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Dormancy in Embryos: Insight from Hydrated
Encysted Embryos of an Aquatic Invertebrate*s
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Numerous aquatic invertebrates remain dormant for de-
cades in a hydrated state as encysted embryos. In search
for functional pathways associated with this form of dor-
mancy, we used label-free quantitative proteomics to
compare the proteomes of hydrated encysted dormant
embryos (resting eggs; RE) with nondormant embryos
(amictic eggs; AM) of the rotifer Brachionus plicatilis.

A total of 2631 proteins were identified in rotifer eggs.
About 62% proteins showed higher abundance in AM
relative to RE (Fold Change>3; p = 0.05). Proteins belong-
ing to numerous putative functional pathways showed
dramatic changes during dormancy. Most striking were
changes in the mitochondria indicating an impeded me-
tabolism. A comparison between the abundance of pro-
teins and their corresponding transcript levels, revealed
higher concordance for RE than for AM. Surprisingly, nu-
merous highly abundant dormancy related proteins show
corresponding high mRNA levels in metabolically inactive
RE. As these mRNAs and proteins degrade at the time of
exit from dormancy they may serve as a source of nucle-
otides and amino acids during the exit from dormancy.
Because proteome analyses point to a similarity in func-
tional pathways of hydrated RE and desiccated life
forms, REs were dried. Similar hatching and reproduc-
tive rates were found for wet and dried REs, suggesting
analogous pathways for long-term survival in wet or dry
forms. Analysis by KEGG pathways revealed a few gen-
eral strategies for dormancy, proposing an explanation
for the low transcriptional similarity among dormancies
across species, despite the resemblance in physiologi-
cal phenotypes. Molecular & Cellular Proteomics 16:
10.1074/mcp.RA117.000109, 1746-1769, 2017.
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Many organisms have evolved the capacity to enter dor-
mancy as a way of surviving environmental conditions that are
incompatible with maintenance of their regular life activities.
With resumption of favorable conditions, they recommence
activities, normal development and reproduction. The term
dormancy refers here to a long-term phenomenon and differs
from an annual or periodic event, which characterizes insect
diapause. In insects, diapause is a genetically programmed
response and is regulated by neuro-hormones (1). This puz-
zling phenomenon whereby organisms survive long periods in
a state of suspended animation or latent life (2) has captured
the imagination of many scientists. It occurs in many evolu-
tionary unrelated organisms—from prokaryotes to mammals
(3, 4). Important questions that are asked regarding dormancy
include: how organisms enter dormancy, how they maintain
their viability for long periods, and how they revive and exit
dormancy. In general, the entrance into dormancy occurs in
conditions conducive to normal development (5, 6). The signal
varies between species, ranging from changes in photope-
riod, crowding, temperature, salinity and others (1, 7). Surpris-
ingly, similar phenotypes and common functional pathways
have been identified, regardless of the diversity and complex-
ity in the survival strategies of organisms displaying dor-
mancy. These include depression of metabolic pathways,
suspension of the cell cycle, changes in carbohydrate and
lipid metabolism, resistance to stress and protection of cel-
lular structures (1, 3, 4, 6, 8, 9). Conversely, there is little
transcriptional similarity among dormancies across species
(10).

One of the best ways of preserving long-term viability dur-
ing dormancy is by desiccation. Spectacular examples in-
clude the revival of plant seeds after centuries of storage (11,
12). A few adult invertebrate species survive desiccation for
numerous years, including nematodes, bdelloid rotifers and
tardigrades (13, 14). Other known examples of organisms
surviving desiccation or dehydration include Artemia cysts (8,
9), insect springtails (15), and the Sleeping chironomid (16,
17). In organisms where dormancy is associated with desic-
cation, there is a formation of a glassy state, which entails an
increase in viscosity, leading to a dramatic reduction in chem-
ical reactions and consequently in metabolism and other
functional pathways (18). There are, however, several exam-
ples of survival for several decades or even centuries in a
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nondesiccated state in aquatic organisms such as rotifers,
cladocerans, or copepods, in the form of resting eggs or
ephippia (19-24). Most amazing is the survival of Daphnia
ephippia in a lake sediment cores for over six centuries (25).
Dormancy in these species is developmentally programmed
at embryonic stages. Developmental arrest at embryonic de-
velopmental stages is also well known in insects (1), fish (26),
and mammals (27-30). One of the most famous examples of
diapause occurs in developing embryos of the silkworm,
Bombyx mori (31), where a diapause hormone is excreted by
the subesophageal ganglion of the mother and acts on the
developing eggs, which later exhibit diapause during embry-
onic development. Recently, a diapause hormone receptor-
like gene was identified in Artemia with a function in inducing
and maintenance of diapause in embryos (32). The brine
shrimp, Artemia franciscana embryos enter diapause or dor-
mancy in the gastrula stage of embryogenesis and is one of
the most studied species as it endures desiccation (5, 9).
Significant advances were made in revealing functional
changes during dormancy in model and nhonmodel organisms
(1, 6). Nevertheless, diverse experimental organisms offer ad-
ditional unique advantages for investigating dormancy by
contributing important insight into the wide scope of the dor-
mancy phenomenon. Here, we aim at expanding our knowl-
edge on dormancy in embryos, by studying resting eggs of
rotifers, a nonmodel aquatic invertebrate species.

The resting eggs (RE) or encysted embryos formed by the
rotifer B. plicatilis are an excellent model for investigating
long-term survival in the hydrated state. Rotifers are minute
metazoans (~50-2000 um in length; ~1000 cells), and one of
the major groups of zooplankton inhabiting streams, rivers,
lakes, and estuaries, functioning as secondary producers in
the aquatic ecosystem (33, 34). Numerous rotifer species
populate temporary ponds that may evaporate, ponds or
lakes with unfavorable low or high temperatures, appearance
and vanishing of suitable sources of food, and advent of
predators (35). Consequently, rotifers appear and die out
rapidly, with large fluctuations in the live population, but the
strategy of forming dormant RE by different species or genetic
populations facilitates the survival of genetic pools beyond
these unfavorable conditions, in the form of a genetic bank,
mostly in the hydrated form but on occasions also in a dry
form (23). The ecological significance of dormancy in rotifers
has been extensively reviewed (36—41) and molecular infor-
mation was published in recent years (42-51). Including, the
expression patterns in amictic and resting eggs of genes
encoding proteins with putative functions in dormancy
(52, 58; e.g. small heat-shock proteins, ferritin, glutathione-
S-transferase, and trehalose-6-phosphate synthase). Two
mRNAs and proteins were identified in rotifers for group 3
Late embryogenesis abundant (LEA) proteins (54).

The production of RE requires a switch from asexual to
sexual reproduction (see Fig. 1 in (52)). The nondormant or

amictic egg (AM)" develops within hours into an amictic dip-
loid female, through ameiotic parthenogenesis. The develop-
ing embryo within the amictic egg is carried by the mother
until the embryo completes its development and hatches. The
diploid RE is formed, however, after internal fertilization and
the developing RE is carried by the mother for about 2 days.
It is then released and sinks to the bottom of the culture
container, pond or lake. The RE is an encased or encysted
embryo consisting of 26-160 nuclei in a syncytial mass at
early or late stages of gastrulation, probably before zygotic
transcription (55). Interestingly, transport of maternal factors
(RNA, protein and lipid droplets), from the vitellarium into the
cytoplasm of maturing amictic eggs was demonstrated (56).
Production of different rotifer life stages, including RE or AM
eggs, is easily achieved for experimental purposes in the
laboratory. RE stored in the dark after their formation, will
hatch after an obligatory dormant period (~ one month), if
exposed to light. A batch of eggs exposed to light will hatch
over a period of a few days (57). Specific genes were reported
to be expressed during early stages of hatching (0.5-4 h of
illumination) in the rotifer Brachiounus manjavacas (44).

Studies on Artemia cysts for the past six decades (reviewed
in 5, 6, 8, 9, 58-60, and others), have provided a wealth of
information on the arrest of development, cell cycle, transcrip-
tion and translation, bioenergetic transition, downregulation of
metabolism and the protection of biological macromolecules
during embryonic diapause. Most notably are studies on re-
sistance to desiccation, including the role of tehalose in pre-
serving membranes and proteins during desiccation, the
function of multiple LEA proteins, safeguarding cell organelles
and proteins during desiccation, small heat-shock proteins
functioning in stress tolerance and the contribution of treha-
lose and LEA proteins to cellular vitrification at ambient tem-
peratures (reviewed in 9).

Molecular insight into cell cycle revealed a role for Polo-like
kinase (plk1) and p90 ribosomal S6 kinase 1 during cell divi-
sion and cyst formation (61) and a role for ribosomal S6 kinase
in the early events of pre-emergence (62). In addition, miR-
100 and miR-34, were found to regulate cell cycle arrest
during entry into dormancy in Artemia (63). Alternative meta-
bolic pathways were also reported for the dauer stage of
Caenorhabditis elegans (64) and insects during diapause (65).
Moreover, a general lack of synchronization was observed
between the arrest of cell cycle and metabolic down-regula-
tion in dormant forms such as Artemia and killifish embryos
(26). In addition, it has been demonstrated that the transcrip-
tion factor FOXO is a prime candidate for activating many
physiological pathways that generate the diapause phenotype

" The abbreviations used are: AM, Amictic eggs; ANOVA, analysis
of variance; EO, Resting eggs before emergence; FC, fold change;
FDR, false discovery rate; GO, Gene ontology; LEA, Late embryogen-
esis abundant protein; PCA, principal component analysis; PDH,
pyruvate dehydrogenase; RE, resting eggs.
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Proteome profiles of three rotifer egg types;
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A comparison between proteins and corresponding transcripts

on lower metabolism in RE

Comparing hatching success
of wet and dried RE

Experiments on drying of RE
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neonates hatched from
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Revealing patterns in fuctional pathways in the comparison between the proteome and transcriptome

of rotifer encysted embryos

Fic. 1. An overview of the experimental procedure, including proteomics and data analyses in dormant resting eggs (RE, EO) and
nondormant amictic eggs (AM), metabolome profiling and desiccation experiments.

in insects, including regulation of metabolism and the cell
cycle (6, 26).

