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ARTICLE INFO ABSTRACT
Keywords: The copepod species Acartia tonsa (Dana)(Crustacea) have the unique ability to induce quiescent embryonic
Development dormancy if adverse environmental conditions occur; a characteristic shared by 41 other species belonging to the

Embryonic dormancy
Arrest
Diapause

superfamily Centropagoida in the Calanoida order. However, the transcriptional changes characterizing this
process are not known. Here, we compare the transcriptome of embryos in arrested quiescence with the normal
development to identify pathways and differentially regulated transcripts involved in quiescent embryogenesis.
Quiescence was induced by incubating eggs at 4 °C with anoxia for 26 h(hr), while eggs undergoing normal
immediate development were incubated at 16.9 °C in normoxia for 7 h (where gastrulation occurs) or 14 h
(where organogenesis occurs) before collecting for RNA extraction and analysis by RNA-sequencing. Results
indicate that the expression profile of the quiescent embryo is not as different from the normal embryonic
gastrulation as initially expected: None of the mapped transcripts is uniquely expressed in quiescence. Moreover,
in quiescence a large proportion of the annotated transcripts display expression values halfway in-between the
normal, immediate developmental stages of gastrulation and organogenesis. In depth comparison between the
organogenesis stage and quiescent samples, reveal a high degree of divergence, confirming that a developmental
arrest has been induced through quiescence. Specifically: Stress response transcripts are prominent in the
quiescent phase with a transcript like the mammalian autophagy gene Sequestosome-1/p62 (SQSTM) being
upregulated. The present analysis provides a better understanding of the molecular mechanisms characterizing
the quiescent embryonic state of A. tonsa.

its developmental biology as well as on the stress response pathways of
the adults through the use of transcriptomics (Jgrgensen et al., 2019a;
Nilsson et al., 2018). Nevertheless, there is still a large knowledge gap
regarding the molecular and developmental biology of this species. This
is especially remarkable when investigating the capability of inducing
embryonic dormancy, a unique trait of 42 species in the Calanoida order
(Holm et al., 2018). Even though some developmental studies have been
carried out on Calanoid copepods, these were focused on the post-
embryonic development and less is known about early copepod devel-
opment, in part due to the technical constraints that the egg chorion
constitutes (Hansen, 2019; Jgrgensen et al., 2019a; Nilsson and Hansen,
2018; Zirbel et al., 2007). With the growing accessibility of new and
powerful sequencing techniques, further studies of the developmental

1. Introduction

Copepods, which include approximately 14,000 species, are among
the most abundant metazoans in aquatic environments and play a key
role in maintaining trophic webs and transfer of carbon and energy in
the ecosystem (Gee, 1989; Walter and Boxshall, 2022; Wassmann,
1997). The pelagic species Acartia tonsa, which belongs to the super-
family Centropagoidae, order Calanoida, is one of the model species for
copepod studies (Leandro et al., 2006; Lopes et al., 2021; Saiz and
Kigrboe, 1995). Moreover, A. tonsa has recently attracted attention for
being one of the very few copepods whose genome has been sequenced
(Jorgensen et al., 2019a). Additionally, recent studies have focused on

* Corresponding author.
** Corresponding author.
E-mail addresses: bhansen@ruc.dk (B.W. Hansen), ltd@ruc.dk (L.T. Dalgaard).
1 Ppresent affiliation: The Novo Nordisk Foundation Center for Biosustainability (DTU Biosustain) at the Technical University of Denmark Building 220, Kemitorvet,
DK-2800 Kgs. Lyngby, Denmark.

https://doi.org/10.1016/j.ydbio.2023.09.004

Received 19 December 2022; Received in revised form 3 September 2023; Accepted 12 September 2023

Available online 20 September 2023

0012-1606/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:bhansen@ruc.dk
mailto:ltd@ruc.dk
www.sciencedirect.com/science/journal/00121606
https://www.elsevier.com/locate/developmentalbiology
https://doi.org/10.1016/j.ydbio.2023.09.004
https://doi.org/10.1016/j.ydbio.2023.09.004
https://doi.org/10.1016/j.ydbio.2023.09.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ydbio.2023.09.004&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M.C. Acebal et al.

Abbreviations

DE
DET

Differential expression
Differentially expressed transcripts

changes occurring during the embryogenesis of A. tonsa become feasible.

Under normal environmental conditions for copepods (i.e., 16.9 °C
and normoxia), copepod eggs will follow the traditional developmental
program of animals, also known as subitaneous embryogenesis. Opposed
to subitaneous development, under adverse environmental conditions,
some copepods early embryos can induce embryonic arrest resulting in
embryonic dormancy. A remarkable feature of the so far described
Calanoid copepods with this trait is their ability to induce embryonic
arrest at more than one time point in development. Egg dormancy is a
well-known process present in different groups of animals, including
arthropods. In fact, embryonic dormancy ranges from insects to crus-
taceans and has been proposed to have an active role in their ecological
success (Diniz et al., 2017; Hairston and Kearns, 2002; Hand et al., 2016;
Hansen, 2019; Jgrgensen et al., 2019a; Lees, 1956; Marcus, 1996).
However, as opposed to egg dormancy, embryonic dormancy is
restricted to few animal species. Embryonic dormancy in copepods
would serve to increase population resilience via the burial of some of
the eggs in the sediment, thus creating a gene reserve that survives
during adverse environmental conditions. Therefore, the capability of
embryonic dormancy allows the animals to recover their original pelagic
population size faster once the right conditions are restored (Hairston
and Kearns, 2002; Hansen, 2019). A better understanding of copepod
embryonic dormancy could greatly benefit the scientific community not
only in crustacean research, where the ecological implications are clear,
but also in other arthropods, where the molecular process could be
similar, such as in mosquitoes where egg dormancy has been reported
(Diniz et al., 2017). Therefore, the findings reported here may not only
be relevant to the species of interest but also for a broader public
interested in developmental biology.

