541589) correspond with the Cel-
seq and the transcriptome libraries, respectively. Refer-
ence transcriptome assembly yielded 50,628 transcripts 
and 35,242 putative genes. The longest isoform of each 
gene was annotated using Blast2GO (https://​www.​blast​
2go.​com) InterProScan (https://​www.​ebi.​ac.​uk/​inter​pro/​
search/​seque​nce), and the KEGG Automatic Annota-
tion Server (KAAS) (https://​www.​genome.​jp/​kegg/​kaas). 
Further details of reference transcriptome assembly and 
annotation are given in Additional file 3, S1 Text.

Single-embryo RNA extraction and CEL-seq: REs and 
AMs embryos were collected and sampled as described 
above. RNA was extracted from 5–7 individuals of REs 
or AMs at each time point using Trizol reagent (Thermo-
Fischer Scientific), following the manufacturer’s instruc-
tions. RNA from 155 samples was sequenced and 
analyzed, consisting of five replicates from each time 
point of AM (1–14  h PE) and RE (1–192  h PE). After 
quality control of count data, 19 samples were removed 
due to both the small library size and the low number of 
transcribed genes. Moreover, 20,463 genes were removed 
from the analysis due to a very low average count. In total 
136 samples with 14,779 genes remained for downstream 
analysis.

Library construction and 3’-end CEL-seq were per-
formed as previously described [115], yielding an average 
of 2.5  M raw reads per sample. The CEL-seq transcrip-
tome is available at NCBI (accession no. PRJNA821380, 
samples SRR18532591-SRR18532745). Further details of 
CEL-Seq are given in Additional file 3, S1 Text.

Transcript abundance profiling
To identify differences in transcript abundance profiles 
between AMs and REs over the course of development, 
the 3’-end CEL-seq reads from the single embryo sam-
ples were aligned to the reference transcriptome (avail-
able at NCBI accession no. PRJNA821380, samples 
SRR21541574-SRR21541589, using Bowtie2  (https://​
bowtie-​bio.​sourc​eforge.​net/​bowti​e2/​index.​shtml, v.2.2.6) 
and relative transcript abundance were estimated using 
RSEM (https://​github.​com/​dewey​lab/​RSEM, v1.2.25). 
Low-quality count data were filtered out using the R sca-
ter package (https://​bioco​nduct​or.​org/​packa​ges/​relea​se/​
bioc/​html/​scater.​html). Counts were normalized using 
variance stabilizing transformation in DESeq2 (https://​
bioco​nduct​or.​org/​packa​ges/​relea​se/​bioc/​html/​DESeq2.​
html). Transcript abundance is in concordance with 
mRNA gene expression level.

"Low transcript abundance" was defined as a value 
less than one standard deviation above the global mini-
mum (i.e., the mean value for REs of < 1.69 and < 1.87 for 

https://github.com/trinityrnaseq/trinityrnaseq/wiki
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AMs; Additional file  2, S2A Table), whereas "high tran-
script abundance" was defined as a value of at least two 
standard deviations greater than the global minimum 
(i.e., > 4.591 for REs and > 5.247 for AMs). Values between 
these two extremes were considered “moderate tran-
script abundance”. Further quality control and normaliza-
tion details are given in Additional file 3, S1 Text.

Four sets of analyses were carried out (Additional file 2, 
S2A Table): 1) Identification of genes that have changed 
significantly during development (1–12 h PE) of each egg 
type, AMs and REs. 2) Identification of genes with dif-
ferential transcript abundance patterns between AMs 
and REs (AM vs. RE) during development (1–12 h PE). 3) 
Identification of genes that show differences in transcript 
abundance between AMs and REs in very early time 
points (1–2 PE), which were considered as the mater-
nal effect time points. 4) Identification of differential 
abundance of gene transcripts between the early stages 
of development (1–12  h PE) and the very late stages of 
development (> 12  h PE) in both egg types. Further 
details of the statistical analyses and models used to iden-
tify genes displaying differential transcript abundance are 
given in Additional file 3, S1 Text. In addition, hierarchi-
cal clustering and functional enrichment analyses were 
performed as described in Additional file 3, S1 Text.

Exploration of the genes with differential transcript 
abundance patterns during AMs and REs development 
using KEGG pathways and transcript abundance profiling
To explore functional differences between AMs and REs, 
we selected specific functionally relevant genes from 
the normalized gene transcripts dataset (listed in Addi-
tional file  2, S2A Table): genes encoding for transcrip-
tion factors, homeobox genes, nuclear receptors, genes 
associated with signaling pathways, lipid droplets, lipid 
metabolism, phototransduction, circadian rhythm, and 
circadian entrainment. We constructed transcript abun-
dance profiles of genes and/or KEGG maps for these 
functionally relevant genes to explore critical differences 
in AMs and REs development. Detailed descriptions of 
the pathways and genes analyzed are given in Additional 
file 3, S2 Text, Additional file 2, S6–S13 Tables, and Addi-
tional file 4, S2–S7 Figs. Descriptions of KEGG reference 
pathways (https://​www.​genome.​jp/​pathw​ay/) can be 
obtained by applying the name of the pathway and “Ref-
erence pathway”. Descriptions of genes or protein func-
tion is available at uniport (https://​www.​unipr​ot.​org/).

We also explored the temporal transcript abundance 
patterns during the development of genes encoding for 
the dormancy hallmark proteins. The list of dormancy 
hallmark proteins was obtained from [76]. To identify 
corresponding genes in Additional file  2, S2A Table, 
the nucleotide sequences of contigs genes from the 

transcriptome of Ziv et al. [76], were used in a BLASTX 
search for the corresponding contigs in the reference 
transcriptome in the current study.
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pathways. S12 Table. The temporal transcript abundance patterns of 
genes involved in the (A) phototransduction, (B) circadian rhythm, and (C) 
circadian entrainment KEGG pathways in AMs and REs. S13 Table. List of 
opsin-associated genes in AMs and REs.

https://www.genome.jp/pathway/
https://www.uniprot.org/
https://doi.org/10.1186/s12864-024-09961-1
https://doi.org/10.1186/s12864-024-09961-1


Page 24 of 27Hashimshony et al. BMC Genomics          (2024) 25:119 

Additional file 3: Text. S1. Bioinformatics. S2 Text. Transcript abundance 
profiles [116, 117].

Additional file 4: Figure. S1. Number of reads sequenced per sample 
across three REs and AMs developmental stages. S2 Fig. Comparison of 
the transcript abundance profiles of putative maternal genes between 
AMs and REs. S3 Fig. The Longevity pathway (worm) highlights differential 
transcript abundance between AM and RE (left panel) and highly abun‑
dant protein-encoding genes at 192 h in RE (right panel). S4 Fig. Very 
highly abundant gene transcripts (>4.251) of energy-yielding KEGG path‑
ways. (>4.251) at 192 hr of RE. S5 Fig. KEGG signaling pathways (maps) 
highlighting protein-encoding genes with differential transcript abun‑
dance between AM and RE (left panel) and highly abundant transcripts at 
192 hr in RE (right panel). S6 Fig. Lipid metabolism KEGG pathways (maps) 
highlighting protein-encoding genes with differential transcript abun‑
dance between AM and RE (left panels) and highly abundant transcripts 
at 192 hr in RE (right panel). S7 Fig. Light responding KEGG pathways 
(maps) highlighting protein-encoding genes with differential transcript 
abundance between AM and RE (left panels) and transcripts with high 
abundance at 192 hr in RE (right panels).
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