Gene expression profiles linked with diapause have been
studied in numerous insects (e.g. 15, 66-72 and others), but
almost all of them were not performed on embryos, except for
Tu et al. 2015 (73). A few studies were performed on Bra-
chionid rotifers forming resting eggs (42, 51-53, 74). Gene
expression profiles, however, are insufficient for explaining
gene function, as mRNAs do not fully correlate with protein
levels (75, 76). This lack of correlation was also demonstrated
for prediapausing and nondiapausing locust eggs (73). Only a
limited number of dormancy related proteins were revealed by
proteome profiling studies of dormant or diapausing inverte-
brate embryos. Proteome profiling of Artemia encysted and
postdiapause embryos revealed 75 proteins with differential
abundance in Artemia franciscana cysts (77) and 33 unique
proteins in cysts of Artemia sinica (78). Shotgun proteome
analyses identified 192 diapause unique proteins in the silk-
worm (79) and 212 differential abundant proteins between
prediapause and nondiapause locust eggs (73).

To reveal the wide scope of functional changes taking place
during dormancy of encysted embryos we used a shotgun,
label free proteomics approach and identified 2631 protein
groups and grouped a large number of them into putative
functional pathways. Because proteome profiling showed that
numerous pathways in hydrated encysted embryos of rotifers
are similar with those of Artemia cysts and life forms showing
resistance to desiccation (6, 9), we dried REs. The viability of
desiccated rotifer RE was tested by comparing the hatching
percent and the reproductive rates of neonates hatching from
wet and dried RE. In this study we also aim at addressing two

additional topics: (1) How similar are the functional pathways
in encysted dormant rotifer eggs that survive in a hydrated
form for long periods of time, with those described so far for
other forms of dormancy or diapause in embryos? (2) Whether
proteome profiling can assist in explaining the small transcrip-
tional similarity among dormancies across species, despite
the resemblance in physiological phenotypes.

EXPERIMENTAL PROCEDURES

Experimental Design and Statistical Rationale —This study consists
(Fig. 1) of: (a) proteome analyses of three rotifer egg types; amictic
eggs (AM), resting eggs (RE), and resting eggs ready for hatching (EQ)
to discover the proteins with functions in dormancy. Triplicate sam-
ples were examined for each egg type. LC-MS/MS data was analyzed
by comparing the amino acid sequences with an in silico translated
newly assembled reference transcriptome. Principle Component
Analysis (PCA) was used to reveal the similarities between the nine
analyzed samples based on their global proteomic profiles. To dis-
cover proteins showing differential abundance in AM relative to RE or
EO, 1-way ANOVA test was carried out with the contrasts of AM
versus RE and AM versus EO., and in addition, proteins which were
present above a certain background level in one egg type and absent
in the other were identified. Gene ontology (GO) and KEGG pathway
enrichment analyses were performed to identify overrepresented bi-
ological themes within the differentially abundant proteins. To ascer-
tain the relationship between the proteome and transcriptome, the
abundance of proteins was compared with gene expression levels; (b)
Metabolome profiling was used to support the conclusions on differ-
ences in the metabolism of AM and RE, using t test on results of
metabolites, from triplicate samples of each egg type; and (c) Analysis
of functional pathways suggested a resistance of RE to desiccation.
Viability of dried RE was determined by comparing (five replicates for
each time point) the hatching percent of dried RE after 1-56 days of
dry storage, by Tukey Post-Hoc tests, after a Chi-square test, show-
ing a normal distribution of the percent of hatching. In addition,
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reproductive output by neonates hatching from 56-day dry stored RE
(n = 110) was compared with wet stored RE (n = 113), by 1-way
ANOVA, after a Chi-square test, showing a normal distribution of the
results. More detailed information is provided in the following
sections.

Rotifer Proteome Samples— Rotifers were cultured as described
previously (51, 53). Resting eggs (REs) were manually collected from
the bottom of culture vessels of 14-25-day-old rotifer cultures,
cleaned of the debris and placed in a microfuge vial and flash frozen
by liquid nitrogen and stored at —80 °C. Three biological replicate
samples, each consisting of ~5000 RE, were collected from three
different cultures. In addition, three replicate samples of RE were
collected from the same cultures, except that they were placed in
vials with seawater (10 ppt) and incubated at 25 °C in the dark, in a
temperature controlled room (treatment EQ). After 3 months of incu-
bation, these eggs (named EQ) were flash frozen in liquid nitrogen and
stored at —80 °C. For collection of amictic eggs (AM), females from
the same cultures were concentrated on a 60 um mesh plankton
sieve. They were re-suspended in 10-15 ml of sterile sea water (10
ppt) and the AM eggs were removed from the females by intensive up
and down aspiration with a 5-ml pipette tip. Following this treatment,
AM eggs were transferred from the bottom of the vial into Petri dishes.
The AM eggs were manually collected and three replicate samples
from the three different cultures were placed in a microfuge vial
(~5000 AM eggs per vial) and flash frozen by liquid nitrogen and
stored at —80 °C.

Metabolome Samples — Rotifers were cultured in artificial sea water
(Red Sea, Israel; 10.8 gm L") and fed with Nannochloropsis sp. (Galil
Algae, Israel). RE were collected after 8—10 days of culture from three
different cultures. Amictic eggs (AM) were collected from three cul-
tures after 3-4 culture days. AM and RE were collected into microfuge
vials, washed twice with Dulbecco’s phosphate buffered saline (Sig-
ma-Aldrich, UK), frozen in LN, and stored at —80 °C.

Extraction of proteins, proteolysis, and Mass Spectrometry—Pro-
teins were extracted from samples that were also used for RNA
extraction (51) with the Guanidinium thiocyanate-phenol-chloroform
extract (TRl Reagent; Sigma, St. Louis, MO) following the manufac-
turer instructions. It was assumed that similar efficiencies in protein
extraction were obtained with the TRI Reagent for the three egg
types. The proteins in 8 M Urea, 100 mMm ammonium bicarbonate were
reduced with 2.8 mm DTT for 30 min at 60 °C, modified with 8.8 mm
iodoacetamide in 100 mm ammonium bicarbonate in the dark for 30
min at room temperature, and digested in 2 m Urea, 25 mm ammonium
bicarbonate with modified trypsin (Promega, Madison, WI) at a 1:50
enzyme-to-substrate ratio, overnight at 37 °C. An additional second
trypsinization was done for 4 h to ensure complete cleavage. The
tryptic peptides were desalted using C18 tips (Harvard-Apparatus)
dried and re-suspended in 0.1% formic acid. The resulting tryptic
peptides from the supernatant were analyzed by LC-MS/MS using a
Q-Exactive mass spectrometer (Thermo Scientific, Bremen, Ger-
many) fitted with a capillary HPLC (Easy nLC 1000, Thermo Scientific).
The peptides were loaded onto a C18 homemade capillary column
(20 cm, 75 micron ID) packed with Reprosil C18-Aqua (Dr. Maisch
GmbH, Ammerbuch-Entringen, Germany) in solvent A (0.1% formic
acid in water). The peptides mixture was resolved with a (5 to 28%)
linear gradient of solvent B (95% acetonitrile with 0.1% formic acid)
for 180 min, followed by gradient of 5 min gradient of 28 to 95% and
25 min at 95% acetonitrile with 0.1% formic acid in water at flow rates
of 0.15 ul/min. Mass spectrometry was performed in a positive ion
mode (at mass range of m/z 350-1800 AMU and resolution of 70,000)
using repetitively full MS scan followed by collision induces dissoci-
ation (HCD, at 35 normalized collision energy) of the 10 most domi-
nant ions (>1 charges) selected from the first full MS scan. The AGC
settings were set to 3 X 10° for the full MS and 1 X 10° for the MS/MS

scans. The intensity threshold for triggering MS/MS analysis was 1 X
10*. A dynamic exclusion list was enabled with exclusion duration of
20 s.

Mass Spectrometry Data Analysis—The mass spectrometry data
was analyzed using the MaxQuant software 1.4.1.2. (www.coxdocs.
org, 80) for peak picking identification and quantitation, using the
Andromeda search engine (81) and searching for tryptic peptides
against the translated rotifer transcriptome described below (15,102
proteins; supplemental Table S1) with mass tolerance of 20 ppm and
4.5 ppm after recalibration for the precursor masses and 20 ppm for
the fragment ions. Methionine oxidation, and protein N terminus
acetylation were accepted as variable modifications and carbam-
idomethyl on cysteine was accepted as static modifications. Minimal
peptide length was set to six amino acids and a maximum of two
miscleavages was allowed. Peptide- and protein-level false discovery
rates (FDRs) were filtered to 1% using the target-decoy strategy. The
protein table was filtered to eliminate the identifications from the
reverse database, and common contaminants. Identification param-
eters also included minimum PEP score of 1 and at least two unique
peptides for identification. The term “protein” was used in this man-
uscript for the identified peptides, instead of the more appropriate
term of “protein groups.” The data was quantified by label free anal-
ysis using the MaxQuant software, based on extracted ion currents
(XICs) of peptides enabling quantitation from each LC/MS run for
each peptide identified in any of experiments (supplemental Table
S1). The mass spectrometry proteomics data were deposited at the
ProteomeXchange Consortium via the PRIDE partner repository with
the data set identifier PXD003395.

Transcriptome Assembly—A reference Brachionus plicatilis tran-
scriptome was constructed from several sequence collections: (1)
52,143 Expressed Sequence Tag (EST) sequences from dbEST
(NCBY), after trimming of adapter sequences, low complexity se-
quences and terminal poly-A’s, (2) 84 mMRNA sequences from RefSeq,
and (3) 18,751 contigs from previous RNA-Seq analysis (51). All
sequences were assembled using CAP3 with the following parame-
ters: -¢c 12 -0 30 -p 75 -s 500 -y 250 -z 2. The resulting transcriptome,
containing the contigs and “singlets” produced by CAP3 comprised a
total of 16,680 putative transcripts. The assembled transcriptome is
available at http://bioinfo.bgu.ac.il/genomes/Esther_Lubzens/public/
(Username: ester; Password: retse).

Transcriptome Conceptual Translation and Annotation—Tran-
scripts longer than 60 bp were compared with the RefSeq protein
database using BLASTX and were also submitted to OrfPredictor to
identify the frame with the longest open reading frame. Transcripts
were subsequently translated through their entire length at the frame
detected by BlastX, if they had a hit with e-value < 10~°, or otherwise,
they were translated at the frame detected by OrfPredictor. The
resulting amino acid sequences were annotated using Blast2GO
through BLASTX versus RefSeq (considering up to top 20 hits, e-
value cutoff 103), and were assigned KEGG Orthology (KO) IDs using
the KEGG KAAS server. Transcript and protein-level annotations are
provided in supplemental Table S2. The in-silico translated reference
transcriptome was used as the reference database in the MaxQuant
analysis described above.