The types of copepod embryonic dormancy that exist and their dif-
ferences were recently discussed by Nilsson et al. (2018) and Hansen,
BW (Hansen, 2019). In brief, it is widely accepted that two categories of
resting eggs are produced in copepods: Diapause and quiescent.
Diapause eggs have an arrest induced by the female before laying them.
In a recent study, a transcriptomic analysis of diapause in calanoid co-
pepods was carried out to determine the gene expression and pathways
present through their developmental program (Roncalli et al., 2020).
Meanwhile, quiescent eggs are those in which the development is
interrupted not by a genetic or hormonal response signaled by the fe-
male, but resulting from an environmental factor that is sensed by the
embryo itself while undergoing development, such as cold temperatures,
anoxia, or hypoxia (Hand and Podrabsky, 2000; Hansen, 2019;
Jorgensen et al., 2019b). The response to low oxygen concentrations and
the increase in stress response proteins (Heat Shock protein 70 and
ferritin) during quiescence have been documented in recent years
(Jorgensen et al., 2019b; Nilsson et al, 2014). Nevertheless, a
transcriptome-wide analysis of the quiescent developmental program in
copepods has not been performed to date.

In the present study, a de novo assembled transcriptome
(GSE210554) from the calanoid copepod A. tonsa, which contains a good
representation of transcripts derived from subitaneous as well as
quiescent embryonic stages, was used to study the transcriptional profile
of embryos in the quiescent stage. Thanks to previous studies, it is
known that quiescence can occur either at gastrulation or at later stages
in embryogenesis, if the environmental cues set in after gastrulation
(Nilsson and Hansen, 2018). Moreover, quiescent embryos will progress
slower into the consecutive developmental stages taking almost four
times more time than the subitaneous eggs to reach gastrulation (7 h (hr)
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for subitaneous and 20+ hr for quiescent). For the species A. tonsa, the
entire subitaneous program takes about 48 h to complete, while the
quiescent embryos remain viable for months if the environmental con-
ditions persist (Hansen, 2019; Jgrgensen et al., 2019b).

Therefore, a direct comparison between quiescent gastrulation and
its subitaneous counterpart, as well as the embryologic stages immedi-
ately after, are relevant to obtain a better understanding of quiescence.
Hence, the current contribution presents a direct transcriptome com-
parison between quiescent and subitaneous embryos in gastrulation. For
this we used the most complete transcriptome of A. tonsa to date
(GSE210554) (Acebal et al., 2023) focusing on a critical moment in the
establishment and success of embryonic arrest. Furthermore, we present
several candidate genes potentially involved in quiescence, such as
sqstm1, a homologue to the mammalian sequestosome/p62 and tretl, a
facilitated trehalose transporter, in the quiescent stage of A. tonsa.
SQSTM1 is originally described as a gene involved in selective auto-
phagy, NF-kB activation, and response to oxidative stress damage, which
mediates life-span extension in Drosophila melanogaster (Aparicio et al.,
2019). Nevertheless, this gene can be found in most mammalians and
even insects, indicating a conserved role in evolution. The results open
an exciting opportunity for understanding how autophagy mediates
quiescent development in copepods and possibly other arthropods.

2. Materials and methods
2.1. Copepod culture

Copepods were cultured, and the eggs later collected, as described
previously (Acebal et al., 2023). In brief, Acartia tonsa (DFH-ATI), ob-
tained in 1981 in @resund (N 56”/E12”; Denmark) (Stottrup et al.,
1986), continuously cultured since, were used (Jgrgensen et al., 2019a,
2019b; Nilsson and Hansen, 2018). A copepod culture was set up with
salinity 32; 16.9 °C; no light and was fed daily ad libitum with a mono-
culture of the microalgae Rhodomonas salina (>800 pg C L' as in
Berggreen et al., 1988). The seawater used in the experiments was UV
light treated and filtered through a 0.2 pm mesh size filter.

The outline of the experimental approach is given in Fig. 1. In brief,
we compared the subitaneous developmental stages of gastrulation
(occurring at 7 h after spawning) and organogenesis (at 14 h after
spawning) with embryos kept cold and anoxic for 26 h, which is a
treatment known to induce quiescent development.

The collection of samples was achieved after cleaning the 60 L
copepod tank bottom. With this approach, it was possible to know the
exact time range since the first eggs were spawned. Eggs were obtained
by collecting them from the tank bottom every hour. The eggs were then
isolated by filtering using a 54 pm mesh and allowed to continue
development until the target timepoint was reached (Table 1): for sub-
itaneous eggs, 7 or 14 h; for quiescent eggs 26 h, after which they were
collected. Subitaneous eggs were allowed to develop normally in the
same environment as the main culture (salinity 32, 16.9 °C, darkness).
Quiescent samples (Q) were immediately stored in cold (4 °C)/anoxic
conditions during the whole incubation period (26 h), following the
procedure described by Nilsson and Hansen (2018) that describe in
detail the distribution of embryonic stages over time in both subitaneous
and quiescent development for the same A. tonsa strain as used in the
present study. Moreover, these environmental conditions have been
noted to be required for the induction of embryonic arrest in the species
(Jorgensen et al., 2019b). A total of fifteen samples were prepared with
each timepoint having five technical replicates (Table 1).