Proteins in Rotifer Eggs — A total of 2928 proteins were identified for
the three egg types of RE, AM, and EO and the list of identified
proteins is shown in supplemental Table S3A. Peptide counts were
taken from the “razor + unique peptides” column in MaxQuant file.
Protein intensity values from MaxQuant were Log2 transformed. A
protein with zero intensity in a certain sample was regarded as “not
detected” (ND) in that sample and indicated by a blank cell in sup-
plemental Table S3A and S3B. Intensity distribution plots and Princi-
pal Component Analysis (PCA), carried out in Partek® Genomics
Suite®, showed that sample EQ_3 was exceptional (supplemental Fig.

Molecular & Cellular Proteomics 16.10

1749


http://www.coxdocs.org
http://www.coxdocs.org
http://www.mcponline.org/cgi/content/full/RA117.000109/DC1
http://www.mcponline.org/cgi/content/full/RA117.000109/DC1
http://www.mcponline.org/cgi/content/full/RA117.000109/DC1
http://bioinfo.bgu.ac.il/genomes/Esther_Lubzens/public/
http://www.mcponline.org/cgi/content/full/RA117.000109/DC1
http://www.mcponline.org/cgi/content/full/RA117.000109/DC1
http://www.mcponline.org/cgi/content/full/RA117.000109/DC1
http://www.mcponline.org/cgi/content/full/RA117.000109/DC1
http://www.mcponline.org/cgi/content/full/RA117.000109/DC1

Proteomes of Dormant and Nondormant Embryos

S1A, S1B). Therefore, this sample was excluded from further analy-
ses. As shown in supplemental Fig. S1A, the intensity values in all
three replicates of AM were generally higher than in RE and EO (the
distribution plot is shifted to the right). Because we could not know
whether this is caused by a biological effect or by a technical bias, we
thought it would be more appropriate to stay on the safe side and
avoid normalization. Normalization may introduce its own bias, distort
the data, and hide real changes in protein abundance among the
samples. the use of unnormalized data, a stringent fold of change (FC)
cutoff of 3 was used for differential abundance. As shown in supple-
mental Table S3B, the obtained results were like those achieved with
LFQ-normalized data which underwent the same statistical analysis
described below except that a more traditional FC cutoff of 1.5 was
used.

For a given protein in a given egg type, the following terms were
defined: (a) the protein was considered as “present” in that egg type
if it was detected in at least 2 replicates with 2 or more peptides in
each replicate; (b) “present above background level” if it was “pres-
ent” and its average intensity value across replicates was higher than
24 (which is the 10% percentile value of all intensity values in the data
set), (c) “absent” if it was not detected (ND) in all of the replicates and
(d) “uncertain” if it had an intensity value in only one replicate. A total
of 2342, 1751, and 1482 proteins were found to be present in AM, RE
and EO egg types, respectively (supplemental Table S3B). Altogether,
2631 proteins were found to be present in at least one of the egg
types, and these proteins were submitted to subsequent analyses
(supplemental Table S3B).

Identification of Proteins Showing Differential Abundance Between
Dormant and Nondormant Eggs—As indicated above, prior to statis-
tical testing, all zero intensity values were replaced by missing values.
This was applied, because when one of the egg types had zero
intensities and the other did not, the zeros created artificially inflated
fold of change values and extremely low p values in the statistical
tests. Such a phenomenon is especially severe in proteomics data,
where the lowest nonzero intensities are usually around 2 to the
power of 18-20. Therefore, in the current study, the statistical test
neglected the zeros, and separate criteria were applied to identify
proteins with apparently no expression in one egg type and apparent
expression in another egg type.

A 1-Way ANOVA Test was Carried Out in Partek with the Con-
trasts—AM versus RE, AM versus EO, RE versus EO. Significance p
values were adjusted for multiple testing using the False Discovery
Rate (FDR) method. Fold of change (FC) in each contrast was ex-
pressed in linear scale, where positive and negative values indicate
higher or lower abundance, respectively. A protein was regarded as
showing differentially abundance between two egg types, if it had a
fold change larger than 3 and FDR-adjusted p value <0.05. This
resulted in 1088 proteins in the comparison between AM and RE and
1042 proteins in the comparison of AM and EO. In addition, proteins
fulfilling any of the following criteria were added to the list of differ-
entially abundant proteins: (a) It was absent in one group and present
above background level (see above) in the other; (b) It was “uncertain”
(see above) in one group and present above background level in the
other group and the fold change was larger than 10. As shown in
supplemental Table S3B, the final list of “differentially abundant pro-
teins” included 1538 proteins for the AM versus RE contrast, and
1570 proteins for the AM versus EO contrast. Uniprot (http://www.
uniprot.org/) was used for retrieving functional information on
proteins.

Analysis of RNA-Seq Data and Comparison Between Proteins and
Corresponding Transcripts—RNA-Seq data from Clark et al., 2012
(51) was used for AM and RE (one replicate sample per egg type,
based on the extraction of ~5000 eggs for each egg type) was
reanalyzed using the current reference transcriptome. Single-end

32bp reads of AM and RE samples were aligned to the assembled
transcriptome using STAR 2.3 and the number of reads per transcript
were counted using BEDTools.

Normalization of the raw counts to account for library size was
performed using the DESeq R package. Normalized count values
were log2 transformed, after values < 1 were floored to 1. Transcripts
with normalized count value < 6 in both samples were filtered out.

Protein intensity values and their corresponding RNA-Seq normal-
ized counts (both in log2 scale) were loaded into R. For each egg type
(AM, RE) a simple linear regression and a residual analysis were
carried out to compare RNA and protein expression. Genes having
studentized residual >2 or <—2 were considered discordant. They
comprised 4.2% of the proteins. Genes having studentized residual
between —0.7 and 0.7, comprising 50% of the proteins, were con-
sidered concordant.

Gene Ontology (GO) Annotation and Enrichment Analysis—Gene
Ontology (GO) annotation and enrichment analyses were carried out
using Blast2GO. Enrichment was done using Fischer exact test, and
the entire transcriptome was used as the background set. The list of
enriched GO terms was further reduced using Blast2GO pro’s “Re-
duce to most specific terms” algorithm. This algorithm filters the
results by removing parent terms of already existing, statistically
significant, child GO terms. GO terms having enrichment FDR p
value < 0.05 were reported. Further processing of the enrichment
results was done using a Perl script (supplemental Tables S4, S6,
and S9).

KEGG Pathway Enrichment Analysis—Enrichment analyses of
KEGG pathways in selected protein sets, was carried out using Ex-
pander (82). The sets included (supplemental Table S5A). Three sets
for proteins in AM, RE or EO, (b) Two sets of differentially abundant
proteins in the comparison of AM versus RE and AM versus EO, and
c) Two sets of proteins in concordance with RNA for AM and RE. All
KO IDs identified in the reference transcriptome served as the back-
ground set. Drawing and coloring of KEGG pathways was done using
“KEGG Mapper - Search & Color Pathway” tool.

Hierarchical Clustering—Hierarchical clustering was carried out in
Partek. Prior to clustering, intensity values were z-scored so that for
each protein the mean and standard deviation were 0 and 1, respec-
tively. In the heat maps, missing values were marked in white.

Sequence Analyses of Selected Proteins—LEA proteins from se-
lected organisms were searched against the reference transcriptome
using blast and hmmsearch (supplementary File Text S1).

Lists of Proteins of Specific Interest—Proteins of specific interest
were prepared by manual curation and are shown in Table | and
supplemental Table S3B.

Metabolome Profiling Samples—All steps were carried out in me-
taSysX GmbH, Potsdam Germany. Frozen samples (from —80 °C) of
AM and RE were extracted according to a modified protocol from
Giavalisco et al., 2009 (83). After extractions volumes collected for
further analysis were adjusted to same number of eggs (~24,000
eggs per sample). LC-MS, MS/MS and GC-MS measurements, data
processing, data annotation and data normalization, are provided in
supplementary File Text S2.

Desiccation Experiments of RE—The experiments consisted of
three stages: (a) preparation, collections, storage and drying of RE, (b)
comparing the viability of dried and wet RE in hatching experiments,
and (c) comparing the reproductive rates of neonates hatched from
wet and dried RE.

(@) Preparation, Collection and Storage of RE—Resting eggs (RE)
were produced by rotifers cultured in artificial sea water (Red Sea
Ltd., Israel) at a salinity of 10.8 gm L™ (equivalent to 10 ppt sea water)
and fed with thawed concentrated Nannochloropsis sp. (Galil Algae,
Israel). RE were collected after 9-11 days of culture, cleaned from
debris and stored at room temperature (24-26 °C) in 20 ml scintilla-
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TABLE |
Differential abundance of hallmark proteins known for their association with dormancy. The list contains proteins that significantly differed
between AM and RE or EO (FDR p < 0.05; FC<3), or were present only in RE or EO but not in AM. The minus sign indicates lower abundance
in the comparison between AM vs. RE or AM vs. EO (or higher abundance in RE or EO). Numerous proteins were not detected in AM (ND AM)