2.2. RNA purification and RNA sequencing

To prepare the samples and technical replicates, a previously
described procedure was used (Acebal et al., 2023): Five batches of
approximately 1000 eggs per timepoint were counted and transferred to
separate 1.5 mL Eppendorf tubes to produce the technical replicates.
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Fig. 1. A) Normal subitaneous development stages of A. tonsa from spawning (copepod cell stage 1, CS1) over gastrulation (G) to organogenesis (O). Top are phase-
contrast images and below are dapi-stained fluorescent images displaying cell nuclei. With permission Nilsson and Hansen (2018) (CC BY 4.0). B) Workflow for
A. tonsa sample collection and bioinformatics analysis. This figure illustrates the process of collecting egg samples from A. tonsa at various time points (7 h, 14 h, 26
h), represented by the colors green, blue, and red, respectively, followed by RNA-extraction and RNA-sequencing. The subsequent bioinformatics analysis, conducted

using the Trinity-Trinotate pipeline, is also depicted in the diagram.

Table 1
Sample and RNA sequencing characteristics.

Sample Name  Time point in Development Developmental RNA conc. (ng/ % Duplicate %GC  Raw reads Strandedness (%
development type stage p) reads (10%) F)

7A 6-7 h Subitaneous Gastrulation 39.8 68.6% 45% 27.5 64.6%

7B 6-7 h Subitaneous Gastrulation 31.7 71.1% 45% 25.2 62.5%

7C 6-7 h Subitaneous Gastrulation 27.1 65.4% 46% 23.9 64.3%

7D 6-7 h Subitaneous Gastrulation 345 64.0% 44% 23.8 66.0%

7E 6-7 h Subitaneous Gastrulation 14.7 66.8% 46% 20.0 66.9%

14A 13-14h Subitaneous Organogenesis 34.3 67.1% 45% 26.7 64.0%

14B 13-14h Subitaneous Organogenesis 38.4 67.8% 45% 30.1 69.0%

14C 13-14h Subitaneous Organogenesis 18.7 63.5% 44% 23.4 67.5%

14D* 13-14h Subitaneous Organogenesis 57.0 82.7% 45% 22.8 60.0%

14E 13-14h Subitaneous Organogenesis 51.0 58.5% 45% 19.3 72.3%

Q26A 25-26 h Quiescent Gastrulation 30.9 63.9% 45% 18.2 74.8%
(ColdA)

Q26B* 25-26 h Quiescent Gastrulation 41.6 60.8% 44% 7.0 70.8%
(ColdB)

Q26C (ColdC) 25-26h Quiescent Gastrulation 38.5 61.5% 45% 22.7 70.0%

Q26C 25-26 h Quiescent Gastrulation 20.3 61.3% 45% 23.2 68.9%
(ColdD)

Q26E* 25-26 h Quiescent Gastrulation 43.0 91.7% 45% 26.6 35.8%
(ColdE)

From here, they were pelleted by centrifugation (10.000 rpm, 30s), and
the supernatant was removed. Finally, aiming to preserve the RNA
contained within the eggs to be degraded through RNAse activity, 50 pL
of RNA Later (ThermoFisher Scientific, Massachusetts, USA) were sup-
plied to each tube.

RNA was extracted using RNeasy mini kit (Qiagen GmbH, Hilden,
Germany) following manufacturers’ protocol and RNA yield measured
in a Qubit fluorometer (ThermoFisher Scientific, Massachusetts, USA).
Library synthesis (TruSeq stranded mRNA kit (Illumina, California,
USA)) were made using 10 pL of RNA when the RNA concentration was
>20 ng/pL and 20 pL when the RNA concentration was <20 ng/pL for
the 15 libraries (Table 1). The samples were sequenced on an [llumina
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NextSeq500 (Illumina, California, USA) using a 75-cycle Kkit, giving a 1
x 75 single-read length. Additional subitaneous samples were produced
and are discussed in greater detail elsewhere (Acebal et al., 2023).

2.2.1. Data analysis and statistics

The transcriptome assembly (GSE210554) (Acebal et al., 2023), was
used for the present analysis. In short, we used the software Trinity and
Trinotate together in a commonly used pipeline for producing de novo
transcriptome assemblies and annotating gene names to transcripts
based on data from RNA-sequencing experiments (Bryant et al., 2017;
Grabherr et al., 2011) (Fig. 1). We used default settings; except for
Trinity where a forward strand specific library was specified. The
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Trinotate annotation was achieved with the use of Blastx and Blastp hits
against the Uniprot database, Pfam protein domains identified with
HMMER and TransDecoder was used to predict coding regions (Bateman
et al., 2021; Haas et al., 2013; Mistry et al., 2021). The Trinotate
annotation also retrieved the Gene ontology (GO) terms of the annotated
transcripts from the Uniprot database.

Quality control (QC) of the libraries was done using FastQC, and QC
of the assembly was performed using the trinitystats. pl script to calculate
N50 and assembly length. We estimated completeness of the assembly
using Benchmarking Universal Single-Copy Orthologs (BUSCO), which
was done against Arthropoda odb1l0 database to obtain the BUSCO
score. BUSCO is a well-established tool that allows the study of the
transcriptome assembly completeness by using highly conserved
evolutionary sequences as query (Andrews, 2010; Grabherr et al., 2011;
Simao et al., 2015). We removed libraries that did not meet the quality
criteria established by Acebal et al. (2023) (number of reads <107, or the
duplicate count >80%) (Table 1).

The QC of the data revealed that three samples (S14 (sample 14D)
and Q26 (samples cold B and cold E) (Table 1) failed to pass the
established criteria and they did not cluster together with their replicate
groups. Moreover, the QC assessment revealed unexpected values for the
strandedness with numbers ranging from 60% to 73%, and one library
(cold E) with 35%. These values although showing a signal for strand-
edness are not expected for a forward stranded library, nor for an
unstranded one. Other metrics analyzed remained consistent throughout
the samples, with the GC percentage being close to 45% and 65% for the
duplication of reads. Regarding the quality of the assembly, it has been
thoroughly discussed previously (Acebal et al., 2023). Overall, the
metrics were consistent with other assemblies, with a similar GC content
(38.34%) and N50 value (1,233) (Table 2). Moreover, this is the longest
assembly for A. tonsa with more than 180, 000, 000 assembled bases.
Additionally, the transcriptome yielded a BUSCO score of 95.8% com-
plete BUSCOs, which is larger than for previous assemblies for this
species (85% HAGX01 & 91.7% GFWY00000000.1). These results
validate the data for further analysis as the single 1 x 75 bp sequencing
is offset by a greater sequence variety. It is possible that the higher
BUSCO score includes genes unique to embryogenesis that are under-
represented in previous assemblies.

For the statistical analysis of the transcriptome, we focused on the
comparative analysis of subitaneous embryonic development at 7 h (S7,
Gastrulation) and 14 h (S14, Organogenesis) versus gastrulation in
quiescent embryogenesis (Q26, 26 h). The selection of these timepoints
for the analysis and the establishment of developmental stages was
based upon previously published data obtained through microscopy and
DAPI staining (Nilsson and Hansen, 2018). The timepoints were studied
using a conditional maximum likelihood pairwise analysis to identify
the transcripts that characterize each of the development types and
stages studied (S7, S14 and Q26). This analysis was performed using the
Bioconductor package edgeR through the Trinity Perl script for differ-
ential expression (DE) analysis (Grabherr et al., 2011; Robinson et al.,
2010), Additionally, the Bejnamini-Hochberg procedure was used to
calculate the false discovery rate (FDR) (Benjamini and Hochberg,
1995).

For a transcript to be considered DE, a 0.01-alpha level of signifi-
cance was set and at least a twofold log 2 (fpkm+1) change in the
expression levels had to be achieved for any comparison. The DE
matrices produced by edgeR were used to draw a heatmap showing the
behavior of the DE transcripts (DET) throughout all the samples. The

Table 2

Assembly characteristics.
BUSCO score 95.8%
N50 contig score 1,233 nt
GC content 38.34%

Assembled bases 180,251,909 nt
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transcripts in this heatmap were clustered together based on their
behavior through the timepoints and replicates using a similarity tree as
the clustering criteria. A cutoff value of 50% was set for defining the
clusters. Additionally, volcano plots representing all the transcripts
present in each timepoint were produced to observe differences between
transcripts between conditions. Subsequently, and according to the
volcano plots, six transcripts were selected to be plotted individually to
obtain a better understanding of their behavior. The criteria to select
these transcripts was twofold: First, the transcripts had to be significant
DE according to the previously established criteria and between sub-
itaneous and quiescent stages. Secondly, the transcripts that were going
to be further analyzed had to be annotated to genes and or proteins,
which are either involved in developmental processes or stress response.

Finally, an enrichment analysis for biological processes was con-
ducted. This was done using the Bioconductor package GOSeq (Young
et al., 2010) as well as Uniprot site to retrieve the GOs (Bateman et al.,
2021). Once the output was generated, the results were manually
curated to discard redundant terms, as well as those terms enriched by
only one transcript. The results are all shown together in a bubble plot
that represents the most enriched pathways at each embryologic stage
according to their adjusted p-value and after applying the
Benjamini-Hochberg method to calculate the FDR which was set at 5%
level (Benjamini and Hochberg, 1995).

To further analyze the dataset, we performed a correlation network
analysis with the ‘WGCNA’ package for R (Langfelder and Horvath,
2008), searched the GEO and PRIDE databases (Barrett et al., 2013;
Perez-Riverol et al., 2022) for other crustaceans, where quiescent em-
bryonic development had been studied to compare our results, and
finally analyzed the expression of ferritin mRNA in quiescence as sug-
gested in a recent review (Tarrant et al., 2019).

Plotting was done using the RStudio and R-package ‘Tidyverse’
(Wickham et al., 2019) and GraphPad Prism vs. 7. Fig. 1 and the
graphical abstract were created using Biorender.com.

3. Results

The embryonic stages of the initial development program of Acartia
tonsa are similar to other animals and include the gastrula and organo-
genesis as the main stages. Gastrula being defined as the moment when
blastopore formation occurs in the embryo by an investigation of the
blastocyst. Moreover, organogenesis is the stage immediately after
gastrulation in which vital structures and organs of A. tonsa are formed
(Fig. 1A).