Protein ID Majority protein IDs Majority protein titles ';AOII\(Aj-\(/:Q_a:}gE()e ';X:sl-szagg;e
Ferritin
364 Contig 7007 ferritin heavy chain —2443.33 —1743.58
66 Contig 2851 ferritin heavy chain a-like —28.04 —21.49
116 Contig 9535 soma ferritin-like —1238.12 —1359.40
183 Contig 11553; Contig 717 soma ferritin-like; soma ferritin-like —583.07 —43.94
Glutathione s-transferase
1899 Contig 7113 glutathione s-transferase —23.26 —32.67
269 Contig 9208 glutathione s-transferase a-like —2.81 —-2.97
1863 Contig 570 glutathione s-transferase-like —-10.38 —-3.22
127 Contig 533 glutathione s-transferase-like —3243.34 —3295.31
347 Contig 276; Contig 7601 hematopoietic prostaglandin d synthase; =5.77 —6.96
glutathione s-transferase-like
Glutathione peroxidase
570 Contig 3114 glutathione peroxidase —3.58 —4.62
Peroxiredoxin
214 Contig 9623 peroxiredoxin prdx5 —285.68 —293.61
106 Contig 9620 peroxiredoxin prdx5 —1020.36 —850.76
Superoxide dismutase
145 Contig 10586 superoxide dismutase —4.88 —-4.13
426 Contig 5597 superoxide dismutase —-4.41 —3.36
1496 Contig 1507 superoxide dismutase —8.922 —3.66
1963 Singlet 16655 superoxide dismutase ND AM
2452 Contig 11562 superoxide dismutase ND AM
536 Contig 7232 copper chaperone for superoxide dismutase ND AM
Thioredoxin
532 Contig 665 thioredoxin —5.00 —4.96
1453 Contig 11560 thioredoxin h-type —3.06 —3.64
Catalase
61 Contig 3897 catalase —-21.84 -18.15
Oxidoreductase
4 Contig 411 uncharacterized oxidoreductase -like —2223.68 —1861.37
11 Contig 448 uncharacterized oxidoreductase -like -811.40 —-813.88
175 Contig 8056 dehydrogenase reductase sdr family member 1 —-5.52 —-3.24
566 Contig 2703 dehydrogenase reductase sdr family member 1 -10.37 —5.51
226 Contig 12126 dehydrogenase reductase sdr family member 12 —2.56 —-2.37
Selenium
25 Contig 11382 selenium-binding protein —=517.75 —506.53
35 Contig 5327 selenium-binding protein —518.03 —711.96
1805 Contig 3315 selenoprotein o -6.39 —-5.95
508 Contig 169 selenoprotein o-like —6.69 —7.67
LEA proteins
1 Contig 9631 protein lea- isoform k —994.73 —1161.00
2 Contig 227;Contig 3165 late embryogenesis abundant protein family —1399.92 —-1111.06
protein; late embryogenesis abundant protein
family protein
Alpha crystallin
9 Contig 7561 alpha-crystallin a chain-like —537.82 —5283.10
Trehalose
1088 Contig 14054 trehalose-phosphate synthase —15.88 —23.99
Heat-shock proteins
46 Contig 11379 heat shock hsp20 —1260.69 —-1261.17
147 Contig 11391 heat shock protein —217.35 —186.24
349 Contig 2953 heat shock protein beta-1-like —3.49 —-4.16
16 Contig 11373; Singlet 16498 heat shock protein hsp-like; heat shock protein —4077.68 —4275.32
beta-1
521 Contig 404 heat shock protein hsp20 ND AM
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tion glass vials filled with 10 ml sea water (10 ppt; 300-1000 RE per
vial). Each vial was wrapped with aluminum foil and several vials were
prepared from each culture. RE were stored for 6-15 months from
three different cultures (Culture 1 for 14 months, Culture 2 for 6
months, and Culture 3 for 15 months).

(b) Comparing the Viability of Dried and Wet RE in Hatching Exper-
iments—On the first day of the experiment (Day 0), RE were removed
from one vial and distributed into five 35 mm glass Petri dishes
containing 10 ml sea water (10ppt) and 50-70 RE per dish. This
procedure was repeated for RE of vials from three different cultures.
The Petri dishes were placed under a cold light fluorescent lamp
(200-400 uEinstein m—2sec™ "), at 24-26 °C. The number of hatched
neonates was counted after 48 and 72 h. The number of unhatched
RE was counted after 96 h. The percent of hatching (H) was calcu-
lated as %H = (H/H + UH)X100, where H is the number of hatched
neonates and UH is the number of unhatched REs. In parallel, 50-70
RE from each one of three cultures were distributed to 20 Petri dishes
with a small volume of seawater (50-100 ul; 10 ppt) and were dried by
evaporation. The RE seemed desiccated after 15-20 min as displayed
by the appearance of salt crystals. They were further dried for 24 h at
room temperature (24-26 °C). After 24 h (Day 1), 10 ml of sea water
(10 ppt) were added to five Petri dishes from each of three cultures (a
total of 15 Petri dishes for the three replicate cultures) and the Petri
dishes were subjected to hatching conditions as described above.
The remaining 15 Petri dishes for each one of the three cultures (a
total of 45 dishes) containing the dried RE, were wrapped in aluminum
foil and stored at 24-26 °C. Hatching experiments were performed
after 14, 28, and 56 days of dry storage, using five Petri dishes on
each day, from each culture. The hatching percent was compared
between dried RE at the different time points and wet RE of day 0.

(c) Comparing the Reproductive Rates of Neonates Hatched from
Wet and Dried RE—Neonates hatching from dried RE (stored for 56
days) and neonates that hatched from the corresponding wet stored
RE, were incubated in 24-well culture plates (Nunc, Denmark). Each
well contained one neonate in 1 ml of seawater (10 ppt) and algae
(Nannochloropsis sp. at 12-18 X 10° cells). The number of rotifers
and eggs were counted after 72 h of incubation, at 24-26 °C.

Statistical analyses of the hatching experiments, was performed by
Tukey Post-Hoc tests (after a Chi-square test, showing a normal
distribution of the percent of hatching). One-way ANOVA and t test
were used to test the differences in reproductive performance of
neonates from wet and dried RE (after a Chi-square test showing
normal distribution of results). Main Effects ANOVA, Tukey Post-Hoc
and t- tests (after a Chi-square test, showing a normal distribution)
were performed by using the Dell™ Statistica™ 13.2 package for
Windows software. Statistical significant differences were considered
at p < 0.05.

RESULTS

General Information on the Proteome Profiles of Resting
Eggs and Amictic Eggs—In this study we carried out a com-
parison between the proteomes of encysted dormant em-
bryos (“resting eggs”; RE or EQ) with nondormant embryos
(amictic eggs; AM). Morphological differences between AM
and RE are shown in Fig. 2.

A total of 2928 proteins were identified in the nine examined
samples (supplemental Table S3A), using the translated and
annotated B. plicatilis transcriptome as a reference (supple-
mental Tables S2A and S2B). As described in the Experimen-
tal Procedures, 2631 proteins displayed at least two peptides
in two replicate egg samples (“Present proteins,” supplemen-
tal Table S3B). Of these proteins, 2351 proteins were anno-

Fic. 2. A microscopic view of amictic (AM) and resting eggs
(RE). The picture was taken by a Leica DMi8 inverted microscope
equipped with a Leica DFC 310 color camera.

AM and RE
1,680

RE 1,751

AM 2,342 RE and EO

1,460

EO 1,482

EO and AM
1,430

Fic. 3. A Venn diagram showing the relative distribution and
overlap of proteins of three egg types; AM (2342 proteins), RE
(1,751 proteins), and EO (1482 proteins). The number of shared
proteins by AM, RE or EO and proteins differing between AM and RE
or EO is also shown. Proteins are considered "present” in an egg type
if they have at least 2 replicates with 2 or more peptides each in that
egg type.

tated (89.4%) and 1492 (64%) were assigned with KEGG KO
numbers. In general, most of the proteins were shared by all
egg types (Fig. 3) and relatively a small number of proteins
were specific to one egg type (supplemental Table S3B).
Quantitative analysis showed larger differences in the pro-
teins’ abundance between AM and RE and smaller differences
between RE and EO groups (supplemental Fig. S1A, S1B).
Although EO consists only of two biological replicates, the
detailed analyses of their proteome profiles were retained as
they underscore the differences between RE versus AM. In the
comparison of RE versus EO, no proteins were found to have
a significantly different abundance (Fig. 4). An additional se-
lection for proteins, which occur in one egg type and not the
other or have significantly different abundance among the egg
types (FDR p value<0.05, Fold change>=*3, Fig. 3), revealed
1538 proteins differing between AM and RE (AM versus RE;
supplemental Table S3B). Pairwise comparisons show that
~62% of the proteins showed higher abundance (FC>3; FDR
p value < 0.05) in AM versus RE, with numerous proteins
displaying FC>100 (supplemental Table S3B). For compari-
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Fic. 4. Volcano plots showing fold-change (FC) and p value per protein, in a 1-Way ANOVA of protein intensity values. Each panel
shows a certain contrast included in the statistical model (AM versus RE, AM versus EO, RE versus EQ). Each dot indicates a protein. The y-axis
shows nominal p values. Cutoff lines (in red) indicate FDR-adjusted p value of 0.05 and FC of 3 and —3 (in linear scale). As shown, multiple
proteins show significant difference in abundance in the comparison of AM versus RE and AM versus EO. However, none of the proteins passed

the cutoff lines in the comparison RE versus EO.

son, LFQ-normalized data showed 1498 proteins differing
between AM and RE, of these 1068 proteins were identical
with those of the unnormalized data mentioned before (sup-
plemental Table S3B; see explanation for unnormalized ver-
sus LFQ normalization in the Experimental Procedures). The
most abundant proteins differ greatly between AM and resting
eggs as seen in Fig. 5A and 5B, and these results were similar
to the LFQ-normalized data (results not shown in detail but
can be retrieved from data in supplemental Table S3B). AM
eggs show an abundance of cytoskeleton proteins (tubulin,
actin), ATP synthase, fatty acid binding protein, a-crystalline b
chain and the regulatory protein 14-3-3. Most of them were
also found in RE. Resting eggs show high abundance of LEA
proteins, ferritin, peroxiredoxin, selenium binding protein, a
mammalian ependymin-related protein 1 and «-crystalline a
chain. Elongation factor -2 is abundant in all egg types.

Differences Between Resting Eggs and Nondormant Eggs
in Functional Pathways—

Gene Ontology and KEGG Pathways—Functional differ-
ences between the three egg types (AM, RE and EOQ), were
highlighted by a search for enriched pathways using Gene
Ontology (GO; supplemental Table S4; supplemental Fig. S2)
and KEGG pathways for each egg type (supplemental Table
S5; supplemental Fig. S3). In addition, we carried out enrich-
ment analyses for KEGG pathways and GO terms of proteins
showing differential abundance in the comparisons of AM
versus RE and AM versus EOQ. (Fig. 6 and supplemental Table

S5 for KEGG pathways; supplemental Fig. S4 and supple-
mental Table S6 for GO terms). KEGG pathways and GO
terms highlight differences in energy metabolism, especially in
processes with an association of the mitochondria (e.g. tri-
carboxylic acid (TCA or citric cycle), electron transport, oxi-
dation phosphorylation), lipid and fatty acid metabolism,
amino acid metabolic processes, transcription, translation,
splicing, protein processing and remodeling, developmental
processes, and proteins with a function in response to oxida-
tive stress and environmental contaminants.

Six general patterns were identified, by comparing the pro-
tein abundance in functional pathways, between dormant and
nondormant embryos. For simplicity, we present the KEGG
maps for the comparison between proteins of AM and RE as
there were no significant differences in the abundance be-
tween RE and EO (supplemental Table S3B; Fig. 4).

(@) Lower Abundance of a Large Number of Functional
Proteins (or Enzymes) in a Pathway—Lower abundance was
observed for a large number of proteins in fatty acid degra-
dation (Fig. 7 and supplemental Fig. S5) and in valine, leucine
and isoleucine degradation pathways (supplemental Fig. S6).
In these pathways, the proteins remain available but at a lower
abundance and can be recruited during exit from dormancy.

(b) Lower Abundance of Proteins With a Key Function in a
Pathway—Lower abundance of proteins composing the py-
ruvate dehydrogenase (PDH) complex. PDH is one of the
central enzymes in aerobic metabolism (see role in Artemia;
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Fic. 5. The most abundant proteins in A, amictic eggs (AM); B,
resting eggs (RE) and resting eggs ready for hatching (EO).

83) serving as a gateway between glycolysis (supplemental
Figs. S7 and S8) and the citrate acid cycle (TCA cycle
Fig. 8A and supplemental Fig. S9). It catalyzes the overall
conversion of pyruvate to acetyl-CoA and is composed of
multiple copies of three enzymatic components: pyruvate de-
hydrogenase (E1), dihydrolipoamide acetyltransferase (E2)
and lipoamide dehydrogenase (E3). All three are also found in
the 2-oxoglutarate dehydrogenase complex (ID1503), which
is neither detected in RE nor EO (supplemental Table S3B).
The lower abundance of PDH and the putative absence of
2-oxoglutarate dehydrogenase in RE suggest a functional
impairment of the mitochondria. The lower abundance or
absence of PDH is also relevant to the pyruvate pathway
(supplemental Figs. S10 and S11). Another example showing
lower abundance or absence of one or more proteins in a
pathway includes the ribosome, where low abundance of
numerous ribosomal proteins was found (Fig. 9). Notably,
mitochondrial ribosomal proteins were more abundant in AM
than RE and three ribosomal proteins were not detected in
RE. Low abundance of proteins was also found in the cell
cycle, spliceosome and mRNA surveillance pathways (sup-
plemental Figs. S12, S13, and S14, respectively).

(c) Lower Abundance of Multitask Proteins Such as Ki-
nases—About 65 kinases were identified and 28 showed dif-
ferential abundance in the comparison of dormant and non-
dormant embryos, and 11 were not detected in dormant
embryos (supplemental Table S3B). Most notably, MAPK (Mi-
togen-activated protein kinase; ID785), with a crucial regula-
tory function, was not detected in RE and EQ. Other examples
include MAP2K1 (dual specificity mitogen-activated protein
kinase kinase; ID2315) - a component of the MAP kinase
signal transduction pathway and CDK1 (Cyclin-dependent
kinase 1-like; 1D806), a key player in cell cycle regulation,
showed lower abundance in RE versus AM (FC<14.9). Also,
CDK2AP2 (Cyclin-dependent kinase 2-associated protein 2;
ID2362), with a role in regulating the self-renewal of embry-
onic stem cells (ESCs) and regulation of microtubule organi-
zation of metaphase Il oocytes (see http://www.uniprot.org/
uniprot/O75956), showed lower abundance in RE versus AM
(FC<13.4). Interesting putative pathways with proteins show-
ing differential abundance displayed in dormant versus non-
dormant embryos include the Neurotrophin signaling path-
way, MAPK signaling pathway, GnRH signaling pathway,
Toll-like receptor signaling pathway, Wnt signaling pathway,
FOXO signaling pathway, Insulin signaling pathway, Oocyte
meiosis, Progesterone-mediated and oocyte maturation (See
http://www.kegg.jp; supplemental Table S7). The kinases with
significantly differing abundance between AM and RE or EO,
include the MAPK, JNK, and ERK 1/2.

(d) Higher Abundance of Proteins with a Putative Inhibitory
Function in a Pathway—The protein PI13 (ID110) showed
higher abundance in the proteasome of RE (supplemental Fig.
S15). This protein was described as a proteasome inhibitor of
mammalian cells and a modulator of proteasome formation.
Recent studies indicate that in Drosophila melanogaster the
overexpression of DmPI13 increased proteasome activity in
vivo. However, in vitro studies with purified DmPI13, revealed
that the protein activates 26S proteasomes but inhibits the
activity of the proteasome core particle (85).

(e) Other Patterns—Mixed patterns of higher and lower
abundance of proteins or occurrence of proteins only in RE in
a functional pathway. This pattern was found in oxidative
phosphorylation (Fig. 10 and supplemental Fig. S16) and the
pentose phosphate pathway (supplemental Figs. S17 and
S18). Additional examples include protein processing and
endoplasmic reticulum pathways (supplemental Fig. S19).

(f) Higher Abundance of Hallmark Proteins with a Specific
Protective Function—Numerous proteins with specific func-
tions in dormant forms showed differential abundance in the
comparison of AM and RE (Table I). This list includes LEA
proteins, ferritin, proteins associated with cell stress such as
glutathione s-transferase like proteins, peroxidredoxin, thiore-
doxin, superoxide dismustase, catalase, oxidoreductase,
heat shock proteins, a-crystalline proteins, selenium proteins,
and proteins associated with synthesis of trehalose (52, 53).
Most noticeable are the high abundance of proteins in the
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Fic. 6. Enriched KEGG pathways of the proteins with significant differences in their abundance in the comparisons of AM versus RE
(blue) and AM versus EO (red). For each pathway, the nominator shows the number of proteins in the comparison of AM versus RE or AM
versus EO. The denominator shows the total number of proteins in the translated reference transcriptome that were associated with each

pathway.

comparison of RE versus AM to the extent of FC>500-1,000.
Additional information on these proteins is found in the sup-
plementary File Text S1.

Detailed Description of Pathways with a Known Association
in Dormancy or Diapause—

(@) Energy Metabolism and the Mitochondria—Dormancy
has been associated with a depression in metabolism (84) or
alternative metabolic pathways (64, 86, 87), and results shown
above support the contention of downregulation of metabo-
lism in RE in association with oxidative phosphorylation, the
citrate cycle, and pyruvate metabolism (Fig. 10 and supple-
mental Fig. S16; Fig 8A and supplemental Fig. S9; supple-
mental Fig. S10 and supplemental Fig. S11). Proteins associ-
ated with NADH dehydrogenase, cytochrome c oxidase,
cytochrome c reductase and F-type ATPase, showed lower
abundance in RE as displayed in the oxidative phosphoryla-
tion pathway (Fig 10). The putative significant down-regula-
tion of metabolism is supported by metabolome analyses that
showed the low abundance/absence of ATP in RE (Fig 11) and
significantly lower abundance of metabolites in the citrate
cycle (Fig 8B). Because the pentose phosphate pathway was
shown to play a role in embryonic diapause of mouse blas-
tocysts (30) we searched for the abundance of proteins in the
pentose phosphate pathway (supplemental Figs. S17 and
S18). Two proteins showed higher abundance in RE; glucoki-
nase/gluconate (ID1707) and transaldolase (ID67), which are
associated with phosphorylation of b-gluconate and conver-

sion of b-ribose-5 phosphate to b-glyceradehyde-3-phos-
phate, respectively. b-gluconate or B-b- glucose-6-phosphate
could lead in RE to the synthesis of b-glyceraldehyde-3P and
a participation in glycolysis. Ribose-phosphate pyrophospho-
kinase (ID1431), which is the gateway to nucleotide metabo-
lism from p-ribose-5-phosphate, showed lower abundance in
RE, suggesting a possible diversion from metabolism of pu-
rine, pyrimidine or histidine to the nonoxidative metabolic
pathway of the Pentose Phosphate Pathway.

Another source of energy involves the degradation or me-
tabolism of amino acids. In general, proteins of pathways
associated with amino acid metabolism were more abundant
in AM versus RE. One example includes proteins that were
associated with valine, leucine and isoleucine degradation
mentioned above (supplemental Fig. S6), with connections to
the citrate cycle (through the synthesis of acetyl-CoA from
amino acids). Statistically significant lower amounts of amino
acids were identified in RE (Fig 12).

(b) Lipid, Fatty Acid Metabolism and Lipoproteins—
Changes in the lipid metabolism were often associated with
dormancy in several organisms (65, 88). In rotifers, lipid drop-
lets were identified in resting eggs (89) and therefore these
pathways were examined here in more detail. Numerous pro-
teins with functions in lipid and fatty acid metabolism were
identified in eggs but only a few showed differences in abun-
dance between RE and AM (supplemental Table S3B). As
mentioned before, proteins functioning in fatty acid degrada-
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Fic. 7. A KEGG map displaying the proteins in association with the Fatty acid degradation pathway. Boxes in gray show the proteins
that were identified in rotifer eggs. Boxes in red show proteins that were significantly more abundant in AM versus RE. Statistically significant
differences were indicated by 1-Way ANOVA test (FDR p value 0.05, FC>3).

tion, which are a potential source for generating energy, were
less abundant in RE (Fig. 7 and supplemental Fig. S5). Of the
fatty acid binding proteins, only fatty acid-binding brain pro-
tein (ID 1335) showed higher abundance in RE. Interestingly,
lipid storage droplets surface-binding protein 2-like (ID49), a
perilipin homolog, was significantly more abundant in RE ver-
sus AM. Similarly, lipid phosphate phosphohydrolase 1 iso-
form (ID1738) with a broad function in lipid metabolic pro-
cesses, was found in RE but not in AM. A monoacylglycerol
lipase (ID1993; abhd12-like protein) that hydrolyzes glycerol
monoesters of long-chain fatty acids was not detected in RE
(90). Nonspecific lipid transfer protein (ID776, ID1027) with a

function in mediating the transfer of all common phospholip-
ids, cholesterol, and gangliosides between membranes and a
role in regulating steroidogenesis (91), was highly abundant in
AM versus RE (FC>70., FC>108.2, respectively). Also, vigilin
(ID297; supplemental Table S3B) was highly abundant in AM
in comparison with RE.