The workflow for the present study is illustrated in Fig. 1B. In short,
the time points corresponding to gastrulation in both developmental
programs (7 h and 26 h) as well as the stage after gastrulation (organ-
ogenesis) in subitaneous development (14 h) were analyzed. While the
subitaneous embryos were kept under the standard environmental
conditions recommended for A. tonsa cultures (16.9 °C, normoxia, no
light), quiescent eggs were immediately transferred to a cold (4 °C)
anoxic environment right after sampling. We focused on embryos in
gastrulation stage or that had recently passed this stage, as we expect to
find the most important transcriptional changes at these timepoints for
comparison with quiescent embryos. Using this approach, we show that
embryonic quiescence is transcriptionally very close to subitaneous
gastrulation. Even though these stages are transcriptionally close, we
also identify a small selection of candidate transcripts for involvement in
quiescence, based on their selective expression in quiescence. These
transcripts belong to categories such as autophagy, stress response or are
factors involved in controlling embryonic development.

3.1. Differential expression
The A. tonsa libraries were prepared with batches of approximately

1000 embryos per replicate and time point. The final assembly consisted
of more than 180, 000, 000 assembled bases, six time points in
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subitaneous development (3 h, 7 h, 14 h, 24 h, 42 h) and one time point
for quiescent development (26 h). In this way, we assured that all the
stages followed during the 48 h that subitaneous development lasts are
represented in the dataset. The results from the differential expression
(DE), together with the transcriptome assembly and the RNA libraries
are available at GSE210554. Moreover, the analysis shows 2777 puta-
tive transcripts in the transcriptome to be DE between any two of the
analyzed time points (Supplementary Table 1) (https://doi.org
/10.6084/m9.figshare.22215121). Additionally, all replicates from
any one time point cluster together. Approximately one third (Supple-
mentary Table 1) of the DE transcripts in the dataset are not annotated to
any known features in the analyzed databases, even when less stringent
criteria and manual blast searches were performed for a subset of the
data. This search consisted of a 70 non-annotated sample of sequences
that were significantly DE at cluster 2 between S7 and Q26, and the blast
parameters can be found in Table 3. If considering those transcripts DE
between subitaneous and quiescent gastrulation, the number of anno-
tated sequences drops to 26%.

The generated heatmap of DE transcripts (Fig. 2), shows that the
stages S7 and Q26 have overall similar DE profiles, which corresponds to
the time of gastrulation in either developmental program. Based on the
heatmap, five clusters of transcripts can be identified. The most pro-
nounced differences in expression patterns occur between the gastrula
stages (S7 and Q26) and organogenesis (S14), indicated by Cluster I, III
and IV. Inspection of the clusters points towards a clear prominence of
organogenesis as the time point characterized by most changes in
regulation of transcript levels (Clusters I, III, IV) (Fig. 2). Many of the
DET show their highest expression at this stage (2493 transcripts).

Most transcripts expressed during S7 behave in the same way as Q26
throughout most clusters, although differences are observed in Cluster I
(Fig. 2), where 283 transcripts have a peak in expression value at Q26,
while they have decreased expression at S7 and even lower at S14
(Supplementary Table I). Upregulated transcripts DE between S7 and
Q26 in Cluster II includes a homologue to ADAM29 (ADAM Metal-
lopeptidase Domain 29), involved in developmental processes by
mediating cell-cell and cell-matrix interactions and a homologue of D.
melanogaster Endou (Poly(U)-specific endoribonuclease), involved in
controlling the response to cellular stress (Lee et al., 2021).

Moreover, we also observe a difference between S7 and Q26 in
Cluster IV (Fig. 2), where 27 transcripts are upregulated at Q26
compared with S7 (Supplementary Table I). Most of these transcripts
encode myosins and are further upregulated at the S14 time point.
However, a transcript homologous to Holotrichia diomphalia (Korean
black chafer beetle) ppaf2 (Phenoloxidase-activating factor 2) is upre-
gulated at Q26 (Fig. 5) versus S7, indicating an increased immune
response in quiescence (Zhao et al., 2023). One of the clusters of the
heatmap contained only one unannotated sequence with no sequence
similarity to known transcripts or blast hits. Therefore, it was not
considered to be of interest, and is not displayed in Fig. 2.

The overall similarity between S7 and Q26 is underlined by the
similarity matrix (Fig. 3), which differentiates the samples in three clear
groups corresponding to gastrulation (S7 and Q26) and organogenesis

Table 3
Input parameters for manual BLAST searches.

Input/output parameters

Max target sequences 100
Expectation threshold 0.1
Word size 3
Max matches in a query range 0
Scoring parameters
Matrix

Gap costs

Compositional adjustments
Filters and masking
Filter

BLOSUM62
Existence: 9. Extension 1
Conditional compositional score matrix adjustment

Low complexity regions
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points. The numbers indicate egg age in hours, and the letters denote devel-
opmental types - quiescent (Q) or subitaneous (S). Adjacent to the heatmap, a
similarity tree is presented, with a 50% similarity cutoff producing a longitu-
dinally plotted dendrogram (I-IV). Plots (I-IV) exhibit grey lines representing
transcripts within their respective clusters. The blue line portrays the average
expression value per time point. The y-axis represents fold change of sequences
in a logarithmic scale (log2), with 0 indicating baseline transcriptome expres-
sion. The x-axis signifies the studied developmental stages. The clusters
encompass the following transcript counts: I: 2426; II: 283; III: 40; IV: 27.

(S14), but with gastrulation samples (S7 and Q26) being more closely
related.

For a more comprehensive understanding of the clusters and the
transcripts that are likely coregulated, a volcano plot displaying in detail
the 28,018 transcripts present at either S7 or Q26 is shown (Fig. 4).
Selected genes involved in the stress response or in developmental
processes are indicated in the figure.