(c) DNA Synthesis, Replication and the Cell Cycle—Suspen-
sion of the cell cycle is one of the characteristics of dormancy
(see the Introduction; 1, 6). A relatively small number of pro-
teins participating in DNA replication and cell cycle were
identified in rotifer eggs (supplemental Fig. S12). These in-
clude the Mcm2-7 complex, DNA ligase1-like (ID1639), DNA
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polymerase delta subunit 3 (ID2467), were not detected in RE.
DNA polymerase delta subunit 2 (ID2874) was more abundant
in AM versus RE (FC>24.6; supplemental Table S3B). In con-
trast DNA polymerase beta (POLB; ID75) performing base
excision repair and required for DNA maintenance, replication
and recombination, was higher in RE. A few regulatory pro-
teins with an association of the cell cycle, were less abundant
or were not detected in RE. PCNA (Proliferating cell nuclear
antigen; ID1400) showed lower abundance by 84.7 fold in RE
(versus AM). Zinc finger homeobox protein 2-like (ID2338) and
homeobox-containing protein 1 isoform x2 (ID2638) were not
detected in RE. PCNA is an auxiliary protein of DNA polym-
erase delta and is involved in the control of eukaryotic DNA
replication. GO annotations for the homeobox proteins in-
clude sequence-specific DNA binding transcription factor ac-
tivity and sequence-specific DNA binding. In addition, mitotic
checkpoint protein (bub3-like protein; ID1923), with a putative

function in regulation of chromosome segregation during
oocyte meiosis in mouse (92), was not detected in RE.

(d) Transcription, Translation, Degradation and Proteome
Remodeling—In general, numerous proteins associated with
these functions showed lower abundance in RE, indicating an
impairment of these functions. DNA-directed RNA poly-
merases | and Ill subunit rpac1 (ID667) and DNA-directed
RNA polymerase Il subunit rpb3 (ID1089), which catalyze the
transcription of DNA to RNA, showed lower abundance in RE
in comparison with AM. RNA polymerase ll-associated factor
1 homolog (ID1030), mediator of RNA polymerase Il transcrip-
tion subunit 8 isoform x1 (ID1692) and RNA polymerase Il
subunit a c-terminal domain phosphatase ssu72 (ID1976),
with multiple functions during transcription, were also with
lower abundance in RE (supplemental Table S3B). As shown
before, a relatively large number of cytoplasmic ribosomal
proteins were identified in rotifer eggs (Fig. 9) and numerous
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Fic. 8—continued

with higher abundance of proteins in AM. Of interest is the
elongator complex proteins 6 (ID2003) which was highly ele-
vated in RE (FC>24). This protein is a histone acetyltrans-
ferase component of the RNA polymerase Il (Pol Il) holoen-
zyme and involved in transcriptional elongation (93). The
elongator may play a role in chromatin remodeling and acety-
lation of histones H3 and probably H4 and functions in cell
migration (see below). The proteins of the spliceosome
showed differential abundance in the comparison of AM and
RE (supplemental Fig. S13). In the mRNA Surveillance path-
ways (supplemental Fig. S14), many proteins were signifi-
cantly higher in AM and numerous proteins were not de-
tected in RE, suggesting lower translation and processing of
mRNAs in RE. One of the most abundant proteins in the
comparison of AM versus RE (FC>88) was a 116 kDa u5
small nuclear ribonucleoprotein component-like protein and
part of the U4/U6-U5 tri-snRNP complex (ID2264; supple-
mental Table S3B), which is required for pre-mRNA splicing
(94).

In contrast to the pathways discussed above, most of the
proteins that were associated with protein degradation by the
proteasome, showed similar abundance in AM and RE (sup-
plemental Fig. S15). The proteasome activator complex sub-
unit 3 (ID960) which may be involved in regulation of the cell
cycle was higher in AM. Two proteins that were higher in RE

include the Rpn7 (ID137), a member of the regulatory particle
and the PI31, which was discussed previously. A protein
annotated as proteasome activator subunit 3 (PA28 gamma;
ID960) was higher in AM. Proteins associated protein proc-
essing in the endoplasmic reticulum were identified in AM and
RE (supplemental Fig. S19), with differential display of a nu-
merous proteins.

(d) Histones and Chromatin—Histones play a central role in
transcription regulation, DNA repair, DNA replication and
chromosomal stability. We identified proteins annotated as
histone proteins (histone h1, histone h2a, histone h4, several
histone-like proteins) and histone deacetylases (Supplemen-
tal Table S3B) which promote the deacetylation of lysine
residues on the N-terminal part of the core histones. A histone
chaperone asf1-like protein (ID1693), with a function in asso-
ciation with the chromatin assembly factor 1 (CAF-1) pro-
motes replication-dependent chromatin assembly and plays a
role in the formation of silent heterochromatin (95). Most of the
proteins showed higher abundance in AM in comparison with
RE or EO, or were not detected in RE or EO. However, one
protein with significantly higher abundance in RE versus AM
(FC>64), is the core histone macro-like isoform x2 (ID486).
This is a variant of histone H2A which replaces conventional
H2A in a subset of nucleosomes, where it represses tran-
scription, nucleosomes wrap and compact DNA into chro-
matin, limiting DNA accessibility to the cellular machineries
which require DNA as a template. Replication protein A
(RPA) is a heterotrimeric protein complex of three polypep-
tides of 70, 34, and 13 kDa and is required for many DNA
metabolic processes, including DNA replication, repair and
DNA damage checkpoint activation. This protein (ID2067,
ID1068, and 1D267), showed higher abundance in AM versus
AM with FC ranging 3.7 to 4.5. It is also required for the recruit-
ment of the DNA double-strand break repair factors RAD52 and
RAD51 to chromatin in response to DNA damage. Additional
proteins with a lower abundance in RE and a function in mod-
eling chromatin, are the chromobox proteins (ID1407, 1D599),
which are components of heterochromatin.

(e) Cytoskeleton— A relatively large number of cytoskeleton
associated proteins with a diversity of functions, showed
highly differentially abundance between AM and RE (supple-
mental Table S3B). This includes highly abundant proteins of
AM versus RE, like microtubule-associated protein futsch-like
(ID584; FC>110) with a neuromuscular function during em-
bryogenesis and troponin | (ID663) that was not detected in
RE and troponin t (ID796) that showed lower abundance in RE
(FC<244). In contrast, a higher abundance in RE (with a FC
ranging from —9 to —17 in AM versus RE) was found for
tubulin alpha (ID1417, 1833), which is the major constituent of
microtubules and functions in tight and gap junctions.

(f) Oocyte, Spermatozoa and Cilia Proteins—Proteins asso-
ciated with oocytes and spermatozoa were generally more
abundant in AM (supplemental Table S3B). Two proteins with
high differences in abundance between AM and RE include
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Fic. 9. A KEGG map showing the proteins in association with the Ribosome. Boxes in gray show the proteins that were identified in
rotifer eggs. Boxes in red show proteins that were significantly more abundant in AM versus RE. Yellow boxes show the proteins that were

detected only in AM eggs.

the nuclear auto-antigenic sperm protein (ID48), with a FC
>334 and the oocyst wall protein (96), with a FC >179
(ID251). As proteins associated with sperm may involve pro-
teins associated with cilia (as mentioned above), additional
proteins that were annotated as cilia proteins are given in
supplemental Table S3B. Proteins identified as radial spoke
head proteins (ID1022, ID1267, ID1409, 1D2058, and ID 2472)
showed lower abundance (AM versus RE, FC ranging from
34.6 to 186.2) or were not detected in RE. These proteins form
a probable component of the axonemal radial spoke head.
Radial spokes (97) are regularly spaced along cilia, sperm and
flagella axonemes. Similarly, dynein proteins (ID1033, ID1381,
ID1791, ID2168, 1D2533), except for two (ID929, 1D2694),
showed differences in their abundance between AM and RE
(FC ranging from 12 to 31) or were not detected in RE. The
hu-li tai shao-like protein (adducing; ID597) with a function in
the structure of egg chamber proteins (in Drosophila, 98), was

more abundant in AM versus RE. Conversely, Piwi-like protein
11D315, ID1045, ID1138, 1D2880) with a function in germline
stem cell division (99) showed higher abundance in RE (FC
ranging from 2.6 to 7.2).

(9) Ras Proteins—The Ras superfamily of small guanosine
triphosphatases (GTPAses) function as GDP/GTP-regulated
molecular switches (100). Twenty-one out of the 29 identi-
fied proteins in this family (supplemental Table S3B) showed
differential abundance between AM and RE and three were
not detected in RE. On the other hand, ras-related pro-
tein rab-5a (ID2445) with a putative function in fusion of
plasma membranes and early endosomes, was not de-
tected in AM.

(h) Regulation—Transcription Factors, Hormones, and Sig-
naling Pathways—In search for pathways that could be in-
volved in regulation of dormancy in RE, we identified putative
proteins that were associated with transcription factors, hor-
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Fic. 10. A KEGG map showing the proteins in association with Oxidative phosphorylation pathway. Boxes in gray show the proteins
that were identified in rotifer eggs. Boxes in red and blue show proteins that were significantly more abundant in AM or RE, respectively.
Turquoise boxes show the proteins that were detected only in RE. Statistically significant differences were indicated by 1-Way ANOVA test

(FDR p value 0.05, FC>3).

mones with known functions in rotifers and other organisms
and proteins associated with signaling pathways (supplemen-
tal Table S3B). All of the proteins were more abundant in AM
and some of them were not detected in RE or EO. In this list,
we find two members of the 14-3-3 proteins, 14-3-3 protein
epsilon (ID616; AM versus RE, FC>71.7) and 14-3-3 protein
zeta D64; versus RE, FC>2.64). Two proteins were annotated
as insulin-like growth factor 2 mRNA-binding proteini
(ID1263, ID1511), with higher abundance in AM (FC>29.1 and
FC>35.6). One of them (ID1263), with a putative function as
an RNA-binding factor, recruiting target transcripts to cyto-
plasmic protein-RNA complexes (mMRNPs), allowing mRNA
transport and transient storage and shields from endonu-
clease attacks or microRNA-mediated degradation (http://
www.uniprot.org/uniprot/Q9Y6M1).

A juvenile hormone esterase binding protein (ID1562), sug-
gesting a role for JH in rotifers, was identified in rotifer eggs.
Juvenile hormone esterase degrades juvenile hormone, which
acts in conjunction with ecdysteroids to control gene expres-
sion in insects (101). Proteins associated with steroids include
two proteins annotated as estradiol 17-beta-dehydrogenase 8

or 12, a membrane-associated progesterone receptor com-
ponent 2-like and a steroid receptor RNA activator 1. An
enzyme with a function in processing of protein hormones and
of neuropeptides from their precursors (ID966; neuroendo-
crine convertase 2-like; 102) showed highly differentially
abundance in the comparison of AM and RE. A protein asso-
ciated with the activation of Notch-1 (delta and notch-like
epidermal growth factor-related receptor; ID2657), was iden-
tified in AM but was not detected in RE or EO. Insulin signaling
pathway has been implicated in diapause regulation in insects
(103) and two proteins associated with insulin were men-
tioned before. Many proteins could be associated with down-
stream functions of signaling pathways (e.g. kinases; Ras
family proteins; calmodulin and others).

(i) Calcium—Proteins annotates as calmodulin, calreticulin,
calcineurin, calnexin with an association to calcium storage or
binding of calcium, were more abundant in AM versus RE, or
were absent in RE (supplemental Table S3B). Interestingly,
one protein of the neural calcium sensor 2 (ID265), was highly
more abundant in RE (FC>408 for RE versus AM) but others
showed variable patterns. Moreover, mammalian ependymin-
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Fic. 11. A comparison of the log2 relative intensities of adenosine compounds between AM and RE, as determined by metabolome
analyses. Blue columns, AM eggs; Red columns, RE. All differences between AM and RE were statistically significant (t test; p < 0.05).
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FiG. 12. A comparison of the log2 relative intensities of amino acids between AM and RE, as determined by metabolome analyses.
Blue columns, AM eggs; Red columns, RE. All differences between AM and RE were statistically significant (t test; p < 0.05).

related protein 1 (ID219) with a putative role in calcium-de-
pendent cell adhesion, was one of the most abundant pro-
teins in RE and EO (FC>6742 in RE versus AM). Similarly,
recoverin (ID54), was highly abundant in RE in comparison
with AM (FC>523.8 in RE versus AM). This is a neuronal
calcium-binding protein with a key role in the inhibition of
rhodopsin kinase, which regulates the phosphorylation of rho-
dopsin and is involved in the recovery phase of visual excita-
tion and in adaptation to background light (104). This protein
might play a role in light sensing, vital to hatching from RE.

Within the list of putative enzymes, a few enzymes (showing
differential abundance in the comparison of AM and RE), with
interesting functions were identified, such as chitinase (three
proteins; ID 1770, chitinase domain-containing protein 1;
ID2398 acidic mammalian chitinase-like; ID2466 probable
chitinase 3-like), aurora kinase a (ID2279) with a function
during meiosis and mitosis (105); where its activity peaks
during the G2 phase to M phase transition in the cell cycle.
Another enzyme of interest is the chorion peroxidase-like
(ID543, ID1521; identified only in RE or EQ) that catalyzes
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Fic. 13. The scatter plot showing the mRNA expression levels and the abundance of proteins in amictic eggs (AM, on the left; y =
0. 60197x + 23.44552, p value < 2.2e-16) and resting eggs (RE, on the right; y = 0.9342x + 19.4816, p value < 2.2e-16). The Pearson
correlation coefficients (R? are shown on the figure. Apparent concordant proteins and RNAs are shown in blue and apparent disconcordant
proteins are shown in red. The hallmark proteins of RE (in B) displaying high mRNA levels and the corresponding proteins are shown in green;
1 - protein lea- isoform k; 2- late embryogenesis abundant protein family protein; 9- alpha-crystallin a chain-like; 46- heat shock hsp20; 116-

soma ferritin-like; 364- ferritin heavy chain.

protein cross-linking through dityrosine formation and phenol
oxidase-catalyzed chorion melanization in insects (106). A
protein associated with cleavage of B-carotene was identified
(carotene-9 oxygenase, ID1789; beta,beta-carotene 9’,10'-
dioxygenase, BCDO?2), with small differences in abundance in
the two egg types.

Correlation Between Proteome and Transcriptome Expres-
sion Profiles—The relationship between protein abundance
and RNA expression levels show a negligible positive corre-
lation (107) for AM (Pearson’s correlation coefficient, R =
0.2112) and a low positive correlation (Pearson’s correlation
coefficient, R? = 0.4357) for RE (Fig 13A, 13B), with p value <
2.2e-16 for both egg types (see also supplemental Table S8).
Three categories were defined in comparing the abundance
levels of the proteins with the corresponding expression levels
of mRNAs: (a) A group with an apparent concordance be-
tween proteins and the corresponding mRNAs (Fig 13A,13B;
in blue),(b) A group with an apparent discordance between
proteins and the corresponding mRNAs (Fig 13A, 13B; in red)
and (c) A middle group for which neither concordance nor
disconcordance can be shown (Fig 13A, 13B; black). The
proteins in apparent concordance with the corresponding
RNAs of RE show the following enriched KEGG pathways
(supplemental Table S5G): ribosome, oxidative phosphoryla-
tion, valine, leucine and isoleucine degradation, RNA trans-
port, carbon metabolism and citrate cycle. On the other hand,
proteins of the AM group display an apparent concordance
with mRNAs for only two KEGG enriched pathways, oxidative
phosphorylation and spliceosome (supplemental Table S5F).
The GO terms for the comparison of proteins and the corre-
sponding mRNAs of AM and RE, are shown in supplemental
Table S9. Interestingly, the hallmark proteins (protein lea-
isoform k, LEA protein family protein, alpha-crystallin a chain-
like, heat shock hsp20, soma ferritin-like; ferritin heavy chain)

with high abundance in RE and/or EO also show relatively high
levels of the corresponding mRNAs (Fig 13B).

Effect of Drying on RE Hatching and Reproductive Rates of
Hatched Neonates—Drying of RE had no adverse effect on
the percent of hatching after 1, 14 ,and 56 days (Fig 14).
Differences in hatching of RE from the three cultures were not
statistically different, although they were kept for different
times at room temperature before the drying experiments
(Univariate tests of significance; p = 0.77). Statistically signif-
icant higher hatching was observed between wet and dried
RE after 28 days of drying. Each one of the neonates that
hatched from the 56-day dried RE, produced a total of 3.54 =
1.48 (mean = S.D.) rotifers and eggs (n = 110), after 72 h of
incubation, like the number (3.37 = 0.98, mean = S.D., n =
113; p = 0.32, t test) produced by neonates hatching from the
control wet RE.

DISCUSSION

The phenomenon of dormancy is of wide interest as it
occurs in a large number of organisms from prokaryotes to
mammals (3, 4). However, proteomic information on dor-
mancy is limited, particularly in nonmodel organism with
dormancy exhibited during embryonic development. The in-
tention of the current study is to reveal mechanisms of im-
portance for maintaining dormancy in encysted rotifer em-
bryos by quantitative proteomics, as most wide scale studies
in rotifers and other organisms exhibiting dormancy, focused
mostly on transcriptome profiling. The overall relatively low
correlation between expression levels of mMRNAs and abun-
dance of proteins (75,76; in the comparison of pre-diapause
and nondiapause locust eggs (73) and Fig 13), renders
proteome profiling an important tool for providing an addi-
tional valuable view on putative functional changes during
dormancy.
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FiG. 14. The percent of hatching of neonates from wet and dried
RE. RE were obtained from three different cultures and stored in the
dark, in three separate glass vials with sea water (10 ppt) for 6-15
months. RE from each vial were distributed to 25 Petri plated (50 RE
per plate). Five plates were placed in the light (time 0) and 20 other
plates were dried for 1 day and the hatching of neonates was tested
after 1, 14, 28, and 56 days. Plates that were tested on days 14, 28,
and 56 were stored in the dark, at 24-26 °C. Bars on the top show
statistically significant differences (p < 0.01) between hatching of wet
RE (day 0) or RE dried for 1 day and RE after 28 days of dried storage.
The differences between the RE from the three cultures were not
statistically significant (p > 0.05).

A total of 2631 proteins were identified with at least two
peptides in two replicate egg samples, comprising ~15% of
the current available transcriptome. Assuming conservation in
transcript and protein sequences, it provides information on
many putative conserved functional, cellular and molecular
pathways, some of which were supported by metabolome
profiling. Remarkably, a relative large amount of information
was obtained by quantitative proteome profiling while using
an assembled transcriptome, as the genome of this species
has not yet been sequenced. Proteome profiling provides
here a one-time snapshot on the abundance of many proteins
in three egg types. It should be noted that protein levels may
not fully reflect the functional levels of a specific protein within
a pathway, as this may also depend on protein turnover rates
(108). However, low or high abundance, or detection in one
group and absence (below detection level) in another group,
provides insight into putative functional directions. Taking
these restrictions into account, the proteome profiles were
analyzed with an attempt to provide a coherent view of the
functional roles of the identified proteins in supporting
dormancy.

About 62% of the proteins were significantly more abun-
dant in AM compared with RE and EO, and 47 and 42 proteins
showed FC>100 in these respective comparisons (supple-
mental Fig. S3). The difference between RE and EO versus AM
is also demonstrated in the list of the most highly abundant
proteins of each group (Fig 5A, 5B). Differences in the abun-
dance of proteins between resting eggs before (RE) and after
(EO) the obligatory dormant period (Fig. 4; supplemental Table
S3B), were not significant but RE displayed 22 proteins that
were not determined for EO. Although functional differences

were suggested during the obligatory dormant period by EO
enriched KEGG pathways (supplemental Fig. S5), these were
not statistically significant (Fig. 4).

About 16 and 28 proteins were similar to those described
for cysts of Artemia sinica and Artemia franciscana, respec-
tively (77, 78). Only one of the proteins (calcineurin), unique to
the dormant silkworm, was also found as specific to RE (79).
In the locust proteome (73), ten of the annotated proteins
showing differential abundance between prediapause and
nondiapause locust eggs, were found in rotifers. Five showed
higher abundance in pre-diapause eggs versus nondiapause
eggs and in RE versus AM, including glutathione S-transfer-
ase, hydroxysteroid dehydrogenase-like protein 2-like,
alcohol dehydrogenase class-3, glucosamine-6-phosphate
isomerase 2, isocitrate dehydrogenase. Dolichyl-Diphos-
phooligosaccharide—protein glycosyltransferase (which is in-
volved in the pathway of protein glycosylation), showed lower
differential abundance in the comparison in prediapause eggs
versus, nondiapause eggs and in RE versus AM.