Among the DET, many are chaperones involved in stress response
such as Sequestosome (sgstm) and lethal essential for life (I(2)efl), which
is a homologue for Heatshock protein 20 (HSP20). The selected tran-
scripts contain developmental genes scarface (scarf), nucleoredoxin like
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Fig. 3. Sample similarity analysis for A. tonsa. This figure presents a sample
correlation matrix, illustrating the degrees of similarity between various time-
points and replicates. High similarity is denoted by yellow, while shades of
purple indicate increasing dissimilarity. Dendrograms are featured both at the
top and left sides, depicting the sample relationships based on their similarity
scores. The colors alongside these dendrograms correspond to different sample
categories: S7 (Green), S14 (Blue), and Q26 quiescent samples (Red).

2 (nxnl2)), and stress response mediators (I2efl/hsp20/hsp27, sqstm,
phenoloxidase-activating factor 2 (ppaf2)) (Fig. 5A). Some of the
selected transcripts (I(2)efl, sqgstm) contain different isoforms throughout
data and these isoforms are regulated similarly except for two forms
associated to [(2)efl, which are both plotted in Fig. 5. The boxplots
illustrate the tendency, similarly to the heatmap that there is no anno-
tated transcript in the data that is completely uniquely expressed in
quiescent gastrulation (Q26). The subitaneous organogenesis timepoint
(S14) shares similar expression values for some of the transcripts that are
upregulated during Q26 but not at S7 (Fig. 5A). In general, the anno-
tated transcripts identified as being upregulated in Q26 vs. S7 more
commonly share expression values halfway in between subitaneous
gastrulation and organogenesis (S7 and S14, respectively). In some in-
stances, as it happens for sqstm and ppaf2, transcripts show a clear DE
between S7 and Q26 (Fig. 5A), although the number of DET showing this
behavior is limited (only 216 transcripts were more than 2-fold DE be-
tween S7 and Q26).

In addition to transcripts involved in stress response, the data set also
contains mapped transcripts, which are downregulated at S7 and S14,
while present at higher levels at Q26 (Fig. 5B). These belong to Cluster II
and include the matrix metalloproteinase adam29, endou, some tran-
scripts of uaf30 (upstream activation factor subunit UAF30), some
transcripts of Ipmo (lytic polysaccharide monooxygenase), rtkn2 (anti-
apoptotic rhotekin 2 homologue) and tretl (facilitated trehalose trans-
porter 1 homologue) as well as other transcripts related to matrix/chitin
medication and transcriptional regulation (Fig. 5B, Supplementary
Table 1). Similar to the trehalose transporter, also a facilitated glucose
transporter homologue (slc2a2, Solute carrier family 2, facilitated
glucose transporter member 2) is expressed in Q26 and has lower
expression at S7 and S14 time points.

3.2. Pathway and correlation network analysis

In the pathway analysis, we focus on pathways in enriched quiescent
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Fig. 4. Transcript analysis in A. tonsa during development. Volcano plot
illustrating the distinct behavior of the 28,018 transcripts observed in either
quiescent (Q26) or subitaneous gastrulation (S7) stages, inclusive of the
differentially expressed transcripts. Notably, six sequences in the plot are
labeled, representing transcripts annotated to developmental or stress response
genes/proteins. Transcripts with increased expression during quiescence are
positioned on the left side, while those elevated during subitaneous gastrulation
are on the right. The x-axis denotes the fold change in expression, and the y-axis
represents the significance of the observation. Values meeting both selection
criteria are displayed in blue, while non-significant values are in black.

gastrulation (Q26) when compared against subitaneous gastrulation
(S7) (Fig. 6). The enriched processes show an increase in the stress
response in the embryo evident at the molecular level (aggrephagy — a
form of autophagy), regulation of protein stability as well as the immune
response level (regulation of inflammatory pathways are enriched).
Moreover, stress pathways associated with hypoxia, such as response to
mitochondrial depolarization and response to ischemia, (i.e., a GO term
linked to ischemia could reflect hypoxic conditions in the environment)
are also enriched in quiescent eggs. The stress response shown in this
analysis pictures processes typically activated during hypoxic conditions
and reinforces the importance of differentially regulated chaperone
(regulation of protein complex stability and aggrephagy). The tran-
scripts annotated to the mammalian gene/protein pair sqstm1/p62 are
among those that show a DE between S7 and Q26 (Figs. 4 and 5A). At the
same time, they are present in most of the enriched processes in Fig. 6.
The enriched processes show that a stress response occurs at the tran-
script level with several pathways indicating responses to wrongly fol-
ded proteins. In the analysis, no process was found to be enriched for
subitaneous gastrulation.

The weighted gene correlation network analysis (WGCNA) showed
four groups of transcripts according to their expression patterns (Fig. 7).
Overall, WGCNA use is intended for identifying co-expression patterns
across groups of genes. The data is grouped into clusters of genes that
show a similar profile and are likely to be co-regulated. Moreover, the
analysis selects a “hub gene” that is proposed to play a central role in the
co-expression network due to a high number of connections to other
genes. In the case of our four groups, module brown showed a cluster of
279 genes to be closely regulated together. The GO analysis of these
genes showed biological processes linked to regulation of developmental
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Fig. 5. Gene expression analysis in A. tonsa. A) Boxplots illustrating the behavior of six transcripts associated with stress and/or developmental processes across
quiescent gastrulation (Q26), subitaneous gastrulation (S7), and organogenesis (S14) stages. B) Boxplots highlighting the behavior of six transcripts that are spe-
cifically upregulated during quiescent gastrulation (Q26). These plots depict the expression patterns for Q26, S7, and S14 stages. For both A and B: Expression levels
are presented on a log2 scale, centered around fpkm+1, where 0 signifies the transcriptome’s baseline expression. The gene name and corresponding species are
displayed atop each plot. All displayed transcripts exhibit significant regulation between at least two conditions based on DE edgeR analysis (FDR level of 0.01). To
aid interpretations of certainty one-way ANOVA P-values following Tukeys post-hoc test are displayed using asterisks: *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****:

P < 0.0001.
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processes, cell cycle control and apoptosis regulation (Fig. 7B). This concordance with the transcripts displayed in Fig. 7B. Further analysis of
module showed an upregulation at timepoints S7 and Q26, and while the data showed that two annotated transcripts in this module are
expressed in both groups, it showed bigger upregulation at Q26, also in among the most connected genes. These are Rtbs (RNA directed DNA
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polymerase from transposon BS; having reverse transcriptase activity)
from D. melanogaster and a transcript annotated to a cell wall component
of a freshwater cyanobacteria; Fasciclin (FAS). Of these two, Rtbs has a
higher connectivity with both gastrulation timepoints and lower with
organogenesis. This points towards a potential importance RNA-
mediated regulation of gastrulation of the embryo. Nevertheless, there
is no difference between the connectivity of this transcript and the two
developmental programs. This leads us to believe that it may be a
transcript linked with gastrulation but not necessarily with quiescent
development. Another transcript with high connectivity in both gas-
trulas is Uaf30, also displayed in Fig. 5. The analysis further underlines
the possible involvement of this transcript in the development of
A. tonsa. Finally, the major hub gene from the correlation analysis is a
non-annotated sequence. Other transcripts in this module, although
with lower connectivity were some of the developmental and stress
proteins that we have followed throughout the analysis (Rdx, Wnt8,
Sodc) (Fig. 7B), while other transcripts were linked to the extracellular
environment and to development. Of interest is the observation of lectin-
related transcripts being increased in Q26 (Lecm, SI3/Snaclec3), as well
as peroxidasin homologue (Pxcn) and vitamin D binding protein (Dbp),
which are all encoding secreted proteins. Of note, Pxcn has been linked
with diapause dormancy in the subarctic copepod Neocalanus flemingeri
(Roncalli et al., 2020). In the WGCNA, module blue contained 48 tran-
scripts upregulated at the S14 timepoint, the GOs identities of this
module were in most cases indicating embryonic development and RNA
metabolism. Finally, modules grey (not shown in Fig. 7) and turquoise
did not show regulation at any time point and were mainly linked to
metabolic processes.

To complement our analysis of A. tonsa quiescence mechanisms, we
searched for datasets of closely related species in GEO and PRIDE da-
tabases, but these did not contain data from any crustaceans in which
embryonic dormancy had been studied in a similar fashion as in our
study and thus it was not possible to compare expression patterns of
genes and or proteins. Finally, ferritin did not show any DE here when
compared between subitaneous and quiescent gastrulation.

4. Discussion

Our clustering analysis of the DET showed that most of the tran-
scripts are DE between time points corresponding to the two measured
subitaneous embryological stages and surprisingly, the transcripts spe-
cific to quiescence are relatively few and often unannotated. Of notice,
the differences in transcription between subitaneous and quiescent
gastrulation are not very pronounced, even though it is at this moment
that the subitaneous and quiescent embryos of Acartia tonsa begin to
display a different behavior (Nilsson and Hansen, 2018). On the one
hand, after reaching gastrulation quiescent embryos will remain in this
stage until acceptable environmental conditions are restored. On the
other hand, subitaneous eggs will continue normal development and
reach the next embryogenesis stage (i.e., organogenesis) within a few
hours as observed in the S14 samples.

Nevertheless, and besides the few differences between gastrulation
in subitaneous and quiescent development from the transcriptome point
of view, our data show that a small number of transcripts are upregu-
lated during the quiescent gastrula phase. However, not all those tran-
scripts are annotated, even when less stringent search criteria were used
against the databases. Of the annotated sequences, stress response genes
arise as the main DET category, with three chaperones (hsp27, hsp20 and
sqstm/p62) observed in the present analysis. Transcripts annotated to
SQSTM/p62, a gene/protein pair that codes for a chaperone involved in
stress response and autophagy in mammals are the most DE transcripts
observed in our analysis. The finding of numerous chaperones being
actively upregulated during quiescence is supported by previous
research that documented the need for hypoxic conditions in the
quiescent embryo together with the behavior of two stress proteins:
Hsp70 and ferritin in A. tonsa quiescence (Jprgensen et al., 2019b;
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Nilsson et al., 2014).

Here, ferritin was not found to be DE and while hsp70 was identified
among the DE chaperones, its behavior was not as clear as for the
chaperones here shown. Regarding the un-annotated sequences, it is
possible that there are genes unique to Acartia and/or other Calanoid
copepods that produce resting eggs and that may be key to under-
standing the complete process. The BUSCO results demonstrate that the
current assembly has a greater sequence diversity than previous ones
and thus we consider the quality of the transcriptome to be adequate for
the identification of annotated sequences that regulate the quiescent
stage. However, we should also consider the possibility that post-
translational processes, which cannot be detected at the transcriptional
level, such as the hypoxia response factor pathway, are acting within the
quiescent egg. Thus, it could be relevant to perform shotgun proteomics
to investigate differences between quiescent and subitaneous gastrula-
tion at the whole proteome level.

Another interesting observation from the dataset is the confirmation
at the molecular level of gastrulation being the stage that controls the
start of quiescence as proposed previously (Nilsson and Hansen, 2018).
This statement is supported by the overall similarity between the sam-
ples that compose the subitaneous gastrulation and those that represent
quiescence. Even though these samples are quite close at the molecular
transcriptional level, this is not true from a time perspective. There is a
19 h difference between subitaneous gastrulation (7 h) and quiescent
samples at the same developmental stage (26 h). As proposed by Nilsson
and Hansen, not only will embryogenesis occur at a slower pace during
anoxic environments, but ultimately it will remain at the gastrula stage
until normoxia is restored. Although the time difference is clear between
our samples, almost no progression can be seen in the transcript
expression of the samples, concordant with developmental arrest at the
gastrulation stage in quiescent embryos. The increase of the stress
response molecules could be a potential molecular process that represses
normal embryonic development, although this would need to be
experimentally verified.

In the case of the organogenesis stage (S14) this shows a clearly
different expression pattern from the gastrula samples (as shown in the
heatmap in Fig. 2) and it is more dissimilar to quiescent gastrula than to
subitaneous gastrula. The identified modules from the correlation
network analysis further support this observation and bring forward the
possibility that RNA-mediated regulation may play a role in the early
stages of copepod embryogenesis. Moreover, we observe pathways
linked to cell cycle regulation and apoptosis being upregulated in Q26
but not in S7, which is concordant with the observation of upregulation
of cell cycle regulators, transcriptional regulators and antiapoptotic
transcripts in quiescent samples (Fig. 5B and 7). Meanwhile no other
differences in biological processes were observed between these two
timepoints. Moreover, S14 shows developmental processes that were not
present at either of the other two timepoints S7 and Q26.

The exact process driving quiescence in copepods remains to be
identified, but evidence points towards an increase in stress response
proteins, mostly chaperones that could be acting against ROS caused by
the adverse environmental conditions i.e., as observed in emergence
from conditions of low temperature and hypoxia. Overall, the data in-
dicates that closely regulated stress response processes are being trig-
gered during quiescent development. This observation is clearly
remarkable through the presence of many GO terms that share parent
terms and indicates that some of these processes may operate in a co-
ordinated manner. Upregulation during quiescence would help survival
of the embryo through the adverse environmental conditions that trigger
quiescence (Jorgensen et al., 2019b). As for the autophagy activator
Sqstm we propose it to be an important mediator involved in this process
at least during the initial stages of embryogenesis. This is supported by it
being shown to play a role in most of the enriched pathways while at the
same time is the most DE sequence in quiescent samples when compared
with the subitaneous gastrulating embryo. Sqstm activates autophagy
and mediates stress responses and induced upregulation of Sgstm in
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D. melanogaster prolongs fly lifespan and health (Aparicio et al., 2019),
and it is conceivable that Sqstm could induce a similar stress response in
the quiescent embryo. In diapause eggs from Artemia parthenogenetica,
autophagy is increased just prior to the onset of dormancy, and it is
possible that autophagy also has a role in quiescence (Lin et al., 2016).
Functional analysis focusing on demonstrating the role of Sqstm for
quiescence would be a valuable follow up experiment to the present
study. Additionally, a metadata analysis looking for Sqstm in other
metazoans capable of inducing embryonic dormancy could help eluci-
date its role in dormancy and therefore be of interest for developmental
researchers.

The upregulation of transcriptional regulators and chromatin modi-
fiers in Q26 samples suggests active transcription continues in quies-
cence, and that it could be possible to elucidate further pathways
mediating quiescence by identifying the chromatin targets and thereby
the target RNAs of the transcriptional regulators with high expression in
quiescence and low expression during subitaneous development.

Furthermore, it would be relevant to investigate mechanisms related
to desiccation as a protective mechanism in dormancy, since transcripts
encoding transporters of glucose and trehalose are increased specifically
in quiescence. Increased osmolality due to sugar uptake could be one of
the protective mechanisms of extended quiescence, as also demon-
strated for the brine shrimp Artemia (MacRae, 2016). This observation,
together with the expression of antiapoptotic transcripts such as rhote-
kin 2, which encodes for an effector protein for the small GTPase Rho,
would serve to maintain viability.

The use of RNA sequencing analysis on copepod eggs aids in bringing
some light onto their embryonic development. Our data confirmed and
considerably extended previous research findings about quiescent
development. Based on the transcriptomic analysis the quiescent stage is
characterized by a trigger in stress response and the arrest of the
developmental processes that occur in the embryo after gastrulation.
Surprisingly few genes are being differentially expressed while in
quiescence which leads to the hypothesis that posttranslational regula-
tion may be occurring during induction of both gastrulation and quies-
cence. Further, we propose a homologue of mammalian Sequestosome
(sgstm) to be a key gene for the quiescent state, but to the extent to which
this gene is acting and whether it is responsible for initiation/mainte-
nance of quiescence is still unknown. Moreover, we also observed other
DE transcripts, which may have roles in initiating or maintaining
quiescence (i.e., endou, uaf30, adam29, Ipmo, rtkn2 and tret1).

Finally, more research on the topic would be greatly beneficial for
the understanding of the mechanisms of quiescence. Following the ob-
servations in the present contribution, we propose to focus on Sqstm as
well as A. tonsa uncharacterized genes in future research, and to carry
out a complementary proteomics assays as the next step in research in
quiescent development. This would greatly expand the current knowl-
edge on quiescence and the possible role of Sqstm together with the
remaining cues on post-translational regulation of quiescence.
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