Proteome profiling revealed the large number of functional
pathways that were putatively compromised in the dormant
encysted RE, especially those in mitochondria (Fig 15 and
Fig 16). It is usually assumed that metabolism is reduced
during dormancy to conserve resources for long-term survival
and resumption of life activities. We show here that metabo-
lism is highly reduced in rotifer encysted embryos, as ATP
levels were below detection levels (Fig 11). These lower ATP
levels can be attributed to a significantly lower activity of the
TCA cycle as demonstrated by proteome and metabolome
profiing (Fig 8A, 8B; supplemental Fig. S11). In addition,
proteome profiling suggests compromised function of the
pyruvate metabolic pathway, the oxidative phosphorylation
pathway and mitochondrial ribosomes. However, differences
were not observed in the abundance of most proteins of the
glycolysis or pentose phosphate pathways, suggesting that
the proteins of these pathways are a source for low levels of
energy during the dormant period or can be quickly recruited
to provide energy at the time of resumption of metabolism,
during the exit from dormancy. A diversion from the citrate
cycle to the pentose phosphate pathway is characteristic of
mammalian preimplantation embryos, which may exhibit a
form of dormancy (73), as this would lead to synthesis of
macromolecules for creating new biomass (109).

Long-term survival of hydrated Artemia encysted embryos
was attributed to a role of V-ATPases in intracellular acidifi-
cation leading to metabolic depression (6). As there were no
significant differences in the levels of the proteins between
AM and RE (Fig 10) like the observation in Artemia (6), the role
of V-type ATPases in dormant rotifer eggs remains unclear.
Interestingly, F-type ATPase that transforms the energy of
ATP hydrolysis to electrochemical potential differences was
more abundant in RE versus AM (Fig 10). Moreover, a tran-
script encoding a V-type H(+)-translocating pyrophospha-
tase was differentially expressed in 30 min illuminated REs
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(44), possibly indicating the up-regulation of the oxidative
phosphorylation pathway during initial steps of revival from
dormancy.

Lipids were described as an energy source during dor-
mancy in many organisms, ranging from C. elegans to hiber-
nating bears (110, 111). In the Asian tiger mosquito, however,
downregulation of genes involved in lipid catabolism was
observed during diapause (87). The picture for utilization of
lipids in rotifer REs is far from being clear. Proteins involved in
Fatty acid degradation and fatty acid metabolism showed
significantly lower abundance in RE and EO (Fig. 7 and sup-
plemental Fig. S5). Proteins associated with beta-oxidation,
oxidation of long chain fatty acids, and biosynthesis of satu-
rated and unsaturated fatty acids, were higher in AM than RE
(supplemental Table S3B), possibly indicating lower utilization
of lipids in encysted embryos because of an overall reduction
in metabolism. Vigilin, a high-density lipoprotein, with a func-
tion in cell sterol metabolism was highly abundant in AM. On
the other hand, a few proteins with an association to forma-
tion of lipid droplets, lipase activity and lipid transport, were
higher in RE. The occurrence of the yolk protein vitellogenin
was reported for rotifers (112), but we could not find any
matches for this protein in our analyses (results not shown).

Protein and amino acid degradation is another option for
generating energy. The lower abundance of amino acids in RE
(Fig 12) and the lower abundance of proteins in the Valine,
leucine and isoleucine metabolism pathway (supplemental
Fig. S6) indicates lower availability of amino acids for metab-
olism and translation. In general, there were no differences
between AM and RE in the level of most proteins of the
proteasome but the differential abundance of three proteins,
especially of PI131 may suggest regulation of the proteasome
function in REs (supplemental Fig. S15). PI13 is an inhibitor of
the proteasome in mammals but in Drosophila melanogaster it
stimulates proteasome activity while being regulated by the
F-box protein Nutcracker during normal development (84).

Additional functions suggested as being compromised in
REs include the cell cycle progression, cytoskeleton proteins,
replication, transcription, translation, amino acid metabolism,
proteome remodeling among others (supplemental Table
S3B). Similar general trends were reported for proteome stud-
ies in insect diapause (73, 79, 113). Most noticeable is the
large number of enzymes and protein kinases that showed
differentially abundance between dormant and nondormant
eggs (supplemental Table S3B). Most interestingly, mitogen-
activated protein kinase 1-like (MAP), regulating many func-
tions, including cell cycle and with a role in adaptation to
desiccation in nematodes (114) was not detected in RE or EQ.
In addition, numerous Ras family proteins showed signifi-
cantly lower abundance in AM versus RE or AM versus EO.
The Ras superfamily of small GTPases, act as binary molec-
ular switches and function as modulators of a remarkably
complex and diverse range of cellular processes and tran-
scription factors (supplemental Table S3B; 100).
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Fic. 15. An overview of the differentially expressed cellular
pathways during dormancy.
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Fic. 16. An overview of the differentially expressed pathways in
the mitochondria during dormancy.

Additional interesting differences include lower protein
abundance in RE and EO of proteins associates with histones
and chromatin, playing a central role in transcription regula-
tion, DNA repair, DNA replication and chromosomal stability.
In Artemia, acetylation of chromatin-associated histone H3
lysine 56 inhibits the development of cysts (115). Hanson et
al., 2013 (74), suggest a role for histones during sexual repro-
duction in B. calyciflorus. Information on the involvement of
key signaling molecules, transcription factors, regulatory pep-
tides or hormones is scarce, probably because of their lower
abundance (supplemental Table S3B) but some showed
higher abundance in AM versus RE or EO. They include most
notably the 14-3-3 proteins with a wide array of regulatory
functions (116). The 14-3-3 proteins constitute a highly con-
served protein family, with more than 100 signaling proteins
serving as ligands for other proteins (117). They play an im-
portant role in a wide range of cellular processes, including
signal transduction, apoptosis, cell cycle progression, regu-
lation of the Ras/Raf/MAPK cascade, the anterior-posterior
axis during embryonic development and serve as checkpoint
activators within eukaryotic cells. 14-3-3 proteins participate
in light signaling and bind to phytochrome interacting factors
in plants (118) and melatonin synthesis in mammals (119). As
mentioned before, light promotes hatching of rotifer REs (44,
57). In addition, 14-3-3 showed differential abundance in the
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comparison of dormant and nondormant silkworm eggs (79).
Moreover, 14-3-3 proteins are also associated with the fork-
head box O (FOXO) transcription factors (120). It was dem-
onstrated recently that numerous distinct groups of genes
that are targets of FOXO promote the diapause phenotype in
insects. FOXO is a transcription factor functioning down-
stream of insulin and juvenile hormone signaling in insects
and the targets include genes that are associated with me-
tabolism, development/cell cycle, intra- and extracellular sig-
naling, transcription, translation, protein modification, stress
response, cell death and apoptosis (6, 121). The results pre-
sented here suggest a role for FOXO in dormancy of encysted
rotifer eggs as a few proteins with an association to insulin
and juvenile hormone metabolism were identified here, but
these results require additional verification. Additional hor-
mones may be involved in regulation as proteins with an
association to estradiol synthesis and progesterone with
known functions in rotifers, were also identified in the current
study (43, 122).

Like other dormant organisms, a unique set of genes is
evoked and highly abundant in rotifer REs (51-53). The abun-
dance of stress tolerance related proteins was significantly
altered in dormant eggs (Table |) like the changes observed in
other organisms displaying dormancy (3, 8, 9). These include
glutathione S- transferase (GST) with antioxidant activity, pro-
tecting cellular components from oxidative damage. Ferritin is
one of the most abundant proteins in dormant RE and EO and
shows higher abundance in diapausing insects (123, 124) and
copepods (125). It has been shown that the concentration of
ferritin increases in response to stresses such as anoxia (126).
Artemia cysts accumulate artemin, a diapause-specific ferritin
homologue with chaperon activity (127). Ferritin serves as an
iron storage protein and is the main component of yolk pro-
teins in snail eggs (128). LEA proteins with an important role in
facilitating desiccation (129), show high abundance in RE (Fig.
5; Table | and supplementary Text S1).

There is a low correlation between the lists of the most
abundant proteins in AM and resting eggs (RE or EO; Fig. 5A,
5B) and the list of most abundant proteins does not match
fully with the list of most abundant transcripts (51). A detailed
comparison in the level of transcripts and the corresponding
proteins indicates higher concordance in RE in comparison
with AM (Fig 13A, 13B), possibly because of a lower protein
turnover in RE (108). Furthermore, the apparent concordant
proteins of RE display a larger number of enriched KEGG
pathways than those of AM proteins (supplemental Table S5).
Interestingly, hallmark proteins with a specific function in RE
(e.g. LEA proteins; ferritin, alpha crystalline, superoxide dis-
mutase) also display high levels of mRNAs (Fig 13B). These
proteins degrade during revival from dormancy (52-54), rais-
ing the question whether these mRNAs function in translation
during the dormant period or do they serve as a reservoir for
nucleic acids.

In general, rotifer dormant embryos display pathways like
dormant stages that survive desiccation, such as Artemia
cysts and the sleeping chironomid (8, 9, 16). We did not find
differences in the hatchability of dried and wet stored RE up to
56 days of storage. Moreover, there were no differences in the
reproductive output of neonates hatching from these dry or
wet stored RE. Similar hatching percent of dried and wet RE
after 3 months of storage were demonstrated for the fresh-
water rotifer species Brachionus calyciflorus (130) but most
other studies (e.g. 131, 132) do not provide quantitative infor-
mation on the comparative success of hatching from wet and
dried field samples or quantitative information on subsequent
viability. RE withstand desiccation and this trait is probably
embedded already at the time of their formation, as they
survive after a short desiccation period, in contrast to a slow
dehydration regime required for high recovery, by bdelloid
rotifers (133) and some tardigrade species that do not survive
quick drying (134). Moreover, metabolism is probably reduced
shortly after their formation, explaining the long-term survival
in the hydrated or desiccated form. The functional events
taking place during the obligatory dormant period require
additional studies.

In conclusion, the current study expands our knowledge
and provides insight on the wide scope of functions that are
regulated in dormant encysted embryos. The interpretations
from proteome profiling on a reduced metabolism and trans-
lation in dormant embryos were supported by metabolome
analyses, strengthening to some extent, the conclusions, on
other putative functional pathways that were identified in our
analyses.

The functional activity of a pathway depends on numerous
enzymes or proteins involved in this pathway. In some path-
ways, one or more of the proteins were not detected, sug-
gesting a malfunction of the pathway. In different organisms,
the malfunction of a pathway may depend on changes in
different proteins within the pathway, while leading to a similar
functional effect (phenotypic function). Consequently, it can
be suggested that a divergence between organisms (10) may
be because of differences in the regulated genes and/or pro-
teins within a functional pathway, while leading to the same
result. Moreover, these differences may also reflect a diver-
gence in the gene regulatory pathways (e.g. hormones, epi-
genetic changes etc.) between organisms. The relatively low
concordance between transcriptome and proteome profiling
provides another explanation for the low transcriptional sim-
ilarity among dormancies across species, despite the resem-
blance in physiological phenotypes.
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